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Preface
With the obsolescence of vacuum, gas-, and vapor-filled lamps, conventional
lighting technologies will fast go into oblivion. Emerging lamps are essentially solid-state devices which have neither any filament nor are they filled
with hazardous environment-polluting mercury vapors. These lamps are
assured for trouble-free long-life operation. They are more energy efficient,
cutting down lighting costs drastically. They are also more user friendly,
enabling color tunability and offering several smart features. These developments in lighting have resulted in the new form of lighting designated as
“solid-state lighting.” It is this solid-state lighting that constitutes the focal
theme of this book, commencing from the fundamental principles and covering materials aspects, fabrication techniques, and applications.
Solid-state lighting is based on two types of semiconductor diodes fabricated using inorganic and organic materials, and hence called inorganic
LEDs or simply LEDs and organic LEDs (OLEDs). The technology of the
former category of LEDs is comparatively more advanced relative to the latter class. The two types are not antagonistic but synergistic, serving to fulfill
different needs so that where one type is not useful, the other type serves the
purpose. Inorganic LEDs are point sources of light and OLEDs are areal
sources. The book addresses both versions of LEDs. In addition, laser diodes
can also be used for illumination. But this is currently a research area and
much work remains to be done in this field. LED driving circuits, as well as
their applications in general illumination, displays, and other areas are dealt
with in detail.
The book is designed as a textbook to cater to the needs of undergraduate
and postgraduate students of electrical and electronics engineering. It will
also serve as a reference book for research students working on solid-state
lighting. Personnel engaged in lighting industry too will find the book as a
useful resource for their work. As solid-state lighting is a subject influencing our lives, the book will also be of interest to lay readers wishing to know
about this important field.

Scope and Coverage
The book is divided into six parts. Part I: History and Basics of Lighting
(Chapters 1 through 5), Part II: Inorganic LEDs (Chapters 6 through 17),
Part III: Organic LEDs (Chapters 18 through 20), Part IV: LED Driving
Circuits (Chapters 21 through 22), Part V: Applications of LEDs (Chapters
23 through 28), and Part VI: Future of Lighting (Chapters 29 and 30).
Science historian James Burke said, “If you don’t know where you’ve come
from, you don’t know where you are.” This book thus sets off with a historical prologue to lighting in Chapter 1. To know about lighting, one must first
have an understanding of the meaning of “light.” Rudimentary principles of
xxv
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the nature and quality of light are provided in Chapter 2. Traditional light
sources such as the incandescent bulbs, fluorescent tube lights and compact
fluorescent lamps, mercury, and sodium lamps are described in Chapter 3.
Their relative performance is compared.
Chapter 4 introduces inorganic light-emitting diodes. Solid-state lighting
is defined and the scope of the subject covering illumination and displays is
elaborated. Advantages and shortcomings of solid-state lighting are pointed
out. The progression of LEDs from 1960s to 2011 is traced.
Various performance metrics of LEDs such as efficiency, efficacy, current–
voltage characteristics, optical parameters such as spectral distribution, color
temperature, beam angle, and so on, are the topics discussed in Chapter 5.
Chapter 6 presents luminescence theory, injection luminescence, radiative and nonradiative recombination mechanisms, recombination rates, carrier lifetimes, and related topics. This matter lays down the groundwork for
understanding LED operation.
From the point of view of junctions in LEDs, two major classes are distinguished, namely, homojunction and heterojunction LEDs accordingly as
the LEDs are made of the same material or materials having different energy
gaps. Chapter 7 deals with homojunction LEDs and Chapter 8 with heterojunction LEDs, including quantum well structures.
Considering the light emission from an LED, whether it is from the surface or the edge, there are two classes of LEDs: surface and edge-emitting.
These are treated in Chapter 9.
A major segment of light produced in the active region of an LED cannot
escape to the outside world and is unfortunately lost as heat. To reduce the
energy consumption, it is crucial to minimize such loss of light. Light extraction discussed in Chapter 10 involves the set of techniques used to take the
light emitted by the P–N junction to the surroundings.
Manufacturing an LED with a specified wavelength involves bandgap
engineering of the semiconductor material. Three groups of materials based
on GaAs, GaP, and GaN have served as workhorse materials for inorganic
LED fabrication. These materials are covered in Chapter 11.
Special equipment and laboratory facilities such as LPE and MOCVD
required for inorganic LED fabrication are presented in Chapter 12. Unit process steps for GaN diode are described and the process sequence is laid out.
Packaging plays a vital role in the protection, storage, and operation of an
LED. In Chapter 13, through-hole, SMT, leadless SMT, chip-on-board and
silicon LED packaging are delved into. Reliability issues of plastic packages
are also outlined.
LEDs bring demanding thermal challenges warranting more attention to
the thermal architecture. Increase in LED die junction temperature, due to
power dissipation or changes in ambient temperature, significantly impacts
its light output as well as peak wavelength. Therefore, thermal effects on
LED behavior must be considered and LED junction temperature must be
maintained below the maximum specified limit by providing a low thermal

Preface   ■   xxvii

resistance between junction and heat sink along with air cooling. Chapter 14
deals with such thermal issues.
For using LEDs in general illumination, it is imperative that they replicate
the quality of sunlight. Cool-white and warm-white LEDs are commercially
available. There are two ways to produce white light, one using wavelength
conversion and the other with color mixing. For quantification of the generated white light, it is also necessary to formulate standards and protocols.
Chapter 15 is concerned with white light production using inorganic LEDs.
Phosphor-converted LEDs are economical and simple because they use
only a single LED. Combination of a blue-emitting indium gallium nitride
(InGaN) LED with a single yellow phosphor produces white light with a
high color temperature. Incorporation of a red phosphor shifts the color balance to the lower color temperatures, often preferred for indoor illumination.
Thus, phosphors hold the key to efficient white light production. Various
types of phosphor materials such as oxides, oxynitrides, nitrides, halides,
sulfides, and so on are described in Chapter 16.
Special structural design, fabrication techniques and encapsulation materials have helped LEDs to surpass the luminous efficacy of fluorescent lamps.
These high-brightness LEDs (HBLEDs) are being used in architectural and
decorative lighting, and other applications. Chapter 17 highlights some of
the approaches adopted for achieving high brightness. Applications of such
LEDs are also touched upon.
In contradistinction to the treatment in the above-mentioned chapters, the
LEDs discussed in Chapters 18 through 20 contain a film of organic compound
as the electroluminescent layer. These organic LEDs are either made from small
organic molecules or larger molecules called polymers. These OLEDs are thin
and flat, and are made by simpler fabrication techniques such as vacuum deposition or spin coating. Chapter 18 takes up small molecule OLEDs while Chapter
19 discusses the OLEDs made from macromolecules or polymers. In small
molecule OLEDs, the active layers are typically deposited by vapor deposition
techniques, whereas in polymeric OLEDs they are deposited from solution.
As OLEDs can produce white light, large-area light-emitting elements
serve as the bulb of the future for general illumination. Chapter 20 discusses
the single-emitter and multi-emitter fabrication pathways to white OLED
realization.
LED drivers are self-contained power supplies providing outputs matching to the electrical characteristics of LED. Drivers deliver a consistent current over a range of load voltages. They may also offer dimming by means
of pulse-width modulation (PWM) circuits. Also, they may have multiple
channels for split control of different LEDs or arrays. In Chapter 21 on DC
drivers, SMPS concepts, buck, boost, and buck–boost converters are presented. Series and parallel connections of LEDs are treated.
In Chapter 22 on AC drivers, resistor and buck converter LED circuits are
discussed. Power factor and total harmonic distortion are important considerations. An attractive approach is to fabricate AC-LEDs which can operate
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directly from an AC power supply. These LEDs can be placed directly in the
AC circuit without intervening electronics.
As the light bulbs phase out over the next few years, LED luminaires
are being increasingly used for indoor and outdoor lighting for providing
improved illumination performance with less maintenance requirements.
Chapter 23 describes the use of inorganic LEDs in general illumination such
as retrofit LED bulbs, LED tube lights, LED street lamps, LED strip lights,
and LED light bars.
A large-area white OLED is a solid-state diffuse light source that could
compete with inorganic LEDs. OLEDs are likely to displace distributed
light sources such as fluorescent lamps, and in many cases also incandescent
lamps. They are touted to create new lighting possibilities by enabling largearea illumination sources. OLED panels and tiles are mounted on walls,
ceilings, partitions, windows, and so on. These topics along with obstacles
faced in large-area OLED fabrication are discussed in Chapter 24.
Chapter 25 presents an overview of seven-segment displays, video displays, virtual pixel method, and LED backlit LCD TV. Indoor, outdoor, and
waterproof LED displays of different pixel pitch and size are used in varied
applications such as advertising, cricket score boards, musical performances,
social gatherings, business events, demonstrations, carnivals, and so on.
Large LED screens are installed in the populous places of cities to broadcast
live dynamic video clips. The issues involved in the production and implementation of full-color modular large-area LED displays are brought out.
Chapter 26 is devoted to passive and active matrix OLED displays, TFT
and other backplane technologies. Use of OLEDs in mobile phone, TV, and
computer displays is described. A comparison of LCD TV and plasma TV
with AMOLED TV is made.
Assorted applications of LEDs in power signage, traffic lights, automotive
signage, fiber optic and wireless communication, medicine, and horticulture
are presented in Chapter 27.
Chapter 28 deals with smart or intelligent lighting allowing IP-enabled,
high-quality, energy-efficient, interactively controlled, adaptable lighting to
be dynamic in color and luminous intensity for complying with the demand
of the customer. It takes care of user ideas, circumstances and specific needs
in homes, office blocks, multistory car parks, or city street lighting.
LEDs represent the landmark development in lighting since the invention
of the electric lighting, allowing us to create unique, low-energy lighting
solutions, not to talk about their minor maintenance expenses. The rapid
strides of LED lighting technology over the last few years have changed the
dynamics of the global lighting market, and it is expected to be the mainstream light source in near future. Chapter 29 focuses on the expectations
and probabilities of the level that this technology will reach in the decade up
to 2020, and beyond. It describes the technological forecasts made by highly
regarded workers in this field.
Not much research has been pursued on laser diodes for lighting applications. The haunting issue is that laser-based white light will be unpleasant to
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human vision. But the acceptability of laser-based lighting has been demonstrated, and the concluding Chapter 30 deals with this topic. However, the
goal is still far off.
In a nutshell, this book traces the advances in LEDs, OLEDs, and their
applications, and presents an up-to-date and analytical perspective of the
scenario for audiences of different backgrounds and interests.
Vinod Kumar Khanna
CSIR-CEERI, Pilani, India
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Acronyms, Abbreviations, and
Initialisms
A
Ampere, anode
AC
Alternating current
AC-LED
Alternating current light-emitting diode
AMOLED
Active matrix organic light-emitting diode
AMOLED TV Active matrix organic light-emitting diode television
ANSI
American National Standards Institute, USA
Avalanche photodiode
APD
Blue
B
BEF
Brightness-enhancing film
Bipolar junction transistor
BJT
CA
Common anode
Common cathode
CC
Cold-cathode fluorescent lamp
CCFL
Correlated color temperature
CCT
cd	candela (SI base unit of luminous intensity of a light source in
a given direction = the intensity of a source emitting singlecolor light at 540 × 1012 Hz in that direction with an intensity of
1/683 W/sr)
CD
Compact disk
CFI
Color fidelity index
CFL
Compact fluorescent lamp
CFT
Crystal field theory
Commission Internationale d’Eclairage
CIE
Conventional LED
C-LED
Capacitive current control LED
C3LED
centimeter (1 cm = 10−2 m)
cm
CMOS
Complementary metal-oxide-semiconductor
COB
Chip-on-board
CPSS
Crown-shaped patterned sapphire substrate
CQS
Color quality scale
CRI
Color rendering index
CRT
Cathode ray tube
CSI
Color saturation index
1D, 1-D
One-dimensional
2D, 2-D
Two-dimensional
3D, 3-D
Three-dimensional
Direct current
DC
DH-LED
Double heterostructure light-emitting diode
DMOSFET	Double-diffused metal-oxide-semiconductor field-effect transistor
DOE
Department of Energy, USA
xxxv
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DOS
Density of states
DP
Decimal point (in an LED display)
EIL
Electron injection layer (in an OLED)
EL
Electroluminescence
ELED
Edge-emitting light-emitting diode
EMF
Electromotive force
EMI
Electromagnetic interference
EML
Emissive layer
ETL
Electron transport layer (in an OLED)
eV
Electron volt (1.602 × 10−19 J)
FB
Feedback
Field-effect transistor
FET
Flame retardant/resistant (self-extinguishing)
FR
foot (30.48 cm)
ft
Full-width at half-maximum
FWHM
gram
g
Green
G
Gapless dual-curvature microlens array
GDMLA
General Electric Company
GEC
Gigahertz (1 GHz = 1 × 109 Hz)
GHz
GND
Ground
h
Hour
High-brightness light-emitting diode
HBLED
HDI
Hue distortion index
HEALS	High-emissivity aluminiferous luminescent substrate, a kind of
LED technology
HID
High-intensity discharge
Hole injection layer (in an OLED)
HIL
Highest occupied molecular orbital (in an organic semiconductor)
HOMO
HPM vapor lamp High-pressure mercury vapor lamp
HPMV lamp
High-pressure mercury vapor lamp
HPS vapor lamp High-pressure sodium vapor lamp
Hole transport layer
HTL
Heating, ventilation, and air conditioning
HVAC
Hertz
Hz
IC
Integrated circuit
ICP
Inductively coupled plasma
IF
Intermediate frequency
IGBT
Insulated-gate bipolar transistor
IR
Infra red
J
Joule
JPEG
Joint Photographic Experts Group
K
Kelvin, cathode
kiloampere (1 kA = 103 A)
kA
kW
kilowatt (1 kW = 103 W)
kW-h
kilowatt-hour (1 kW-h = 103 W-h)
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LAN
Local area network
LASER
Light amplification by stimulated emission of radiation
LCD
Liquid crystal display
LD
Laser diode
LDI
Luminance distortion index
LED
Light-emitting diode
LED TV
LED-backlit LCD television
lm
lumen (SI derived unit of luminous flux = 1 cd.sr)
L/min
Liter per minute
lm/W
lumen per Watt
LPE
Liquid-phase epitaxy
LPS vapor lamp Low-pressure sodium vapor lamp
Low temperature
LT
LUMO	Lowest unoccupied molecular orbital (in an organic semiconductor)
lux (SI derived unit of illuminance: 1 lx = 1 lm/m 2 = 1 cd sr/m 2)
lx
m
meter
mA
milliampere (1 mA = 10−3 A)
mbar
millibar (1 mbar = 10−3 bar)
MBE
Molecular beam epitaxy
Mb/s, Mbps	Megabits per second, bit-based unit of data transfer rate or
speed (1 Mb/s = 106 b/s)
MB/s, MBps	Megabytes per second, byte-based unit of data transfer rate or
speed (1 MB/s = 106 B/s)
mcd
millicandela (1 mcd = 10−3 cd)
mc-LED
Multi-chip light-emitting diode
MCPCB
Metal-core printed circuit board
Microelectromechanical systems
MEMS
Metal-core PCB Metal-core printed circuit board
MHz
Megahertz (1 MHz = 106 Hz)
MISFET
Metal–insulator–semiconductor field-effect transistor
Mlmh
Mega lumen hour (Mlmh= 106 lmh)
mm
millimeter (1 mm = 10−3 m)
MOCVD
Metal-organic chemical vapor deposition
MOSFET
Metal-oxide-semiconductor field-effect transistor
MOTFT
Metal-oxide thin-film transistor
MOVPE
Metalorganic vapor-phase epitaxy
MP3	MPEG-1 or MPEG-2 audio layer III [an audio-specific format
designed by the Moving Picture Experts Group (MPEG)]
MQW
Multiple quantum well
ms
millisecond (1 ms = 10−3 s)
mTorr
milliTorr (1 mTorr = 10−3Torr)
mV
millivolt (1 mV = 10−3 V)
MVD
Minimum viewing distance (of a display)
mW
milliWatt (1 mW = 10−3 W)
NASA
National Aeronautics and Space Administration, USA
NEMA
National Electrical Manufacturers Association, USA
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NIST
National Institute of Standards and Technology, USA
NL
Nucleation layer
nm
nanometer (1 nm = 10−9 m)
NREL
National Renewable Energy Laboratory, USA
ns
nanosecond
nt (nit)
Non-SI unit of luminance = 1cd/m 2
n-UV
Near ultra violet
OCDR
Optical coherence domain reflectometry
OCT
Optical coherence tomography
OEM
Original equipment manufacturer
OLED
Organic light-emitting diode
Organic light-emitting diode television
OLED TV
Organometallic chemical vapor deposition
OMCVD
Organometallic vapor phase epitaxy
OMVPE
On–off keying (simplest amplitude shift keying modulation)
OOK
Organic thin-film transistor
OTFT
Organic white light-emitting diode
OWLED
Personal computer
PC
Printed circuit board
PCB
pc-LED	Phosphor-converted light-emitting diode/phosphor-conversion
light-emitting diode
Pulse-code modulation
PCM
Power factor
PF
Phosphorescent organic light-emitting diode
PHOLED
Peripheral interface controller
PIC
P–I–N diode	A P–N junction diode with a lightly doped or intrinsic region
sandwiched between P- and N-polarity regions (I = intrinsic)
Plastic-leaded chip carrier
PLCC
Pulsed laser deposition
PLD
Polymer light-emitting diode
PLED
Passive matrix organic light-emitting diode
PMOLED
picosecond (1 ps = 10−12 s)
ps
PTH
Plated through hole
PWM
Pulse width modulation
q
Electronic charge (1.60217656 × 10−19 C)
QCSE
Quantum-confined Stark effect
QE
Quantum efficiency
QW
Quantum well
R
Red
R	Universal/ideal gas constant (8.314462 J K−1 mol−1 = 5.189 × 1019
		
eV K−1 mol−1)
RAM
Random access memory
RCA
Radio Corporation of America
RCLED
Resonant-cavity LED
RF
Radio frequency
RGB
Red, green, blue
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RIE
Reactive ion etching
RMS
Root mean square
RoHS
Restriction of hazardous substances
RPM
Rotations per minute
RYGB
Red–yellow–green–blue
s
second (unit of time)
SAND
Self-assembled nanodielectric
SHDN
Shutdown
SH-LED
Single heterostructure light-emitting diode
SI	Système International d’unités (International System of Units)
with seven base units: length (meter—m), mass (kilogram—kg),
time (second—s), electric current (ampere—A), thermodynamic
temperature (Kelvin—K), amount of substance (mole—mol), and
luminous intensity (candela—cd).
Silicon integrated circuit
SIC
Surface-emitting light-emitting diode
SLED
Surface-mount device
SMD
Switched-mode power supply
SMPS
Surface-mount technology
SMT
Silicon-on-insulator
SOI
Stacked organic light-emitting diode
SOLED
Superluminescent light-emitting diode
SPLED
steradian
sr
Shockley–Read–Hall (recombination)
SRH
Switch
SW
Threading dislocation
TD
Two-flow metalorganic chemical vapor deposition
TF-MOCVD
Thin-film transistor
TFT
Thin-film transistor liquid-crystal display
TFTLCD
Total harmonic distortion
THD
Terahertz (1 THz = 1012 Hz)
THz
TSV
Through silicon via
Television
TV
Underwriters Laboratories, USA
UL
UV
Ultra violet
Volt
V
VAR
Volt-ampere-reactive
VCR
Video cassette recorder
Video graphics array
VGA
Violet, indigo, blue, green, yellow, orange, and red
VIBGYOR
Visible light communication
VLC
VMS
Variable message sign
VPE
Vapor-phase epitaxy
W
Watt
White light-emitting diode
WLED
WOLED
White organic light-emitting diode
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Chap ter

1

Chronological History of Lighting
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾

Obtain an overview of the lighting evolution spanning from early man
to the modern era
Appreciate the triumphs of our ancestors in reaching the current state
of knowledge
Have an awareness of the first lighting source, the first solid-state lighting source, and the first electrical lighting source
Acquire preliminary knowledge of the incandescent bulb, fluorescent
tube light, and sodium and mercury vapor lamps
Get acquainted with the early development of the light-emitting diode
(LED) technology

1.1 How Early Man Looked at the “Sun”
The revered “Sun God” is the primary source of natural light on planet Earth
(Williams 1999, Bellis 2013). Light is essentially radiant energy from the
sun covering a segment of the electromagnetic spectrum called the visible
light spectrum. It encompasses the wavelength range from 380 (violet) to
620–760 nm (red). Considering themselves to be “children of the Sun,” early
men worshipped the Sun (c2000-c1500 bc). Around c2300 bc, Egyptians
deemed that at night, the Sun God journeyed all the way from end to end of
the dark regions underneath the world.

1.2 The Need for Artificial Light Sources
Primitive man craved to prolong livelihood in the darkness after sunset. For
this intent, there was a dire need for artificial light sources. Ever since their
appearance on Earth, Homo sapiens have developed several sources of light.
To appreciate and highlight the role played by solid-state lighting in the
3
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backdrop of varied light sources used by humans since times immemorial, it
is necessary to recollect the historical milestones in the progress of lighting
techniques. This will be our starting point in the exploration of the subject.
This introductory chapter aims to acquaint readers with the chronological
advancement of lighting.

1.3 First Steps in the Evolution of Artificial Lighting
Man invented fire. Perhaps, the first torch was a piece of burning wood,
discovered approximately 5 × 105 years ago. In this age of combustible light
sources, man burnt dried branches of trees and grass to produce light. The
next notable invention was a burning fiber immersed in molten fat. It is
indeed a capillary drawing its fuel from the fat, popularly known as the
wick. It was used 3 × 104 –7 × 104 years ago. In c5000 bc, the different kinds
of oil used in lamps were sesame oil, nut oil, castor oil, fish oil, and so
on (Bowers 1980). In the ancient Babylonian and Egyptian civilizations
(c3000 bc), light was considered a luxury to be enjoyed by the rich whose
bastions were lit with simple oil lamps in the form of small open bowls
with a wick or spout holding the wick. The fuels consisted of animal fats,
fish, and vegetable oils (olive and palm). Then came the Argand oil lamp
(Figure 1.1), introduced by Aimé Argand (1750–1803) of Geneva, containing a tubular wick surrounded by a glass chimney for which Argand was
granted an English patent No. 1425 in 1784 (Ramsey 1968). Subsequently,
in gas lighting, due to William Murdoch (1754–1839) of Scotland in 1772,
by-products of coke production were burnt.

1.4 The First Solid-State Lighting Device
The first solid-state lighting device was a nonelectrical one, invented by T.
Drummond in 1826 (Drummond 1826). It was called limelight (Figure 1.2)
and consisted of a calcium oxide cylinder producing a bright dazzling light
brought about by the flame of an oxyhydrogen blowpipe (Almqvist 2003).
He said that the limelight was of such a dazzling whiteness that it was plainly
visible 68 miles away. The brilliant limelight was used in the theaters.
Alternatively, the temperature of the large, loose flame of a spirit lamp
placed near the cylinder or ball of lime was raised by a jet of oxygen and the
flame was forced alongside the surface of the lime. This arrangement did not
require any hydrogen. It was called oxy-calcium lamp. In this flame, the flow
of oxygen had to be carefully regulated. A large quantity of oxygen cooled
the lime, reducing the luminous output. Less oxygen was insufficient to heat
the lime to incandescence.

1.5 The First Practical Electrical Lighting Device
Paul Jablochkoff (1847–1894), a Russian telegraph engineer, demonstrated
in 1876, the first practical electrical lighting device consisting of two carbon
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(a)

(b)

(c)

(d)

Flame

Chimney

Cotton wick

Air

Air
Air

Fuel

Figure 1.1 Argand oil lamp: (a)–(c) line drawings illustrating different versions, and (d) showing
the airflow paths in the lamp.

rods separated by a thin layer of gypsum plaster (Figure 1.3). It worked on
the principle of arc discharge between two rods of carbon and was called
Jablochkoff ’s candle (The New York Times 1880). It is the ancestor of modern
high-intensity arc discharge lamp, and brought electric lighting to public
interest.
(a)

(b)
CaO
position and
height
adjustment
Gas regulator

H2
O2

CaO
position and
height
adjustment

Gas regulator

CaO

CaO

O2

Figure 1.2 Limelight (a) using oxyhydrogen flame, and (b) using only oxygen, also called oxycalcium light.
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(a)

(b)

Carbon rod
Gypsum
plaster/kaoli

Figure 1.3

Jablochkoff candle: (a) open and (b) enclosed.

1.6 The Incandescent Filament Lamp
Thomas Alva Edison (1847–1931), an American researcher and businessman,
and Joseph Wilson Swan (1828–1914), a British chemist, electrical engineer,
and inventor, contrived the incandescent filament lamp in 1879 (MacIsaac et al.
1999, Incandescent Lighting 2010). It is being bid farewell now (Figure 1.4)
but its invention was a red-letter day in the annals of lighting technology
because humanity had for the first time succeeded in producing light without combustion, odor, or smoke. A carbonized-paper filament was used in an
evacuated glass bulb, which Edison later reinstated by a fiber of a Japanese
bamboo. In 1892, U.S. Patent Office pointed out that J. W. Swan, rather
than Thomas Edison was the inventor of the carbon filament bulb. In 1897,
a cerium oxide-based solid electrolyte was used as the filament material by
Nernst. Thereafter, filaments of metals such as osmium, tantalum, and tungsten, came into service.

Time to say
good-bye !

Departure of
incandescent bulb

Figure 1.4

Good-bye to the incandescent bulb!
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1.7 Mercury and Sodium Vapor Lamps
The subsequent lighting devices employed low-pressure discharge in gases
(Figure 1.5a and b). In 1901, Peter Cooper Hewitt (1861–1921), an American
electrical engineer and inventor, patented the mercury vapor lamp, generating
a bluish-green light (Hewitt 1901). The introduction of sodium vapor and
increasing the gas pressure to broaden the emission spectrum were notable
developments, leading to sodium vapor lamps and high-pressure gas-discharge
lamps.
(a)
(b)
Low-pressure
sodium
vapor lamp was invented
in 1919 by Arthur Holly
Compton (1892–1962) of
Westinghouse Electric in
the United States. General
Electric (GE) first developed
the high-pressure sodium
lamp in Schenectady (New
(c)
(d)
York) and Nela Park (Ohio).
The first lamp appeared in
the market in 1964. Robert
L. Coble, while working at
the GE Research Laboratory
near Schenectady, developed
a material known as Lucalox,
the commercial term for alu- Figure 1.5 Contemporary light sources: (a) merminum oxide ceramic, paving cury vapor lamp, (b) sodium vapor lamp, (c) tube
the way for William Louden, light, and (d) compact fluorescent lamp.
Kurt Schmidt, and Elmer
Homonnay toward the invention of the high-pressure sodium lamp at Nela
Park, Ohio, a GE research park in Cleveland, Ohio.

1.8 The Fluorescent Lamp
In 1938, the Westinghouse Electric Corporation began marketing the fluorescent lamps (Figure 1.5c) that were based on the fluorescence emission from
the tube inner walls coated with a phosphor material when subjected to
ultraviolet (UV) irradiation from mercury vapor in a low-pressure discharge.
The earlier phosphors of mineral origin were replaced in 1948 by calcium
halophosphate activated by antimony and manganese ions.
Edmund Germer (1901–1987), who was born in Berlin, Germany, and
received his education at the University of Berlin, patented an experimental
fluorescent lamp in 1927 together with Friedrich Meyer and Hans Spanner.
Germer is credited by some historians as being the inventor of the first true
fluorescent lamp. George Inman led a group of GE scientists researching
an improved and practical fluorescent lamp. The squad designed the first
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realistic and viable fluorescent lamp (U.S. Patent No. 2,259,040) that was
first sold in 1938. GE bought the patent rights to Germer’s earlier patent. On
October 14, 1941, George E. Inman received the U.S. Patent No. 2,259,040;
the patent was filed on April 22, 1936. It has been looked upon as the foundation patent. GE strengthened its position when it purchased a German
patent that preceded Inman’s patent. GE also paid for U.S. Patent No.
2,182,732. This patent had been issued to Friedrich Meyer, Hans J. Spanner,
and Edmund Germer. Although the bona fide inventor of the fluorescent
lamp may be debatable, it is clear that GE first introduced it.

1.9 The Compact Fluorescent Lamp
An era soon dawned in which incandescent filament lamps along with fluorescent tubes/compact fluorescent lamps (CFLs) (Figure 1.5d) were used for
residential lighting and sodium vapor lamps were used for street lighting. The
supremacy of these lighting sources is being challenged and threatened by
newer sources based on solid-state inorganic and organic LEDs.
Table 1.1 provides a relook at the historical developments from ancient
days to CFLs.

1.10 Revolution in the World of Lighting: Advent of Light-Emitting Diodes
A technology for light production could consign the incandescent lighting
to oblivion. It has, to a great extent, superior performance parameters such
as compactness, output, and ease of dimming and color adjustment. In the
beginning, low power and fluxes of LEDs confined their use to indicator
applications, but recent developments have made electronic lighting accessible.

1.11 Birth of the First LED and the Initial Stages of LED Development
LED is a very elderly device, and was the first commercial compound semiconductor device in the marketplace. From a historical perspective (Table 1.2),
more than a century ago, in 1907, the British electrical engineer and experimenter Captain Henry Joseph Round (1881–1966) was investigating the possibility of using carborundum or silicon carbide (SiC) crystals as rectifying
solid-state detectors, then called “crystal detectors.” During his experiments
on the flow of electric current through SiC, Round observed a curious phenomenon: When a potential difference of ~10 V was applied across an SiC
crystallite, a yellowish light was emitted. This marked the birth of the first LED.
Interestingly, it was a metal–semiconductor or Schottky diode, not a PN junction diode. Round further observed that only one or two crystallites glowed at
such a low voltage while a larger number of crystallites emitted light at a much
higher voltage, ~110 V. Although at that time, the material properties were
inadequately controlled, and the emission process was improperly understood,
Round reported his findings to the journal Electrical World (Round 1907).
Later, the Russian scientist and inventor Oleg Vladimirovich Losev (1903–
1942) (Losev 1929) reported detailed investigations of the luminescence
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Table 1.1 Glance at the Chronology of Ancient and Contemporary Artificial Lighting
Devices Up to CFLs
Sl. No.
1.
2.
3.
4.

Event

5.
6.

Discovery of fire (first torch)
Wick lamp (first lamp)
Oil pottery lamp
Oil reservoir lamp (pottery
or metal bowl with one or
more wicks projecting
through the openings in the
spouts, and a cover for
protection)
Beeswax candle
Gas lighting

7.

Argand oil lamp

8.

10.

First solid-state lighting
device (limelight)
First practical electrical
lighting device
(Jablochkoff’s candle)
Incandescent filament lamp

11.

Mercury vapor lamp

12.
13.

Low-pressure sodium vapor
lamp
Fluorescent tube

14.

CFL and ballast

9.

Year
5 × 10 years ago
3 × 104–7 × 104 years ago
600 bc
500 bc
5

400 ad
1772 (Coal gas lighting was patented by F.A.
Winsor of Germany in 1804. First public street gas
lighting was demonstrated by him in 1807)
1784 (Patented by Argand: English Patent No.
1425)
1826
1876

1879 (Patented by T. A. Edison: U.S. Patent No.
223, 898, Electric Lamp, filing date: November 1,
1879, issue date: January 27, 1880, 5 pp.); 1880
(Patented by J. W. Swan (British Patent Nos. 18
and 250 of 1880); On December 18, 1878, J. H.
Swan demonstrated his first practical incandescent
lamp having carbon filaments at the meeting of
Newcastle-on-Tyne Chemical Society
1901 (Patented by P. C. Hewitt: Patent No.
US682692 A: Method of manufacturing electric
lamps)
1919 (Patented by A. H. Compton, Westinghouse
Electric, USA)
1927 (Patented by F. Meyer, H.-J. Spanner and E.
Germer, Metal Vapor Lamp, U.S. Patent number:
2812732, filing date: December 19, 1927, issue
date: December 5, 1939; Inman, George E.,
Electric Discharge Lamp, U.S Patent No. 2259040,
Gen Electric, filing date: April 22, 1936,
publication date: 10/14/1941)
1997 (Patented by Raymond A. Fillion, David J.
Kachmarik, Donald W. Kuk, Thomas F. Soules,
Erwin G. Steinbrenner, Compact fluorescent lamp
and ballast arrangement with inductor directly
between lamp ends, General Electric Company
(GEC), U.S. Patent No. 573440, filing date: May
13, 1996; publication date: December 30, 1997)
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Table 1.2

Discoveries and History of LEDs

Sl. No.

Year

Event

1.

1907

2.

1927

3.

1955

4.

1961

5.

1962

6.

1968

7.

1972

8.
9.

1976
1994

10.

1994

11.
12.

1998
2006

The British scientist Captain Henry Joseph Round (June 2, 1881 to
August 17, 1966), Marconi Labs, discovered electroluminescence
using SiC crystal and a cat’s whisker detector.
The Russian Oleg Vladimirovich Losev (May 10, 1903 to January 22,
1942) independently reported the creation of LED in Russian,
German, and British scientific journals but his research was ignored at
that time.
Rubin Brunstein, Radio Corporation of America (RCA), USA, reported IR
emission from GaAs and other semiconductor alloys such as GaSb, InP,
and so on.
Robert Biard and Gary Pittman, Texas Instruments, USA, found that
GaAs emitted IR on passing current and received patent for IR LED.
Although the first LED, its emission was outside the spectrum of visible
light.
First practical red LED developed by Nick Holonyak, Jr., General
Electric Company; he is seen as the “father of the light-emitting diode.”
Monsanto Company started mass-producing visible red LEDs using
GaAsP.
M. George Crawford, former graduate student of Holonyak, invented
yellow LED and raised the brightness of red and orange–red LEDs by a
factor of 10.
Thomas P. Pearsall produced high-brightness, high-efficiency LEDs.
Replacement of GaAs substrate in AlGaInP red LED with transparent
GaP.
First WLED. Shuji Nakamura, Nichia Corporation, Japan, demonstrated
the first high-brightness blue LED based on InGaN; he is regarded as
the inventor of the blue LED.
First commercial high-power LED.
The 2006 Millennium Technology Prize was awarded to Professor. S.
Nakamura, University of California, Santa Barbara, for his invention of
blue, green, and white LEDs and the blue laser diode.

phenomenon observed with SiC metal–semiconductor rectifiers. He noticed
that (i) in some diodes, luminescence occurred when they were biased in
the reverse direction and (ii) in other diodes when they were biased in the
forward and reverse directions. Perplexed about the physical origin of the
luminescence, he hypothesized that this light emission was quite akin to
cold electronic discharge. He also noted that the light could be switched
ON and OFF at tremendous speed, such that the device was usable as a light
relay. Egon Loebner (1924–1989), working at RCA (Loebner 1976), further
reviewed the pre-1960 history of LEDs.
Before 1950s, SiC and II–VI semiconductors were well known. Many II–
VI semiconductors, for example, ZnS and CdS, occur in nature. The very first
LEDs had been made using SiC and there had been one testimony of LEDs
made from zinc blende (ZnS). The era of III–V compound semiconductor
materials was ushered in the 1950s. It may be noted that these semiconductors
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do not occur naturally but are made by man. In the 1950s, large single-crystal
boules of gallium arsenide (GaAs) wafers were made. Infra-red (IR) region
LEDs and lasers based on GaAs were first reported in 1962. GaAs has a
direct bandgap of 1.424 eV (300 K), and emits light of wavelength 870 nm.

1.12 The Father of the LED: Holonyak Jr.
The phenomenon of light emission would have been forgotten but for the
efforts of Nick Holonyak Jr., who in 1962, working at GEC, developed the
first practical visible spectrum red LED (Holonyak and Bevacqua 1962).
He is aptly called the father of the LED. These gallium arsenide phosphide
(GaAsP) LEDs are used as indicator lights, seven-segment numeric displays,
and alphanumeric displays. Nick Holonyak, Jr. invented the first practically
useful visible LED in 1962, while working as a consulting scientist at a GE
Company laboratory situated in Syracuse (New York).

1.13 The Post-1962 Developments
From 1962 onward, laser and LEDs based on III–V compound semiconductor materials took their place in the history in a big way and are currently dominating the field, serving as the foundation for the commercial
expansion of LEDs. In 1968, the first commercialized LED scarcely produced 10−3 lm. Later, in 1972, M. G. Crawford, a former graduate student of
Holonyak, invented the yellow LED and improved the brightness of red and
red–orange LEDs by 10-fold.
In 1960s, red, amber, and green (but not blue) LEDs were sold, but research
mainly focused on laser diodes; modest work on LED was conducted after the
1970s. Holonyak’s contribution set the pace, and the work on LEDs gained
momentum. Gallium phosphide (GaP) (bandgap = 2.26 eV, emission wavelength = 555 nm, green) is another III–V material useful for LEDs. Being an
indirect-gap semiconductor, it does not emit significant amounts of light due to
the requirement of momentum conservation in optical transition. In the pure
state, GaP is incongruous for LED fabrication. But doping it with active impurities, such as N or ZnO, improves its characteristics. In the 1970s, green LEDs
were fabricated with an efficiency of 0.6% by doping N, which is far lower than
red LEDs. But the sensitivity of the human eye to green light is 10 times higher
than in the red part of the spectrum. Hence, green LEDs were acceptable.

1.14 Haitz’s Law
Analogous to the famous Moore’s law in silicon technology, which predicts
that the number of transistors in a chip doubles in every 18–24 months, LED
luminous flux, measured in lumens, has been obeying Haitz’s law, doubling
every 18–24 months (Haitz et al. 2000). Haitz’s law was named after Dr.
Roland Haitz, a former research scientist at Agilent. Tracking the progress from 1968 when the first commercial LEDs were introduced at a trivial
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0.001 lm/LED using GaAsP as far as the mid-1990s, it is obvious that commercial LEDs were only used as indicators or display devices.

1.15 AlGaAs LEDs Grown on GaAs Substrates
The ensuing phase of development consisted of aluminum gallium arsenide
(AlGaAs) LEDs grown on GaAs substrates, employing fully lattice-matched
direct bandgap systems and heterostructure active regions. By this improvement, the luminous efficiency of the early red LEDs surpassed that of a redfiltered incandescent bulb. Further, doubling of efficiency was achieved by
using transparent substrate devices (AlGaAs grown on AlGaAs).

1.16 AlGaInP LEDs on GaAs Substrates
The scenario dramatically changed in the 1990s. The pace was set by new
materials such as InGaP/GaAs, GaInAlN/gallium nitride (GaN), and
so on developed in the search for red and blue lasers. The introduction of a
new material system, AlGaInP on GaAs was enabled through the maturity of
organometallic vapor-phase epitaxy (OMVPE) crystal growth techniques.
AlInGaP facilitated the fabrication of high-brightness materials from yellow to red. In the early 1990s, Lumileds Lighting and the Hewlett-Packard
Optoelectronics Division, optimized the intricate OMVPE growth process
of quaternary aluminum indium gallium phosphide (AlInGaP) on GaAs
substrates. The notable quality of AlInGaP material system was that it
allowed the emission of light in the red and amber regions of the spectrum.
It was not until the next 10 years that problems such as ordering of an alloy,
passivation of acceptor atoms by hydrogen, P–N junction placement, and
oxygen incorporation into the aluminum-containing semiconductor were
solved. This culminated in the AlInGaP LEDs in which every electron and
hole pair injected into the device resulted in the creation of a photon.

1.17 Acquisition of Generated Light
The concern that remained unresolved was the acquisition of light generated inside the semiconductor LED outside the semiconductor where it was
useful. The first obstacle to be overcome was light absorption in the narrow
bandgap (1.42 eV = 870 nm) GaAs substrate. Appealing methods included
the incorporation of Bragg mirrors in the epitaxial structure, and direct
growth of AlInGaP on GaP. But the most triumphant technique was developed at Hewlett-Packard in 1994. It involved the confiscation of the GaAs
substrate by etching followed by its subsequent replacement with transparent
GaP by wafer bonding. At 25 lm/W efficiency, nearly 10 times the efficiency
of a red-filtered light bulb, and several lumens per LED, these LEDs made
possible the first LED stoplights on automobiles, LED red traffic signals,
and single color outdoor signs. But at 3 lm/W, LED applications were still
restricted to display devices where the user could directly look at the LED.
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1.18 The AlInGaN Material System: Blue and White LEDs
At the footsteps following the commercialization of AlInGaP, two groups,
researcher Shuji Nakamura (1954–) at Nichia Chemical Industries Ltd (now
Nichia Corporation) and Professor Isamu Akasaki (1929–), a Japanese scientist and Professor Hiroshi Amano (Nagoya University, Nagoya, Japan),
were studying the complex OMVPE growth process of aluminum indium
gallium nitride on sapphire substrates using atmospheric-pressure OMVPE
(Nakamura 1991, Nakamura et al. 2000). The AlInGaN material system
has a wider bandgap than AlInGaP and allows access to the higher energy
green, blue, and UV parts of the color spectrum. As already mentioned, hurdles such as alloy clustering, hydrogen passivation of acceptor atoms, P–N
junction placement, and oxygen incorporation into the aluminum-containing semiconductor layers in AlInGaP had proved to be the substantial challenges in this material. Although the AlInGaN material system was not as
well understood as the AlInGaP material system, nonetheless, by utilizing
the transparent sapphire substrate and the human eye’s greater sensitivity
to green light than to either blue or red light, Nichia Chemical, Lumileds,
and others were able to introduce multilumen green LEDs that together
with multilumen red AlInGaP and ~1 lm blue LEDs enabled large full
color signs to be made outright from solid-state light sources. Alongside the
high-brightness blue LEDs, white LEDs (WLEDs) that use high-energy
blue photons from a blue AlInGaN LED, and incorporate a phosphor to
convert some of the blue photons into yellow photons, the complementary
color to blue, materialized. In 1996, the first WLED was developed. It was
pioneered by Shuji Nakamura and Gerhard Fasol. It combines blue emission
with a down-converting phosphor layer. Commercially, this technique is still
the most important money-making means to realize white light. Even today,
the mainstream LEDs are based on AlInGaP for red-to-yellow wavelengths
and AlInGaN for blue and near-UV wavelengths.

1.19 High-Power LEDs
The innovative work on high-power LEDs began at Lumileds Lighting
around 1998, with the introduction of the first commercial high-power LED.
With the appearance of high-power LEDs, the power dissipation of LEDs
increased from several milliwatts for unsophisticated indicator LEDs in the
1960s to several watts for advanced high-power LEDs (Kim et al. 2010).
At 1-W input power, Luxeon devices operated at power levels 20 times that
of the traditional 5-mm indicator LEDs with efficiencies as much as 50%
greater. Luxeon K2, developed in 2006, could handle 4-W power. Lifetimes
extrapolated into the tens of thousands of hours. Commercialization of
high-power LEDs in 1998 impacted the decades-old Haitz’s law, which was
noticeable as a knee in lumens/LED versus time plot, defining the point in
LED evolution where the power LEDs deviated from indicator LEDs. The
main Lumileds accomplishment was an impressive diminution in package
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thermal resistance from the 300 K/W level of indicator LEDs to <15 K/W
for the Luxeon line of LEDs.
In the beginning of the 1990s, the efficiency of the best SiC LEDs, emitting blue light at 470 nm, was only 0.03%. Since then, SiC bid good-bye to
the LED market and III–V semiconductor grabbed its place.

1.20 LEDs and Materials Science
The history of the development of LEDs has a correlation to the progress in
materials science. Therefore, it is correlated with the bandgap of the material
and the color of light emission. LEDs are made from semiconductor compounds such as InGaN, GaAs, GaP, GaAsP, SiC, AlGaAs, or aluminum
gallium phosphide (AlGaP). In many cases, the compounds are used alone
while in other cases, they are mixed together in different proportions to produce distinct wavelengths. Of these, different compounds or mixtures thereof
emit light in specific regions of the visible light spectrum. The choice of the
semiconductor material used determines the overall wavelength of the photon emissions and hence the resulting color of the light emitted. Emission
color does not arise from the coloring of the plastic body of LED although
it is intentionally colored both to enhance the light and to indicate the color
output when LED is not being used. LEDs are available in a wide range of
colors (Table 1.3). The most common colors are red, amber, yellow, and green.

1.21 The Omnipresent Elements: Ga, N, and As
Curiously, running through Table 1.4, one stumbles on the fact that in all
the compound compositions mentioned, one element is omnipresent. This
element is gallium (Ga, atomic number 31). Thus, the main P-type dopant used in manufacturing LEDs is gallium. Similarly, the main N-type
dopant used is arsenic (As, atomic number 31) or nitrogen (N, atomic
number 7), giving the resulting compounds: GaAs or GaN. The problem
with GaAs is that it radiates large amounts of low-brightness IR radiation
(~850 –940 nm) from its junction when a forward current flows through it.
Table 1.3

Timeline of the Development of LEDs for Different Colors of Light

Color of Light
IR
Yellow
Red
Green
Blue
White
a

Wavelength (nm)

Semiconductor Material

850–940
585–595
630–660
550–570
430–505
450a

GaAs
GaP
GaAsP and AlGaAs
InGaN
InGaN
InGaN + phosphor (or
red–green–blue–white)

Wavelength of blue LED used for white-light generation.

Year
Mid-1970s
Mid-1970s
Mid-1980s
Mid-1990s
Mid-1990s
Mid-1990s
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Table 1.4

GaAs, GaAsP, and GaP LEDs: A Comparison

Property
Emission region
Forward voltage
Rating

GaAs LEDs
Invisible (IR)
1.4 V
Milliwatts

GaAsP LEDs
Visible (red)
2V
Millicandelas
(1000 mcd = 1 cd and
cd = lumen/beam
coverage)

GaP LEDs
Visible (yellow)
3V
Millicandelas

This IR radiation is ineffectual if the LED is used as an indicating light
although the same is useful for a television (TV) remote. But by adding
phosphorus (P, atomic number 15), as a third dopant atom, the wavelength
of the emitted radiation is, in general, decreased to <680 nm, giving visible
red-light perception to the human eye. The appearance of the visible light
results from the overlap integral between the eye response curve and the
spectral power of the device, and in general, the peak of the luminous curve
is not coincident with that of the spectral power curve.
Table 1.4 displays the differences between GaAs, GaAsP, and GaP LEDs.
GaAs LEDs are IR LEDs with a lower forward voltage and higher forward
current. They are rated in milliwatts because they do not emit visible light.
GaAs is alloyed with phosphorous to transfer the emission to the visible
region. On moving toward only GaP, the emission color changes to yellow.

1.22 Further Refinements
More refinements in the doping process of the PN junction have resulted in a
wide range of colors, spanning the spectrum of visible light as well as spreading beyond in the IR and UV wavelength ranges.

1.23 Discussion and Conclusions
Artificial lighting is a glorious chronicle of man’s conquest of nature (Figure
1.6). The first portable artificial light source consisted of a branch of a tree or a
bundle of sticks bound together, with one end soaked in an inflammable liquid. It was called the torch. Primitive oil lamps were made from hollow stones
or shells filled with a small flowerless green plant known as moss, which was
doused with animal fat. First, candles were made from whale fat with rice
paper wick. The discovery of paraffin wax made the production of candles
cheap and affordable. Argand oil lamp was the first scientifically designed oil
lamp. It had an opening at the bottom that fed the flame with fresh oxygen.
The progress of lighting technology received impetus with the advent of
electric current. The important milestones include the incandescent light
bulb, the fluorescent lamp, and mercury and sodium vapor lamps. Nick
Holonyak Jr., of GE, was the first to introduce an LED in 1962 that emitted
light in the visible part of the frequency range. This was a red LED. Shuji
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Figure 1.6

Lighting evolution.

Nakamura of Nichia Corporation made the first blue LED in 1979, using
gallium nitride. But, only in the 1990s, the blue LED became low cost for
commercial production.
LEDs a re here to stay
Starting from the first artificial light source: the fire,
Man was inspired
To progress from oil lamps to ceiling-mounted Edison bulbs,
Then to sodium and fluorescent lights.....
But modern lighting is sculpt
From the beautiful LED bulbs.
This de facto light of choice
Is definitely poised
To capture the market, full and complete,
Rendering the old lamps obsolete.
Incandescent bulbs and fluorescent tubes will breathe their last,
As LEDs overtake them fast.
Old lamps will be wiped and thrown away,
Gone are their days,
LEDs are here to stay.
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Review Exercises
1.1
1.2
1.3
1.4
1.5
1.6
1.7

Name the scientist who introduced an oil lamp with a tubular wick
lying between two concentric tubes and a glass chimney surrounding the burner. When was this lamp patented?
What was the first solid-state lighting device? Briefly describe its
construction.
Name the scientists who invented the incandescent lamp. In which
year was this invention made?
Who patented the mercury vapor lamp? When?
When did the fluorescent lamp appear in the market? Which company introduced this lamp?
What is the most commonly used phosphor in fluorescent lamps?
When was the first LED device reported? Who was the investigator
reporting this finding? In which journal was this report published?
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1.8
1.9
1.10
1.11
1.12
1.13
1.14

1.15

Was the first LED a PN junction diode? If not, what type of diode
was this LED? Describe Losev’s experiments and observations on
luminescence.
Do III–V compound semiconductors occur naturally? Name two
such compounds.
Who is called the “father of the LED”?
Who invented the yellow LED?
A law similar to Moore’s law in microelectronics holds in lighting
technology. What is this law called and what does it state?
Who pioneered the development of the first WLED? What was the
principle applied?
Argue on the correctness or fallacy of the statement “LEDs giving lights of different colors differ in the color of the encapsulating
plastic cover.” What is the main parameter that must be changed to
produce light emissions of different colors?
Does GaAs LED emit visible light? How is its composition modified to get visible light emission?

Chap ter

2

Nature and Quality of Lighting
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾

◾◾

Build an understanding of the physics of light and its particle and wave
nature
Recognize light as a part of the electromagnetic spectrum that is perceived by the human eye
Know the important properties of light
Gain knowledge about photometry, the science of measurement of the
intensity or brightness of light, used to ensure the correct light levels
for health and safety
Be trained about colorimetry, and the measurement of the physical
intensity of colors, in opposition to their subjective brightness

In this chapter, the reader will be acquainted with the meaning of
“light” and the main terms that recur frequently in deliberations on lighting
(Schanda and Madár 2007, Thompson 2011).

2.1 What Is Light?
Light is a form of electromagnetic energy (Vandergriff 2008). Although light
travels very swiftly, its speed is not unlimited but reckonable. In vacuum,
light propagates at a steady speed c = 2.99 × 108 m/s, which is taken as a
universal constant. In nonvacuum media, the speed changes, for example, in
air, light travels at 0.03% lower speed, while in glass, it moves 30.0% slower
than in vacuum.
2.1.1 Dual Nature of Light
Moving through space, light energy behaves like a wave or like a discrete particle with a distinct amount of energy called quantum that can be absorbed
or emitted. Both wave and particle models are useful in the study of light.
19
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The particle-like behavior of light is replicated with photons. A photon is a
massless and chargeless particle. Its energy is calculated by the formula
E = hν =

hc
λ

(2.1)

where E is the energy in joules, h is Planck’s constant = 6.625 × 10−34 J-s, ν
is the frequency of light in Hz or s−1, c is the speed of light = 2.998 × 108 m/s
for vacuum, and λ is its wavelength in meters.
Example 2.1
The peak emission wavelength of a blue LED is 465 nm. Find the
peak frequency and energy of this light source in air, given that the
refractive index of air for visible light is 1.0003, velocity of light in
vacuum is 299792458 ms−1, and Planck’s constant is 6.63 × 10 −34 J-s.
The ratio between the velocity of light in vacuum (c) and that in air
(υ) is called the refractive index n of the material (n = c/υ). Hence
υ =

c
299792458
=
= 299702547.24 ms −1
1.0003
n

(2.2)

For light traveling in air, the energy is
E =

hυ
= hν
λ

(2.3)

giving
E =

6.63 × 10 −34 J-s × 299702547.24
hυ
=
= 4.273 × 10 −19 J
λ
465 × 10 −9 m

(2.4)

and
4.273 × 10 −19 J
E
ν =
=
= 6.4449 × 1014 Hz
h
6.63 × 10 −34 J-s

(2.5)

To comprehend the nature of light waves, we note that electromagnetic waves are not 1D waves but comprise mutually perpendicular
electric and magnetic fields and the light wave moves at right angles to
both the fields (Figure 2.1). Thus, light waves are transverse electric and
magnetic fields, changing in space and time. An electric field is oscillating in space and time, and coupled with it is a magnetic field. Both have
the same frequency of oscillation. The changing electric field produces
a varying magnetic field. The varying magnetic field in turn creates a
changing electric field. This altering electric field creates a changing
magnetic field, and the wave propagation continues.
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Figure 2.1
B, and x.

The electromagnetic wave: (a) propagation and (b) directional relationship among E,

2.1.2 Properties of Light Waves
Like other forms of wave motion, light also exhibits properties such as polarization, superposition, reflection, refraction, diffraction, and interference.
Polarization is a property of those waves that can vibrate with more than one
orientation. Light waves are said to be polarized when the orientation of the
vibration pattern of light waves lies in a singular plane. Hence, light waves
vibrating in one direction, that is, in a single plane (say up and down) constitute polarized light. The light waves vibrating in more than one direction,
that is, in more than one plane, for example, both up/down and left/right, are
said to be unpolarized.
To understand polarization, recall that the electric and magnetic fields
are vectors, and have definite directions in space. The direction of any one
of these two fields (by convention, the electric field) is chosen to define the
polarization of the light field. The actual electric field oscillates up and down,
but at any instant of time, it has some particular direction. If the field acts
in upwards or downwards direction, the polarization is vertical, and if it has
either right or left direction, the polarization is horizontal. Unquestionably,
electric fields are not constrained to act in exactly vertical or horizontal
directions, but can subtend any arbitrary angle with these directions. This
arbitrary angle of polarization is considered as a combination of horizontally
and vertically polarized light, having suitable amplitude.
Sunlight or light from an incandescent bulb is considered to be unpolarized. This statement is slightly illusory because individual light waves experience polarization with each wave having its own polarization. As these
polarizations are uncorrelated, the polarization of the waves measured at
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any particular point fluctuates randomly, and very rapidly, with no preferred
direction; hence, the light is considered to be unpolarized.
Polarized light is generated by passing it through special materials in
which the light is transmitted differently for dissimilar orientations of the
polarization. A naturally occurring material is calcite, exhibiting a different
index of refraction for different polarizations. A calcite crystal when properly cut, bends horizontally and vertically polarized light by different magnitudes, and is used for segregating the two. On blocking one light beam,
either horizontally or vertically polarized light emerges.
According to the principle of superposition, the resultant displacement of
two or more waves of the same type congregating at a point is equal to the
vector sum of their individual displacements at that point. Reflection of light
is the change in the direction of propagation of a wave when it strikes a
boundary between different media through which it cannot pass. Refraction
of light refers to the bending that takes place as it passes from one medium to
another. Diffraction of light is the change in the directions and intensities of
a group of waves after passing by an obstacle or through an aperture whose
size is approximately the same as the wavelength of the waves. It is often
defined as the bending of light waves around sharp obstacles. The amount of
light diffracted or which changes direction is dependent on the size of the
obstacle. The same applies to light waves passing through a small opening,
for example, a camera aperture or the pupil of an eye.
When two light waves from different coherent sources congregate together,
a disturbance occurs in regard to the distribution of energy due to one wave by
the other. Such alteration in the distribution of light energy owing to superimposition of two light waves is called interference of light. Thus, interference is the
interaction between waves traveling in the same medium. When two waves
come into contact, two types of interference are possible: constructive interference and destructive interference, in accordance with the phase differences
along the waves. During constructive interference, amplification of the amplitude of the wave occurs. This occurs when the two waves are in the same phase,
that is, if the crests as well as troughs of the contributing waves are coincident
with each other: crest to crest and trough to trough. Destructive interference is
the opposite of constructive interference because the two waves cancel out each
other. It takes place when the waves are in opposite phases, that is, when the
crests of one wave coincide with the troughs of the other. By destructive interference, a dark fringe is obtained on the screen. Alternation of constructive and
destructive interferences leads to a series of bright and dark fringes.
2.1.3 Electromagnetic Spectrum
The wavelengths of electromagnetic waves cover an extensive range from very
long waves, for example, electric power line radiation at 50/60 Hz to very short
waves such as gamma radiation. This entire range of wavelengths constitutes
the electromagnetic spectrum (Figure 2.2), which is partitioned by the practical applications for given ranges of frequencies. White light is a mixture of
light components of seven unlike colors having dissimilar wavelengths, and
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is refracted to a different degree on passing through a transparent medium,
enabling a prism to split up the white light into its component colors, giving its spectrum. Two types of spectra are important: the emission and the
absorption spectra. An emission spectrum is obtained from light emitted
by a source. An absorption spectrum is acquired from light that has passed
through an absorbing medium. At temperatures above absolute zero, all materials produce electromagnetic emission. A distinct characteristic set of spectral lines distinguishes every atom and molecule. The comprehension of the
wavelength and energy accountable for this spectral fingerprint of a material is
based on an explanation of the atomic and molecular structure of the radiation
source. A line or band spectrum of a material can be observed by passing light
obtained from it, for example, by heating, through a slit. The image of this slit
is refracted by a prism or diffracted by a grating in accordance with the constituent wavelengths of the light, and the emergent spectrum is documented
on a film or a spectrograph. The lines in the spectrum are correlated to the
atomic structure of the emitting material and the unique energy level changes.
From our everyday experience, bodies at different temperatures emit heat
energy or radiation of different wavelengths or colors, for example, the wires
in a heater begin to glow red when an electric current is passed. Blackbody
radiation signifies the theoretical maximum radiation expected for temperature-related self-radiation. The peak energy distribution of this radiation can
lie in any of the three regions, namely, the infrared, the visible, or the ultraviolet region of the electromagnetic spectrum. The hotter the emitter, more
is the energy emitted and shorter is the wavelength. The peak radiation for
an object at room temperature lies in the infrared region while the sun has its
peak in the visible region of the electromagnetic spectrum.
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2.2 Vision

2000

Human eyes are sensitive to a very narrow band of frequencies within the
broad range of the electromagnetic spectrum. This narrow band of frequencies is known as the spectrum of visible light. Visible light, that is, light that
can be detected by the human eye, covers the range of wavelengths from 780
to 390 nm. Specific wavelengths within the spectrum correspond to particular colors based on human perception of light of that particular wavelength.
The end of the spectrum toward the long-wavelength side corresponds to
light that is perceived by humans to be red, whereas the short-wavelength
end pertains to violet light. Bounded between these two ends, other colors
lying within the spectrum are consecutively orange, yellow, green, and blue.
Vision is a multistep process taking place in the human eye and brain by
ascribing meaning to a changing pattern of ambient brightness and colors.
The image of any object is projected on the retina of the eye. The retina
contains detector cells or receptors converting the light energy into nerve
impulses. These receptors are of two kinds. They are called rods and cones.
The rods, concentrated near the outer parts of the retina, play an important role
in night vision during the adaptation of the eye to darkness, known as scotopic
vision (Figure 2.3). They are unable to differentiate between colors, which are
mediated by cones (photopic vision). The cones contain one of the three types
of pigments and are accordingly designated as L-type or long-wavelength
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Figure 2.3 Sensitivity curves of scotopic, mesopic, and photopic vision showing the variation of
luminous efficacy with wavelength.
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Table 2.1

Photopic and Scotopic Vision

Feature
Definition
Peak efficacy
Wavelength at peak efficacy

Photopic Vision

Scotopic Vision

Bright light vision
683 lm/W
555 nm or yellow green

Night vision
1700 lm/W
510 nm or pure green

cones, M-type or middle-wavelength cones, and S-type or short-wavelength cones.
Therefore, they are able to distinguish among the different colors. The peak
of the spectral sensitivity of scotopic vision lies in the blue–green region at a
wavelength λ = 507 nm in air, whereas that of photopic vision is located in
the yellow–green region at λ = 555 nm. As most human activities are concerned with photopic vision, it is more important from a lighting technology
viewpoint. In 1924, the International Commission on Illumination, abbreviated as CIE for its French name, Commission Internationale de L’Eclairage,
introduced the relative luminous efficiency function V(λ) for photopic vision in
the range λ = 380–780 nm of electromagnetic radiation, which is called the
visible spectrum. Later in 1951, an analogous function V´(λ) for scotopic vision
was defined. Table 2.1 compares photopic with scotopic vision.
Mesopic vision represents a combination of photopic and scotopic vision
in low but not very dark lighting conditions. The mesopic range is applicable
to night-time conditions. Its peak lies between yellow–green and blue–green.

2.3 Opaqueness, Color, and Transparency of Materials to Light
White light is an electromagnetic radiation with wavelengths in the range
700–400 nm corresponding to an energy range 1.8–3.1 electronvolts (eV)
(from E = hc/λ, where c = 3 × 108 m/s and h = 4.13 × 10−15 eV-s). White light
contains photons of different energies in the range Evisible = 1.8–3.1 eV from
the low-energy red photons (1.8 eV) to high-energy blue and violet photons
(3.1 eV). The appearance and color of a material are determined by the interaction of light with the electronic configuration of the material. For a material to
be transparent, light should not interact with it, which is possible if its energy
gap EG is larger than the energy in photons of visible light (Evisible ~ 1.8–3.1 eV).
Interaction of light with the particles in a solid occurs through electronic
polarizations and transitions of electrons between different energy states. If
the energy gap is low, an electron may be excited by the energy of visible light.
Silicon (energy gap EG = 1.1 eV), germanium (EG = 0.66 eV), and gallium arsenide (EG = 1.42 eV) all have energy gaps below 1.8 eV. Therefore,
photons of all energies have energies > energy gaps of these semiconductors,
and are therefore absorbed by these semiconductors. Hence, these semiconductors are opaque.
The reason for the shining appearance of silicon is that significant photon
absorption occurs in it because of the availability of delocalized electrons
in the conduction band, which scatter photons. Further, silicon is transparent to infrared photons having energies lower than silicon bandgap as
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these photons are transmitted through it. In other words, visible photons
having greater energies than the bandgap are absorbed but infrared photons
of energy smaller than the bandgap are able to pass through without any
interaction.
The energy gap of gallium phosphide (EG = 2.26 eV) lies between the
limits 1.8 eV < EG < 3.1 eV. Higher-energy photons of green, blue, and violet
colors having energies >2.26 eV, that is, 2.26 eV < EG < 3.1 eV are absorbed
by GaP, whereas lower-energy photons, that is, 1.8 eV < E G < 2.26 eV of yellow, orange, and red colors are transmitted through GaP. Also, the sensitivity of the human eye is greater for yellow than for red. Hence, GaP appears
yellow/orange. It is transparent and colored.
GaN has an energy gap EG = 3.39 eV, which is much higher than
Evisible = 1.8–3.1 eV. Hence, photons of all colors have energies < energy gap
of GaN. Hence, all these photons are transmitted so that the material exhibits transparency to the full visible spectrum. It is transparent and colorless.
Sapphire is an insulator with a large bandgap (10 eV) across which it is
difficult for electrons to jump, E (visible light) ≪ EGap. All colored photons are
transmitted, with no absorption, hence white light is transmitted and the
material is transparent.

2.4 Photometry
Photometry is concerned with the measurements of visual sense of brightness activated by a light source (Rea 2000). The following definitions will be
helpful (Table 2.2):
1. Luminous flux: It is the spectral density of radiant flux, also called spectral power distribution, multiplied by luminous efficiency function and
integrated over the full visible spectrum. Unit: lumen (lm).
2. Luminous intensity: It is the luminous flux propagating from a point
source per unit solid angle. Unit: lumen (lm)/steradian (sr) or candela
(cd). The candela, one of the seven foundation SI units, is the key unit

Table 2.2

Four Common Measures of the Amount of Light
Measures

Feature
Definition

Unit

1
Luminance Flux

2
Luminous Intensity

3
Illuminance

4
Luminance

Amount of light
coming out from a
source, as
perceived by
human beings
lm

Amount of light
coming out in a
given solid angle

Amount of light
falling on a
given area

Amount of light
falling on a given
area in a given
solid angle

lm/steradian or
candela

lm/m2 (lux)

lm/steradian/m2
or candela/m2
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for the measurement of visible light. Formally, it is defined as the luminous intensity of a source in a given direction that emits light having a
wavelength of ~555 nm corresponding to the yellowish-green region,
and that has a radiant intensity in that direction of (1/683) W per
steradian.
Note 1: Both lumen (a unit of the photometric system) and watt (in the
radiometric system) characterize power of light. However, lumen is power
according to the human eye sensitivity. Because the sensitivity of the human
eye is not the same at different wavelengths, light having the same optical
power in watts but differing in color represents different luminous fluxes. At
the wavelength of maximum eye sensitivity (555 nm in the green region of the
optical spectrum), a power of 1 W equals 683 lm. Hence, a source radiating a
power of 1 W of light in the color for which the eye is most efficient, has luminous flux of 683 lm. Therefore, it may be supposed that depending on the spectral distribution, a lumen represents at least (1/683) W of visible light power.
Note 2: The peak of the photopic curve is located at a wavelength of 555 nm
but shifts to a wavelength of 505 nm toward the blue end of the spectrum for
scotopic conditions. This shift in dim illumination is known as the Purkinje
shift.
Example 2.2
(i) By definition, there are 683 lm per W of radiant power at a wavelength of 555 nm. Three LEDs of red (640 nm), green (540 nm), and
blue (480 nm) colors, each of 1.0 W optical power, are used to produce
white light by color mixing. If the relative sensitivities of the human
eye are 0.175, 0.954, and 0.139 for these red, green, and blue light
wavelengths, respectively, estimate the total lumens output and luminous efficacy of the resulting white LED. (ii) If the electrical to optical
power conversion efficiency of red LED is 50%, that of green LED is
20%, and that of blue LED is 70%, how many lumens per electrical
watt does the white LED produce?
i. For 640 nm wavelength, the sensitivity of the eye = 0.175; hence, 1 W
red LED gives a luminous flux of (683 × 0.175) lm = 119.525 lm.
		  For 540 nm wavelength, the sensitivity is 0.954; hence, 1 W
green LED gives a luminous flux of (683 × 0.954) lm = 651.582 lm.
		  For 480 nm wavelength, the sensitivity is 0.139; hence, 1 W
blue LED gives a luminous flux of (683 × 0.139) lm = 94.937 lm.
		  Therefore, 1 W red LED + 1 W green LED + 1 W blue LED
together give a luminous flux of (119.525 + 651.582 + 94.937) lm =
866.044 lm.
		  For optical power, luminous efficacy = 866.044 lm/(1 + 1 + 1)W =
		 288.681 lm/optical W.
ii. Electrical power of red LED = 1 W/0.5 = 2 W, that for green
LED = 1 W/0.2 = 5 W, and that for blue LED = 1 W/0.7 = 1.43 W.
Hence, total electrical power = 2 W + 5 W + 1.43 W = 8.43 W.
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		 For electrical power, luminous efficacy = 866.044 lm/ 8.43 W =
		 102.734 lm/ electrical W.

3. Luminance: For an extended source of light, the concept of luminous
intensity is not applicable. Luminance of an extended source is the quotient of luminous flux emanating from an element of the surface and
observed at a particular angle per unit solid angle. Unit: cd/m 2.
4. Luminous efficacy: It is the ratio of luminous flux/spectral power distribution. It measures the ability of radiation to create a visual sensation.
Unit: lm/W.
5. Radiation efficiency: It is the ability of the source of light to change the
power consumed into radiant flux. Unit: None. Its value ranges from
0 to 1.
6. Luminous efficiency: Not to be confused with luminous efficacy, it is the
ability of light to convert the power consumed into actuation of vision.
Unit: lm/W.
7. Illuminance: It is the density of luminous flux incident on a surface. The
higher the illuminance, the more is the ability of the eye to demarcate
details. Unit: lm/m 2, also called lux (lx).

2.5 Colorimetry, Radiometry, and Photometry
Colorimetry deals with the measurements of colors of light from a source (Cree
Technical article 2013). A colorimeter is an instrument used for the measurement or the reproduction of colors. Radiometry deals with all optical radiation. This radiation is electromagnetic radiation within the frequency range
3 × 1011–3 × 1016 Hz (with the corresponding wavelengths 0.01–1000 μm),
and inclusive of the regions called the ultraviolet, the visible, and the infrared, in distinction to photometry, which is related to the sensation of brightness in relation to the visible light range to which the human eye is sensitive;
the latter is confined to the wavelength range from about 0.360 to 0.830 μm
(Wyszecki and Stiles 2000). Radiometry covers the full optical radiation spectrum, whereas photometry is restricted to the visible portion of the spectrum
only. Table 2.3 defines and exemplifies radiometric and photometric terms.
The important concepts are outlined below:
1. Tristimulus values: Bearing in mind that all the colors can be expressed as
a combination of three primary colors or stimuli: red [R], green [G], and
Table 2.3
Aspect
Definition

Examples

Radiometric and Photometric Quantities
Radiometric Quantity
A quantity used to characterize
light in physical terms giving
real power
Radiant flux measured in watts,
efficiency in %

Photometric Quantity
A quantity used to characterize light
according to human perception
giving the power as seen by humans
Luminous flux measured in lumens,
efficacy in lm/W

Nature and Quality of Lighting   ■   29

0.9

blue [B], it becomes possible to specify colors in terms of these three stimuli. Certain colors that are nearly monochromatic and fail to be matched
by positive quantities of these stimuli need negative amounts of stimuli.
This means that color subtraction is necessary. For this purpose, imaginary
stimuli [X], [Y], and [Z] were defined. The tristimulus values X, Y, and
Z indicate the amounts of each stimuli in a color represented by a spectral power distribution S(λ). They are the amounts of the three reference
stimuli required for precision matching of the light under consideration,
and are obtained by integrating the spectrum with the standard matching
functions x(λ ), y(λ ), z(λ ), which are characteristics of an ideal observer.
2. Chromaticity coordinates: Chromaticity involves an objective description
of the color quality of a visual stimulus that is independent of the luminance, but along with the luminance, it is able to completely specify the
color. The color quality is specified in terms of the chromaticity coordinates
(Figure 2.4). These coordinates (x, y) of a light source having a spectrum
S(λ) are defined in terms of tristimulus values X, Y, Z; the third coordinate, also defined similarly, does not contain any additional information
because it is directly expressible in terms of (x, y). The two coordinates
(x, y) enable an in-plane description of color. Chromaticity coordinates
provide a quantitative description of the color of a source of light.
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3. Chromaticity diagram: It is a diagram obtained by plotting the y chromaticity coordinate against the x chromaticity coordinate (Figure 2.4).
The standards of CIE include monochromatic coordinates (x, y) situated on a curve resembling the horse-shoe shape, closed by a straight
line at the bottom. The contour of this curve encloses the coordinates
of all the real colors. The locus of points for blackbody radiation of different temperatures, called the Planckian locus, lies within this contour.
4. Color temperature: Representing a simplified way to characterize the
spectral properties of a source of light, it is a measurement on Kelvin
scale that indicates the hue of a specific type of light source. The “color
temperature” of a white light indicates the color tint of that white light
(Table 2.4).
		  The relationship between color and Kelvin temperature is derived
from heating a “blackbody radiator,” for example, a piece of black metal,
until it starts glowing. Then the particular color observed at a specific
temperature is its color temperature. Thus, color temperature refers to the
particular temperature to which one must heat a theoretical blackbody
source to generate light of the same visual color.
		  When the blackbody is sufficiently hot and begins to emit light, it is
dull red. On further heating, it becomes yellow, then white, and ultimately blue. Obviously, in this assignment scheme, a low color temperature is ascribed to warmer or yellow/red light while high color
temperature is associated with a colder or blue light. This is somewhat
mystifying to understand because in reality, the higher the color temperature, the more blue the light becomes, which implies that a high
color temperature actually indicates a cooler color, and not a warm color,
as visualized. The warm white commonly represents a yellowish type of
white, and cool white means a bluish kind of white. Daylight white lies
somewhere between the two; it is the whitest kind of white.
Table 2.4

Color Temperature Chart of Familiar Sources of Light

Source

Color Temperature
on Kelvin Scale

Flame of a match stick
High-pressure sodium lamp

1700–1800 K
1800 K

Flame of a candle

1850–1930 K

Sunrise or sunset
Domestic tungsten lamp
40 W Incandescent lamp
200 W Incandescent lamp
Halogen lamp
Fluorescent lamp
1 h from dawn or dusk

2000–3000 K
2500–2900 K
2680 K
3000 K
3000 K
3200–7500 K
3400 K

Source
Sun at noon
Clear metal halide
lamp
Average summer
noon daylight
Electronic photoflash
Sun through clouds
Overcast sky
Shade in daylight
Shade from blue sky
Partly cloudy sky
Clear blue sky

Color Temperature
on Kelvin Scale
5000–5400 K
5500 K
5500 K
5500–5600 K
5500–6500 K
6000–6500 K
6500 K
7500 K
8000–10,000 K
10,000–15,000 K
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5. Correlated color temperature: Sources of light that are not incandescent radiators are described by the term “correlated color temperature
(CCT).” These light sources are measured in their ability to accurately
render all colors of their spectrum, in a scale called the color-rendering
index (CRI) scale. Incandescent radiators have a CRI of 100, which is
the maximum.
6. CRI: According to CIE 17.4, International Lighting Vocabulary, color
rendering is described as the outcome effect of an illuminant on the
color appearance of an object by conscious or unconscious comparison with its color appearance under an illuminant taken as a reference.
Formulated by the CIE, the term CRI is a measure of the ability of a
light source to accurately render all frequencies of its color spectrum
when compared to a perfect reference light of a similar type (color temperature). CRI measures for a pair of light sources become comparable
only if they have the same color temperature. In broad terms, CRI
measures the ability of a source of light to show object colors realistically or naturally compared to a familiar reference source, which is
either incandescent light or daylight.
		  It is rated on a scale running from 1 to 100. The smaller the CRI rating, the less truthfully reproduced are the colors. As already mentioned,
light sources that are incandescent radiators have a CRI of 100 since
all colors in their spectrum are rendered equally. An incandescent light
bulb, which emits essentially blackbody radiation, has a CRI = 100,
whereas a low-pressure sodium vapor lamp, which is monochromatic,
has a CRI = 0.
		  CRI calculations are performed from the differences in the chromaticities of eight CIE standard color samples (CIE 1995) upon illumination by a light source and by a reference illuminant of the same CCT.
The smaller the average difference in chromaticities, the higher the CRI.

2.6 Upcoming Colorimetric Metrics for Solid-State Lighting
2.6.1 Color Quality Scale
Generally, the CRI is determined by the summation of Euclidean differences
in the color space between the coordinates of light reflected by the eight
benchmark specimens upon illumination with the source concerned and the
perfect blackbody source at the same CCT. This method of determination is
insufficient to faithfully describe the color of solid-state lighting sources. The
reason is the broad range of spectral power distributions produced by these
sources. Moreover, the negative CRI that sometimes results by the above
method leads to ambiguous appraisal of light quality. To surmount such issues,
NIST (National Institute of Standards and Technology, USA) has developed
the color quality scale (CQS), which utilizes 15 standard specimens and the
aforementioned procedure for quantification of the color-rendering capability of the solid-state lighting source (Davis and Ohno 2005, 2010).
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2.6.2 Gamut Area Index
Another characteristic parameter is the gamut area index (Rea and FreyssinierNova 2008). It is defined as the area of the polygon drawn by joining the
coordinates of light reflected from eight standard color samples that are plotted in the color space as the samples are illuminated by the solid-state light
source. A larger area is interpreted as greater level of color saturation.
2.6.3 Statistical Approach
For a comprehensive characterization of the light quality, a statistical approach
utilizing several indices such as color fidelity index (CFI), color saturation
index (CSI), and others described below has also been proposed (Žukauskas
et al. 2011). In the statistical method, the chromaticity shift is defined by the
extent and direction of the change resulting in a color-shift vector. This vector
travels in a three-dimensional (3D) space (elliptical cylinder) as compared to
the two-dimensional (2D) color space used for calculation of CRI and CQS.
The cross section of the cylinder is the MacAdam ellipse (MacAdam 1942)
with the center of the ellipse having the coordinates of reflected light from
the standard color sample lighted by the ideal blackbody source. The height
of the cylinder varies with the detectable change in luminance. Hence, the
color-shift vector is represented by the perceived shift in chromaticity and
luminance. Therefore, with no detectable change in chromaticity from when
the color sample is viewed under the perfect blackbody source, the shift vector lies inside the elliptical cylinder.
Also, in this case where the shift vector lies inside the elliptical cylinder,
the determined index called the CFI sufficiently describes the color-rendering capability of the source. However, as the shift vector appears outside the
cylinder, a number of distinct parameters such as CSI, color dulling index
(CDI), luminance distortion index (LDI), and hue distortion index (HDI)
are required to assess the color rendition properties of light. Thus, these metrics are quantified based on the direction and extent of shift in the color
coordinates measured for light reflected when light from the source in question is shined on a given color sample (Žukauskas et al. 2011). The procedure
is carried out for 1264 samples in a palette called the Munsell color palette
[Database—Munsell Colors Matt (Spec)] and the resulting indices are combined to yield the final value of all the indices for the solid-state light source.

2.7 Discussion and Conclusions
This chapter provided the essential information on light and lighting, which
will be helpful in understanding the succeeding chapters. Human eyes are
sensitive to a very narrow band of frequencies of the electromagnetic spectrum. The retina is lined with a variety of light-sensing cells known as rods
and cones. The rods are sensitive to the intensity of light while the cones are
the color-sensing cells. There are three kinds of cones sensitive to different
wavelengths of light, and accordingly named as red, green, and blue cones.
Photometry is the discipline concerned with the quantification of light sources
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and lighting conditions. Basic photometric parameters include luminous flux
and intensity, luminance, and illuminance. The numerical values of photometric quantities give the impression of brightness. Colorimetric parameters
are derived from the Commission Internationale de L’Eclairage (CIE) system of
colorimetry, which was established in 1931 and still continues to be the only
internationally agreed metric for color measurement. The main colorimetric
properties are the chromaticity coordinates, dominant wavelength, and CRI.
Emerging colorimetric performance indices for solid-state lighting include
CQS, gamut area index, and statistical estimation.
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Review Exercises
2.1
2.2

Explain the statement “Light is a form of electromagnetic energy.”
Is the speed of light infinite? Does light travel slower or faster in air
as compared to vacuum?
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2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20

Explain the dual nature of light. What are the six properties of wave
motion that light waves share?
What is meant by polarization of light? Define vertical and horizontal polarization.
How is constructive interference of light waves caused? What is the
reason for destructive interference?
What is electromagnetic spectrum? Define absorption and emission
spectra.
On which part of the eye is the image of an object projected? What
are the names of the receptors converting light into nerve impulses?
Distinguish between photopic and scotopic vision. Which is more
important for lighting technology?
What are the three kinds of pigments present in the cones of the
retina? What are their roles?
Differentiate between photometry and colorimetry.
Clarify the difference between luminous efficiency and luminous
efficacy.
Define luminous flux and luminous intensity. Write their units.
What is meant by (a) luminance and (b) illuminance? What are
their units?
Name and define the four common measures of the amount of light
used in photometry.
How do radiometric quantities differ from photometric quantities?
Explain the meaning of tristimulus values X, Y, and Z.
What is meant by chromaticity coordinates and chromaticity diagram?
What is color temperature? What is the difference between cool
white, warm white, and daylight white?
Explain the concept of correlated color temperature.
What does the CRI of a light source measure? What is the CRI of (a)
an incandescent radiator and (b) a low-pressure sodium vapor lamp?

Chap ter

3

Conventional Light Sources
Learning Objectives
After completing this chapter, the reader will be able to
Create an understanding of the operation mechanism of light sources
such as incandescent bulb, tungsten halogen lamp, compact fluorescent lamp, mercury and sodium vapor lamps, fluorescent tube light,
and others
◾◾ Acquire knowledge about their constructional features and limitations.
◾◾ Make a comparison of their energy efficiency, operating life, color quality, and cost-effectiveness
◾◾ Appreciate the reasons demanding changeover from conventional
lighting to newer technologies
◾◾

3.1 Competing Light Sources
When one debates about solid-state lighting as a technology touted to
replace the conventional man-made sources of light, one cannot disregard
the great service rendered by sources such as incandescent lamp and fluorescent tubes. In some cases, the service periods have spanned more than a century (Coaton and Marsden 1997). Describing the operation of these sources,
which have been major contributors to the progress of human civilization,
and critically examining their drawbacks and limitations, will lend a hand
in removing these shortcomings and building better devices. One finds that
solid-state lighting is confronted with an uphill task in replacing these established lighting sources. The competitors in the combat between solid-state
and nonsolid-state lighting sources are well harmonized and poised neck to
neck. Indeed, it is not an effortless tussle! Readers might recall that similar
state of affairs arose when the use of steam engine in railway traction was
substituted by diesel and electric locomotives. An overview of conventional
light sources is presented in Table 3.1.
35
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Table 3.1
Sl. No.

Operating Principles of Traditional Lighting Sources
Lighting Source

1.

Incandescent filament bulb

2.

Tungsten halogen lamp

3.

High-pressure mercury (HPM)
vapor lamp
Low- and high-pressure sodium
(LPS and HPS) vapor lamps

4.

5.

Fluorescent tube

Principle
Blackbody radiation from a fine metallic wire
called the filament which on passing electric
current opposes electronic motion causing its
heating. Higher the current, more is the heating
effect.
A higher efficacy, longer lifetime incandescent
lamp that uses the tungsten halogen
regenerative principle to prevent filament
evaporation and bulb darkening.
A gas discharge lamp using an electric arc
through mercury vapor to produce light.
A gas-discharge lamp that uses excited sodium
vapor to emit light. It is of two types: LPS and
HPS vapor lamps. LPS lamps emit red/pink
light and then bright yellow light. HPS lamps
are smaller; produce a dark pink glow on first
striking and a pinkish orange light on
warming. They are used when good color
rendering is desirable.
Fluorescence principle. It is a gas-discharge
lamp in which mercury vapors are excited to
produce short wavelength UV light which
causes a phosphor to fluoresce, thereby
emitting visible light.

3.2 Incandescent Filament Bulb
The bulb body is made of soda-lime silicate glass (Figure 3.1). The filament
material is invariably tungsten. Molybdenum wires are used for supporting
the filament wires. The leads are made
of nickel or nickel-plated wires. The cap
is made of aluminum or brass. The reaSoda-lime silicate glass bulb
son for choosing tungsten filament is
Tungsten filament
the high melting point and low vapor
pressure of tungsten; the former allows
Molybdenum support wires
attaining high operating temperatures
Nickel or nickel-plated wires
without melting of the filament while the
Argon gas
latter permits a small filament evaporation rate. Despite its high melting point,
Exhaust tube
Stem
even at a high temperature, the peak of
the emitted light from tungsten lies in
Aluminum or brass cap
the infrared region. However, its peak
emission wavelength is shifted toward
the blue side of the spectrum, thereby
increasing the luminous efficacy.
Figure 3.1 Incandescent bulb.
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Table 3.2
Sl. No.
1.
2.
3.
4.
5.
6.

Advantages and Disadvantages of Incandescent Lamp
Advantages
Low cost
Easily usable without supporting
equipment
Easily dimmable by voltage adjustment
Excellent CRI
Instant switching ON/OFF
Safe to humans/other creatures

Disadvantages
Short life
Low luminous efficacy
Undesirable heating effect
Lamp life dependency on supply voltage
High running costs

Particular care is taken to twist and turn the filament in the shape of a helix
to minimize the heat conduction loss from the filament into the surrounding
gas, which is generally an inert gas such as argon having a high atomic weight
to prevent evaporation of tungsten. Before filling argon, the bulb is evacuated
and any residual oxygen or hydrogen is absorbed by a suitable gettering compound incorporated in the bulb. This helps in keeping away from blackening
of the bulb. Inclusion of a small percentage of nitrogen along with argon aids
in avoidance of arcing inside the bulb during filament failure.
Time and again an incandescent bulb fails. The main reason of failure
is that, notwithstanding all the precautionary measures adopted, tungsten
gradually evaporates. Consequently, the filament wire becomes weaker.
Accompanying this weakening of the filament wire, a hot spot is formed at
some structural or geometrical homogeneity in the filament. The filament
melts and breaks at such a spot leading to nonfunctionality of the bulb.
Table 3.2 summarizes the main benefits and shortfalls of incandescent
lamps.

3.3 Tungsten Halogen Lamp
As pointed out in the preceding subsection, tungsten evaporation from the
filament must be evaded to enhance the lifetime of an incandescent filament
lamp. This is obviously possible by lowering its working temperature. But at
a lower temperature, the efficiency of the lamp also deteriorates. Therefore, it
is evident that tungsten evaporation must be minimized without a reduction
in working temperature. The remedy to this problem is to build up a halogen
cycle within the functioning of the lamp to take care of tungsten loss. This is
achieved by including a suitable halogen in the form of a halogenated hydrocarbon (CH3Br) in the gas filled inside the bulb. When tungsten evaporates,
it reacts with the halogen in the gas forming a tungsten halide. Thus, tungsten forms tungsten halide when moving from the hot gas toward the cooler
wall of the bulb. The tungsten halide formed through the reaction between
tungsten and halogen, diffuses in the opposite direction from the bulb wall
toward the filament. Near the hot filament, it dissociates liberating tungsten
again, which redeposits on the filament replenishing the tungsten loss. Thus,
the lost tungsten is recovered to the filament by virtue of a halogen reaction
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Table 3.3 Advantages and Disadvantages of Tungsten Halogen Lamp
Sl. No.
1.
2.
3.
4.
5.

Advantages

Disadvantages

Small and compact
Directional light
Easily dimmable
High CRI
Instant switching ON/OFF

High surface temperature
Low luminous efficacy
Lamp life dependency on supply voltage

cycle. This prevents weakening and consequent malfunction of the filament.
Compared to a normal bulb, a halogen bulb can be operated at a higher
temperature resulting in a higher luminous efficiency and the same lifetime
as the normal bulb. Alternatively, it can be operated at the normal bulb temperature providing equal efficiency but a longer lifetime than the normal one.
In both ways, it is advantageous over the normal device without halogen.
But it must be remembered that the requirement of a higher operating temperature is accomplished by making the bulb smaller in size because a larger
bulb dissipates the heat readily to the surroundings. Also, the smaller bulb is
mechanically stronger than the larger one. Moreover, the glass constituting
the bulb body must be of superior quality, namely, alkali-free hard glass or
fused silica. For hermetic sealing of connections, the molten bulb is pinched
into molybdenum foils. Higher atomic number gases like xenon or krypton
are used in these bulbs. Although these gases are more expensive, the overall
cost is still reasonable due to lesser quantities of gas necessary for smaller
bulbs. Table 3.3 presents the upper and downsides of tungsten halogen lamp.

3.4 High-Pressure Mercury Vapor Lamp
The mercury vapor lamp works on the principle of luminous electric discharge in
a gas (Figure 3.2). Let us first understand the phenomenon of gas discharge.
In a discharge tube, an electric field is applied between two electrodes, the
anode and cathode, fitted into a transparent tube containing a gas such as
argon, either at a low or a high pressure. Due to the applied electric field,
the gas breaks down and partially ionizes producing positive ions, electrons,
and so on. It is a mixture of ionized and neutral atoms and molecules, some
of which have reached their excited states. The positive ions and electrons in
the gas are accelerated toward opposite electrodes. En route, they have collisions with gas atoms liberating electrons and producing more ions. The ions
and electrons thus generated also start moving toward the respective electrodes and initiate further collisions in transit. In this way, a continuous flow
of charge carriers is maintained in the plasma consisting of ions, electrons,
neutral particles, and so on inside the gas stream. On decreasing the electric
field, the discharge still continues until a minimum electric field necessary
to maintain it is reached. At this stage, avalanche breakdown due to impact
ionization is prevented and stabilization of discharge takes place. On further
decreasing the electric field below this critical value required for sustaining
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Arc tube mount support

Getter

Internally phosphor-coated
quartz or silica tube
Pressurized nitrogen + argon
mixture
Tungsten electrode (main)
Quartz arc tube
High intensity electric arc
Argon fill gas and Hg vapors
Tungsten electrode (main)
Auxiliary electrode
Starting resistor

Stem
Socket

Figure 3.2 Mercury arc lamp.

the discharge, it is ultimately turned off and the field has to be increased
again to restart it.
The discharge is associated with emission of light in some portions of the
tube because the excited ions and atoms sometimes lose energy in the form
of light and decline to lower energy states. Thus, the gas discharge becomes
a source of light.
The difference between a high-pressure gas discharge and a low-pressure
discharge is that in the former, the heavy ions are heated to the same temperature as the electrons through elastic collisions. High pressure causes collision broadening of the line spectra, thereby improving the color rendering
of emitted light. This happens because the atoms are close together and can
interact with each other. At atmospheric pressure, the temperature of the
plasma is 4000–6000 K. As the heat spreads out toward the walls of the
tube, a temperature gradient is set up with the center of the tube at peak
temperature. Accordingly, the radiative emission decreases from the center
outwards toward the walls, and the efficiency is lowered to 60%.
The body of the high-pressure mercury vapor (HPMV) lamp comprises a
transparent quartz or silica tube into the ends of which tungsten electrodes
impregnated with electron-emissive materials are sealed. The seals are produced
by pinching the molten silica into molybdenum foils. Besides droplets of mercury, the mercury vapor lamp also contains argon at a pressure of 18–36 Torr
to facilitate starting. The electrical circuit of the lamp includes a ballast and a
high-voltage ignition portion for starting. The discharge is started by applying
a high voltage between an auxiliary starting electrode and one of the main
electrodes to produce an arc. This initiates local ionization of argon atoms.
The ionized argon atoms diffuse into the tube striking the main discharge.
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As a result of this discharge, heat is generated and mercury droplets in the tube
evaporate producing mercury vapor. The discharge now takes place through
mercury vapors which become ionized charge carriers. This glow discharge
in mercury vapor is responsible for emission of light. High-pressure operation
is necessary because mercury vapor discharge emission occurs in the visible
region only at high pressures of 2–10 atm. Radiation takes place at four wavelengths in the visible spectrum, namely, 405, 436, 546, and 578 nm, and also
contains intense ultraviolet lines. At low pressures, the major chunk of radiation from mercury vapors lies in the ultraviolet region owing to the transition
from the excited 3P1 state to ground state (253 nm). As ultraviolet radiations
are harmful to life, they are screened by the outer tube. The outer tube is coated
with a phosphor material to change the color of light from the tube which is
predominantly bluish-white in color. This outer tube, made from borosilicate
glass, is also filled with nitrogen or nitrogen–argon mixture to prevent the
internal structure from oxidizing and to avoid internal arcing.
The light from a mercury vapor lamp is deficient in red color resulting in a
poor color rendering index = 16. To overcome this deficiency, the inner surface of the outer tube is coated with a phosphor, europium-activated yttrium
vanadate, which enhances the color rendering index to 50.
The mercury lamp has found widespread usage in street lighting due to its
low cost and high reliability. It is also used as a source of ultraviolet radiation.

3.5 Metal Halide Lamp
It is a gas-discharge lamp in which an arc discharge is struck between two
electrodes in a gaseous mixture of mercury vapor and a metal halide, such as
halide of a metal with bromine or iodine (Table 3.4).

3.6 Low-Pressure Sodium and High-Pressure Sodium Vapor Lamps
In a sodium vapor lamp (Figure 3.3), electric discharge takes place in sodium
vapor, which may be filled either at a low or a high pressure (Geens and Wyner
1993). The low-pressure lamp emits a characteristic monochromatic yellow
light consisting of 589.0 and 589.6 nm wavelengths (the doublet constitutes
the D-line), while the high-pressure lamp produces orange and green lights.
The melting point of sodium is higher than that of mercury and the optimum operating temperature is 530 K. In addition, hot sodium is chemically
reactive and more precautions must be enforced regarding constructional
Table 3.4 Advantages and Disadvantages of Metal Halide Lamp
Sl. No.
1.
2.
3.
4.

Advantages

Disadvantages

High luminous efficacy
Good color rendering
Various color temperatures

High cost
2–5 min starting time
Variation in CCTs among lamps
CCT changes during operational hours
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(a)

(b)
Fitting support
Vacuum

Na-vapor
in
Ne + Ar/Xe

Discharge tube

Na-filled
dimples

Vacuum

Discharge tube

Outer tube

Tungsten
cathode

Indium
oxide
Lamp
base

Figure 3.3

Sodium lamps: (a) Inverted U-shaped discharge tube and (b) straight discharge tube.

materials used in the lamp as well as methods of reducing thermal losses.
From the design point of view, the lamp consists of a U-shaped arc tube
made of sodium-resistant ply glass. The outer surface of this U-tube is dimpled to enable uniform condensation of sodium. The sodium vapor is filled
in the tube at a pressure of 5–8 × 10−3 Torr. Triple-coiled oxide-coated tungsten cathodes are heated by ion bombardment to emit electrons. The tube
contains neon along with small traces of argon, xenon, or helium for helping
in starting the discharge. Further, for heat loss minimization, the tube is
enclosed inside an outer bulb with the intervening space evacuated and filled
with a getter for maintaining vacuum. Initially, the lamp emits pink light due
to neon and after warming up in 10–15 min, the light color changes to yellow as sodium emission becomes dominant.
The main drawback of this lamp is its poor color rendering. However, it is
widely used in street lighting because yellow light of the low-pressure lamp
is less absorbed than white light and therefore less hindered by fog and mist.
Benefits and drawbacks of high-pressure Na-lamp are provided in Table 3.5.

3.7 Fluorescent Tube and Compact Fluorescent Lamp
Fluorescent tube (Figure 3.4, Table 3.6) is a low-pressure mercury vapor discharge lamp. At low pressures, the electrons have a temperature of 11,000–
13,000 K while ions are in thermal equilibrium with the environment at
a temperature of 310 K. As already mentioned, at low pressures, mercury
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Table 3.5

Advantages and Disadvantages of High-Pressure Sodium Lamp

Sl. No.
1.
2.
3.

Advantages

Disadvantages

High luminous efficacy
Long life
High luminous flux for street lighting

Low CCT ~2200 K
Poor CRI ~20
Long starting times ~2–5 min

Cathode

Starter

Hg
vapor in
argon gas

Phosphor coating

Mercury
droplet

Ballast

Figure 3.4

Pins

Lead wire

AC mains

Fluorescent tube.

vapor does not emit visible light but UV radiation, which is converted by a
phosphor such as calcium halophosphate with antimony and manganese ion,
into visible light. Antimony ion acts as a sensitizer and activator, converting
the absorbed ultraviolet rays into a broad band with a peak at 480 nm. This
radiation is partially transmitted to manganese ion emitting at 580 nm.
From the constructional viewpoint, a fluorescent lamp appears as a long
tube made of low-sodium glass or soda lime silicate. At each end of the tube,
an electrode mount is sealed. Its cap contains pin connectors for fixing the
tube in the fixture on the wall. The electrode mount carries the cathode made
of coiled tungsten wire and coated with a low work function material such as
barium oxide. Lead wires are composed of Fe–Ni alloy; the seals use Dumet
wire. The material used for making the outer part is Cu or Cu-plated Fe. The
precoating on the inner surface of the tube wall serves two purposes: (i) To
Table 3.6
Sl. No.
1.
2.
3.
4.
5.

Advantages and Disadvantages of Fluorescent Lamp
Advantages

Disadvantages

Cost-effective
High luminous efficacy
Longer life than incandescent lamp
Multiplicity of CRI and CCT

Requirement of ballast
Decrease of light output with time
Smaller ON cycles shorten lifetime
Ambient temperature influence on
switching ON and output
Contains hazardous mercury
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(a)

(b)
Light-emitting tube,
internally coated with
rare-earth phosphors

Electronic ballast

Figure 3.5 Compact fluorescent lamp.

protect the phosphor from the Na present in glass and (ii) to reflect and return
incident UV radiation. The tube contains Hg vapor at 4–6 × 10−3 Torr. Inert
gas argon is filled at a suitable pressure (2–5 Torr) to inhibit the diffusion of
electrons and ions toward the walls. Besides, the inert gas opposes the ion
movement toward the cathode and helps the start-up performed by preheating
the cathode using an inductor for producing a high-voltage spike. The length
and diameter of the tube are carefully chosen. The length is determined by
the operating voltage. For efficient UV production, an electric field of 1 V/cm
is required. The width decides the losses. Too narrow a width increases losses
due to electron bombardment on the walls. However, too wide tubes incur
heavy losses in the transport of UV. The lengths of the tubes range from 15 to
24 cm and diameters are typically, 3.8, 2.5, and 1.5 cm.
Compact fluorescent lamps (CFLs) (Figure 3.5, Table 3.7) employ multiply folded narrow tubes (1.0–1.6 cm diameter) with a small-size in-built
control unit (Spezia and Buchanan 2011, Sule et al. 2011).
Table 3.7 Advantages and Disadvantages of Compact Fluorescent Lamp
Sl. No.
1.
2.
3.
4.
5.

Advantages

Disadvantages

High luminous efficacy
Longer life than incandescent lamp
Reduced cooling loads in
incandescent lamp replacements

High cost
Decrease of light output with time
Smaller ON cycles shorten lifetime
Distortion of current waveform of
lamps with internal ballast
Contain mercury
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3.8 Performance Comparison of Different Traditional Light Sources
1. Technical figures of merit: Important figures of merit for traditional
workhorses of lighting industry are enlisted in Table 3.8.
		  Lamp efficacy: LPS vapor lamp ranks first, HPS vapor lamp second,
followed by fluorescent tube third, CFL fourth, HPM vapor lamp fifth,
with tungsten halogen and incandescent lamps perched at the last place
at sixth rank.
		  CRI: Incandescent and tungsten halogen lamps are placed at the top;
fluorescent lamp and CFL also provide good color rendition, with HPS
vapor lamp at the bottom and LPS vapor lamp preceding it. HPM
vapor lamp also has a low CRI.
		  Lifespan: Again, incandescent lamp ranks lowest and tungsten halogen lamp is better than it but all other lamps have lifetimes ≥10,000 h.
		 Although individual values of parameters may differ widely, some
general comments are irresistible. The above comparative analysis
clearly points out that incandescent lamp, tungsten halogen lamp, fluorescent lamp, and CFL, all enable us to perceive natural colors satisfactorily. But the first two types of lamps are neither power efficient nor
long-lasting. This explains the immense popularity of fluorescent lamp
and CFL for residential lighting.
		  Thus, selection of a lamp for a particular lighting application is based
on optimizing the parameters. Lamp efficacy cannot be considered
alone overlooking its color-rendering property.
2. Economical considerations: The cost of 1-Mlmh light from a light source
is expressed as the summation of two terms: the first term stands for the
cost of power consumed after correcting for the losses incurred in the
ballasts; and the second term represents the purchasing cost of the lamp
including the correction made for the price of external circuit required
for using the lamp. Thus, for 1Mlm-h (Žukauskas et al. 2002)
Table 3.8 Capabilities of Traditional Light Sourcesa
Sl. No.
1.
2.
3.
4.
5.
6.
7.
a

Light Source
Incandescent filament bulb
Tungsten halogen lamp
High-pressure mercury
(HPM) vapor lamp
Low-pressure sodium (LPS)
vapor lamp
High-pressure sodium
(LPS) vapor lamp
Fluorescent tube
CFL

Luminous
Correlated Color
Efficacy (lm/W) Temperature (K)

CRI

Lifespan (h)

15–25
18–28
35–65

2800
3200
4000

100
95
15–55

1000
2000
25,000

180

1800

50

15,000

120

2100

15

25,000

60–100
50–60

4000
2700

85
80

25,000
10,000

Typical values are displayed, which may vary widely among manufacturers and with lamp
wattage. Moreover, ballast losses are not considered.
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C1− Mlmh =

C1− kWh × 10 3 C l × 106
+
ηs
ηs Psτ s

(3.1)

		 where C1–kWh is the cost of 1 kW power, C1 is the corrected cost of the
lamp ; ηs, Ps, and τs are, respectively, the luminous efficiency corrected
for ballast losses, the rated power in watts and lifetime in hours of the
light source. Expenditure for maintenance and disposal of mercurycontaining lamps are not included in the above equation.
Example 3.1
Taking the cost of 1 kWh as x, compare the relative costs of 1-Mlmh
light for a 100 W lamp L1 priced at 10x, with luminous efficacy
170 lm/W and lifetime 14,000 h and a 100 W lamp L2 , available at
1/10th the price of L1, but with 20 lm/W efficacy and 890 h lifespan.

10x × 106
x × 10 3
+
170
170 × 100 × 14000
3
x × 10 × 100 × 14000 + 10x × 106
=
170 × 100 × 14000
1.4 × 109 x + 1 × 107 x
1.41 × 109 x
=
=
170 × 100 × 14000
170 × 100 × 14000

(3.2)

x × 10 3
x × 106
+
20
20 × 100 × 890
x × 10 3 × 100 × 890 + x × 106
=
20 × 100 × 890
8.9 × 107 x + 106 x
9.0 × 107 x
=
=
20 × 100 × 890
20 × 100 × 890

(3.3)

(C1 − Mlmh )L1 =

(C1− Mlmh )L 2 =

(C1 − Mlmh )L1
1.41 × 109 x
9.0 × 107 x
=
÷
(C1 − Mlmh )L 2
170 × 100 × 14000 20 × 100 × 890
1.41 × 109 x
20 × 100 × 890
×
7
170 × 100 × 14000
9.0 × 10 x
= 15.67 × 0.00748 = 0.1172
=

(3.4)

3.9 Discussion and Conclusions
The traditional light source in most homes has been the incandescent bulb,
supplying 85% of modern household lighting. It generates light by heating a
thin wire by passing electric current until it smolders. Tungsten halogen lamp
is an advanced version of incandescent bulb encased inside a much smaller
quartz envelope filled with a gas from the halogen group, enabling recycling

46   ■   Fundamentals of Solid-State Lighting

and recovery of evaporated tungsten to the filament. Mercury vapor lamp is
a high-intensity discharge lamp which produces ultraviolet and yellowishgreen to blue visible light by initiating an arc through vaporized mercury
in a high-pressure quartz tube. In a metal halide lamp, an electric arcing
takes place in a gaseous mixture of vaporized mercury and metal halides,
providing better color rendition as its light is closer to sunlight. In a sodium
lamp, the electric arc is struck in vaporized sodium metal. Light from a lowpressure sodium lamp has a signature monochromatic yellow color, whereas
that from a high-pressure lamp has a more acceptable color because sodium,
mercury, and xenon are used. Mercury helps to add a blue spectrum light.
A fluorescent lamp is a low-pressure mercury vapor discharge lamp. In this
lamp, short-wave ultraviolet light is produced that causes a phosphor to fluoresce, resulting in visible light. Compact fluorescent bulb is a fluorescent
lamp designed as a replacement of electric bulb. The above lamps were compared in terms of their efficacy, CRI, and other parameters.
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Review Exercises
3.1
3.2
3.3
3.4
3.5
3.6

What are the materials used in the construction of the following
parts of an incandescent lamp: (a) the bulb? (b) the filament? (c) filament supporting wires? (d) leads? and (e) cap?
Why is tungsten popular as the filament material? Why is the filament helical in shape?
Is the bulb completely in vacuum or filled with some gas?
What will happen if residual traces of oxygen or hydrogen are left
in the bulb?
Explain the phenomena responsible for the failure of an incandescent lamp.
Describe the halogen cycle which forms the basis for operation of a
tungsten halogen lamp. Why does the tungsten halogen lamp need
to be smaller in size than the tungsten lamp?
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3.7
3.8

3.9
3.10
3.11
3.12
3.13

How does a gas discharge become a source of light? How do lowpressure and high-pressure gas discharges differ?
Draw a labeled diagram of a high-pressure mercury vapor lamp and
explain its operation. Why is high-pressure operation essential?
How does radiation from mercury vapors at high pressures differ
from that at low pressures? What are the typical uses of a mercury
vapor lamp?
What are the differences between a tungsten halogen lamp and a
metal halide lamp?
Describe the working of a sodium vapor lamp with the help of a diagram. What are its main shortcomings? What is its main application?
Fluorescent lamp is a low-pressure mercury vapor discharge lamp.
At low pressures mercury vapor does not emit visible light. Then,
how does a fluorescent lamp emit visible light?
Draw a diagram showing the different parts of a fluorescent lamp,
and explain its operation.
Arrange the following lamps in descending order of their CRI: (a)
tungsten halogen lamp, (b) sodium vapor lamp, (c) fluorescent lamp,
and (d) incandescent lamp. Which of these lamps has the shortest
life span and which one longest?

Chap ter

4

LED-Based Solid-State Lighting
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾

Get a conception about LED as an electronic device
Know the construction of an LED and the nature of its emission
Understand the operation of red LED and white LED
Distinguish between indicator and illuminator LEDs
Define the terms: solid-state lighting (SSL), illumination, and displays
Know the pros and cons of SSL
Get perception of the monochrome and general-illumination eras of
SSL

4.1 LED Diode Family
LED family of diodes represents one of the commonly used and the most
noticeable type of diode groups of all the different types of semiconductor
diodes available today (Schubert 2006). A semiconductor diode is a twoterminal electronic device that allows electric current to flow readily in one
direction (forward-bias) but permits only insignificant current flow in the
opposite direction (reverse bias). Hence, it is said to be a polar semiconductor
device with two leads called anode (positive) and cathode (negative): conventional current can flow from anode to cathode but not vice versa. This
polar nature enables the deployment of the diodes as rectifying devices for
converting alternating current into direct current. As LEDs are diodes, they
possess all the characteristics of diodes. So, the principle of LEDs is the
same as a normal PN junction. But a normal PN junction does not emit
light. LEDs come under dedicated types of diodes which emit a fairly narrow bandwidth of either visible light at different colored wavelengths, or
invisible infra-red light for remote controls or laser-type light when a forward
current is passed through them. The principle of light emission by LED is
49
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spontaneous recombination of electron–hole pairs, which is efficient when
the material used for its fabrication is a direct bandgap semiconductor. This
means that, when operated in a forward biased mode, LEDs convert electrical energy into light energy.
The LED is opposite in behavior to the solar cell, which absorbs light
and produces electricity. When charge is pumped into an LED, light is produced. But when light is shone on a solar cell, it acts as a charge pump. The
two devices function properly when energized correctly but perform unsatisfactorily when the energy sources are reversed, for example, when light falls
on an LED, it acts as an inefficient solar cell. Conversely, when current flows
through a solar cell, it works disappointingly as an LED.

4.2 LED Construction
In essence, an LED consists of a P–N junction, that is, a junction made of
P- and N-type semiconductor materials. A P-type material is one which has
a deficiency of electrons resulting from molecular bonding when forming a
crystal. This electron deficiency is described as electron vacancy or hole so
that the P-type material has excess holes which can carry current and contribute to electrical conduction. Similarly, an N-type material has a surplus
of electrons arising from its molecular bonding. These electrons move freely
in the crystal serving as charge carriers. When P- and N-type materials are
close together, electrons from N-side fill the holes in P-side, creating an
electrically neutral zone called the depletion region between the two sides.
This electrical barrier is enlarged or reduced by applying a “reverse” or a
“forward” external bias, respectively. Light is emitted in a forward biased
diode when injected minority carriers (electrons in the P-region and holes
in the N-region) recombine with each other. Light is generated in a narrow wavelength band due to current flowing under forward bias; it is of one
color or monochromatic. The wavelength of the light generated depends
on the bandgap energy of the material in which the P–N junction is made.

4.3 Quasi-Monochromatic Nature of Emission
It must be mentioned here that the statement that the generated light is
confined within a narrow band is more correct instead of saying that it is of
one color or wavelength. Hence, a more truthful remark will be that the light
emitted from an LED is quasi-monochromatic. This is better understood by
referring to the E–k band diagram of a direct bandgap semiconductor and
visualizing the recombinations between electrons and holes corresponding
to k = 0 and k#0 situations (Figure 4.1). For the k = 0 case, the frequency of
photon is ν1 where
hν 1 = Eg = Ec − E v

(4.1)
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Energy-band diagrams: (a) direct bandgap and (b) indirect bandgap semiconductor.

whereas that of the photon for k#0 case is ν2 which is slightly >ν1 because
of the larger energy difference between the electron and hole levels under
consideration. Hence, the conception of a narrow band of emission wavelengths is a more exact representation of the phenomenon instead of a single
wavelength idea.

4.4 Red LED
Figure 4.2 illustrates the schematic cross-section and working of a red
LED. It consists of an N-type gallium phosphide (GaP) substrate over
which are positioned successive N- and P-type layers: first N-type gallium
phosphide layer and then P-type gallium phosphide layer at the top. On
Ohmic P-contact
Light rays
SiO2/Si3N4
P

Zn-doped
N-GaP

N-GaP substrate
(S-doped~1×1018cm–3)

Ohmic N-contact
Solder

Header

Figure 4.2

Cross-section of a red GaP LED.
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passing electric current through ohmic contacts, light is generated at the
wavelength of 700 nm by the recombination of electrons and holes at the
P–N junction. If one looks at the P–N junction under a forward bias, the
minority carriers will diffuse to the other side of neutral region, thus recombining with the majority carriers of this other side, and emitting photons.
In the cross-sectional diagram, one could see the light emitting from the
interface of P–N junction. P-type region is small and shallow enough to
avoid light absorption by it.
As said above, the construction of a light-emitting diode is different from
that of a normal signal diode. An LED junction does not in point of fact
emit much light. Also, a considerable portion of light is lost by absorption
in the LED material producing heat, and does not succeed in coming out of
the LED. Therefore, special measures have to be adopted to minimize this
loss of light.
The encapsulation of LED plays a definitive role in light collection,
besides providing mechanical protection to the LED die against vibration
and shock (Figure 4.3). The LED die is encapsulated in such a way that it
prevents light losses and concentrates light in one direction. For this purpose, the die is mounted inside a reflector cup in the shape of a transparent,
hard plastic epoxy resin hemispherical-shaped shell. While surrounding the
LED by the epoxy resin, its body is constructed such that the photons of
light emitted by the junction are reflected away from the surrounding substrate base to which the diode is attached and are focused upwards through
the domed apex of the LED. The dome serves as a lens concentrating the
amount of light. This is the reason why the emitted light appears to be
brightest at the top of the LED.
To avoid shorting of their leads, the LEDs are mounted using spacers
as shown in Figure 4.4.

4.5 White LED
There are three principal ways to generate white light with LEDs (Zissis
2009):
1. The blue light (shorter wavelength) emitted by InGaN LED is downconverted in frequency (longer in wavelength) to give yellow light with
the help of a phosphor material; the combination of down-converted
yellow light having lower frequency with original blue light, results in
white color.
2. The second alternative for white light production involves using an
LED producing near UV radiations and transforming it into visible
light with a single phosphor or multiple phosphors, as done in fluorescent tubes.
		  In both methods (i) and (ii), the difference in energies between the
incoming and outgoing photon beams from the phosphor represents
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Figure 4.3 LED: (a) outward appearance, (b) inside view, (c) terminal identification, and (d) circuit
diagram symbol.

an energy loss known as the Stokes loss caused by the Stokes shift in
their frequencies or wavelengths. This Stokes loss is the principal loss
component in the phosphor conversion methods.
3. Another approach to produce white light is to synthesize or mix in
the correct proportions, the emissions from separate LEDs producing
the three complementary colors: red, green, and blue. But this method
requiring three LEDs is expensive and therefore avoided.
The topic of white light LEDs will be examined in greater detail exclusively in a dedicated chapter—Chapter 15.
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LED

Mounting spacer

Cathode lead
Anode lead

Figure 4.4 LED mounted on a spacer with an internally tapered barrier for guiding the leads to
avoid their bending or shorting. It assures consistent, uniform, and perpendicular mounting of LED,
facilitating assembly.

4.6 Indicator- and Illuminator-Type LEDs
An indicator LED is a light source that is to be viewed directly as a selfluminous object, such as in exit signs, signals, and ON/OFF lights on
electronic equipment like clock radios and television sets. An illuminator
LED is a light source to view other objects by the light reflected from them.
Examples are the general lighting in most rooms or task lighting on many
desks. An indicator-type LED is typically 250 µm 2 in size. In contrast, an
illuminator-type LED is much larger in size (~900 µm2) than the indicator
variety. Moreover, it is designed to emit light from more sides. This type of
LED will be discussed later in Chapter 17.
Most indicator LEDs are made in the very common 3 and 5 mm packages. With increase in power, packaging became more complex and was
adapted for heat removal. The packages designed for high-tech, high-power
illuminator LEDs are vastly different from the early indicator LEDs. A copper strip is placed underneath these LEDs for improved heat dissipation to
the board and the heat sink.

4.7 Preliminary Ideas of SSL
This book surveys the subject of “solid-state lighting,” starting from the fundamentals and moving to the applications and future trends. To begin with,
the subject itself must be introduced to the reader.
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4.7.1 The Term “Solid-State Lighting”
Solid-state lighting (SSL) is an umbrella term used for semiconductors
employed to convert electricity into light for general lighting applications
(Enviro energy partners 2010–2012).
As defined by International Illumination Engineering Societies, the
term “solid-state lighting” refers to the use of white light-emitting diodes
(WLEDs) for illumination purposes. The adjective “solid-state” pertains to
the use of solid semiconductor material in the LEDs, to distinguish them
from the forerunning “fragile vacuum and gas-filled cylinders.” Prior to the
dawn of semiconductor technology, almost every active electronic circuit
employed fragile vacuum tubes. Hence, the title “solid state” is consequential
from the use of solid pieces of semiconductor material in the fabrication of
LEDs, the basis of illumination.
SSL is a type of lighting that uses semiconductor light-emitting diodes
(LEDs), organic light-emitting diodes (OLED), or polymer light-emitting diodes (PLED) as sources of illumination instead of electrical filaments, plasma (used in arc lamps such as fluorescent lamps), or gas (http://
en.wikipedia.org/wiki/Solid-state_lighting).
SSL deals with a description of devices and related accessories that do not
contain moving parts or parts that can smash, crack, blow apart, seep out, or
foul the natural world (http://www.pixi-lighting.com/glossary.html).
4.7.2 Meaning of Illumination
Illumination is the act of illuminating, or supplying with light (http://www.
theenglishdictionary.org/definition/illumination).
Ilumination means “to provide or brighten with light so as to become
lighted or glow” (http://www.answers.com/topic/illuminate).
Illumination is the degree of visibility of the environment. It is the luminous flux incident on a unit area (illuminance) (http://www.thefreedictionary.com/illumination).
4.7.3 A Display Device
“Display” means to make a prominent exhibition of (something) in a place
where it can be easily seen (http://www.google.co.in/#hl=en&q=display&
tbs=dfn:1&tbo=u&sa=X&ei=Rj59T8G3B8iJrAemscTmDA&ved=0CEIQ
kQ4&bav=on.2,or.r_gc.r_pw.r_qf.,cf.osb&fp=6ebe5f8d477aef29&biw=12
80&bih=843)
A display device is an output device for presentation of information for
visual, listening, or demonstrative reception that has been acquired, stored,
or transmitted in various forms. The display is said to be “electronic” if the
input information is supplied as an electrical signal (http://en.wikipedia.org/
wiki/Displays).
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4.8 Why Solid-State Lighting?
SSL is a pivotal emerging technology promising to fundamentally alter and
improve future lighting systems (Plymouth Rock Energy 2013). The impetus
to SSL (Bergh et al. 2001, Žukauskas et al. 2002, Nicol 2006, Sanderson
et al. 2008) is provided by its following attractive features:
1. Energy efficiency: It is an energy-efficient lighting source (Brodrick and
Christy 2003, Navigant Consulting, Inc. 2010), providing much higher
energy conversion efficiency than incandescent lamps which are known
to transform only 5% of the consumed energy into visible light, and
fluorescent tube lights that are able to change 25% of the energy.
		  Lighting accounts for 19% of the total electricity consumption worldwide, which is itself 16% of the sum total of various energy sources
tapped, so that lighting is a major component ~0.19 × 0.16 = 0.0304%
of the total energy. Therefore, saving energy used for lighting purposes
will be tremendously helpful.
2. Possibility of safe battery-driven operation: This kind of lighting heralds
the epoch of battery-operated lower power consumption equipment as
LED operation does not require high voltages. Low voltages are very
safe for users. LED-based lighting may be implemented without the
mains supply. It can be easily powered by batteries.
3. Emission of light of an intended color without using color filters: LEDs producing lights of disparate colors are fabricated from different semiconductor materials. Thus, light of each color requires a different LED.
This method of generating colored light is more efficient than traditional lighting methods which interpose color filters in front of the
source to get the required color.
4. Decreased heat generation: LED lamps are cold devices, producing and
radiating less heat into the illuminated regions than bulbs or fluorescent tubes. LED beam is a cool beam without any infrared content.
5. Environment friendliness: SSL is pollution-free lighting so that it protects the environment and the climate. It is essentially environment
friendly and responsible lighting. It is a “green” light source, free of
hazardous substances found in conventional lamp technologies, for
example, each fluorescent tube contains 3–5 mg of mercury, which
is released into the environment when its glass cover breaks, whereas
neither the LED nor its phosphor coating contains any toxic substance. Further, LED-based lighting is free from infrared or ultraviolet emissions. Another factor indirectly protecting the environment
is the fact that SSL will save enormous amounts of energy, which in
turn will lessen the burden on fossil fuel power-generating stations.
The obvious consequence will be a drastic decrease in the emission
of sulfur and nitrogen oxides into the atmosphere along with liberation of fly ash and other pollutants to the ecosystem from electricitygenerating plants.
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Percentage of full light

		  LED lighting also eliminates noise pollution by avoiding the humming, flickering, and headaches related to fluorescent lighting.
6. Higher reliability, extended lifetime, and long-term cost-effectiveness: Due
to absence of moving parts, LED provides a high breakage and vibration resistance. Rapid cycling does not affect it. It is less prone to failure than conventional lighting. An incandescent lamp fails as soon as
its filament is damaged. LED lamp comprises arrays of LEDs. Even if
a few LEDs show decline of intensity, the lamp continues functioning.
Hence, sudden premature failures are unlikely. This lower vulnerability to catastrophic failures results in reducing the maintenance costs
and also increases the overall operational lifetime of SSL sources.
		  The rated lifetime of LEDs is 60,000 h ~7 years as opposed to
1000–2000 h for incandescent lamps and about 5000–10,000 h for
compact fluorescent lights (CFLs). This remarkably longer lifetime
makes LEDs ideal for many commercial and industrial lighting applications in which the labor cost for lamp replacement is exorbitant.
Thus, in long-term operation, it is cost-effective and proves to be more
economical.
		  The above scenario is reminiscent of the fact that solid-state electronic equipment such as radio and TV receivers as well as transmission
devices have proven to be more successful than earlier valve versions
of the same. Readers may recall that the valve radio and TV receivers
were not only more power-hungry but also had limited lifetime with
frequent failures due to shocks and vibrations. Thus, they consumed
more power used in heating the valve filaments and required careful
attention of maintenance personnel.
7. Instant switching ON/OFF: SSL, like transistor radios requires no heating or warming up wait period. It is an instant lighting unlike the valve
radios of yester years. LEDs turn on instantly, unlike arc lamps, which
require over a minute to turn on and attain full brightness.
8. Suitability for frequent on–off cycling applications: Unlike fluorescent lamps
that burn out more quickly when cycled frequently, or high-intensity discharge (HID) lamps that require a long time before restarting, LEDs are
ideal for use in applications in which repeated
on–off cycling is per100
formed (Figure 4.5).
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10. Adjustment flexibility: It provides greater flexibility in two ways, first
in controlling the level of light called dimming, and second, for color
variation in accordance with the demands of the particular lighting
application, known as color control. LEDs provide a broad range of
brightness control, unlike mercury lamps which can give only about
10%–25% brightness adjustment. Fluorescent lamps too pose technical
difficulties in dimming. Unlike incandescent lamps, which turn yellow
upon dimming, LEDs do not change their color tint as the current
flowing through them is varied. The freedom afforded by SSL considerably enhances its widespread utilization.
11. Elimination of sun phantom effect: Sunlight falling directly on traffic
lights fitted with conventional bulbs gives a deceptive visual appearance of being ON when they are actually OFF, a phenomenon known
as the sun phantom effect. Such false visual effects are not observed in
LED traffic lights.
12. Extensive applications: The great breadth of control and tunability
afforded by SSL in brightness, emission color, spectrum, and so on is
leading to its prolific applications, ranging from general illumination
to display, communication, transportation, biomedical, biotechnology,
agriculture and other sectors, with new functionalities added regularly. Inorganic LEDs serve as highly directional focused light sources
which are appropriate for applications like narrow-angle reflector
lamps that require a very directional light. They are used to provide
local spot lighting, task lighting, or street lighting. However, organic
LEDs are areal sources suitable for large-area displays. LEDs are
suitable for low-temperature applications such as refrigerator lighting
because their efficacy increases as temperature decreases. In contrast,
the efficacy of fluorescent lamps decreases at lower temperatures.
Because LEDs produce less heat and provide the optimum frequency light
conducive to plant growth and blooming, they are useful for plant cultivation. Among health care applications, mention may be made of their use for
sterilization to kill bacteria and viruses in air or water, in surface skin curing
and for malignant cell destruction.

4.9 Drawbacks of SSL
On the down side, following disadvantages of SSL are worthy of attention:
1. Lower lumen/watt output: Presently, LEDs have higher luminous efficacies than incandescent lamps and comparable efficacies to fluorescent
tubes but lower than sodium vapor lamps. As LEDs progress further,
LEDs may ultimately reach or cross sodium lamp efficacies.
2. Higher initial purchasing cost: At present, the initial cost of the LED
system including the drive circuitry is much higher than that of other
sources. Its use becomes justifiable only when one compares the total
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Table 4.1
Sl. No.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Advantages and Disadvantages of LEDs
Advantages
Miniaturization (but heat sink can be large)
Robust and sturdy
Longer lifetime
Very short turn ON time
Lifetime unaffected by switching
Higher luminous efficacy than incandescent bulbs
Color changing options
Absence of heating effect
New luminaire possibilities
Absence of hazardous substances

Disadvantages
Costly
Glare risk
Need drive circuitry
Require thermal management
Lack standardization

cost (initial cost + maintenance cost) of the different sources. As LEDs
require practically no maintenance, and have longer lifetime than conventional sources, the overall expenditure on LED lighting turns out
to be much lower than that on other sources.
3. Ambient temperature dependency of LED characteristics: LEDs need
proper heat sinks. Particularly, in a hot environment, nominal overdriving of LED may impair its performance in the form of deviation in
emission characteristics, and harder overdriving may spoil the device.
4. Inability of using as highly collimated beams: Unlike ruby lasers giving
beam divergences <0.2°, LEDs are not suitable as highly directional
sources with divergence less than a few degrees, although corrections
can be made to a limited extent by optical lenses.
5. Human safety concerns: Blue and white LED capabilities are now moving beyond human eye safety limits.
Table 4.1 provides a glance at the principal reasons favoring LEDs for
lighting and also indicates their disconcerting features.

4.10 Potential and Promises of SSL
SSL is a budding technology with the potential to address the three fundamental challenges of revitalizing global economy, strengthening energy
security, and reducing greenhouse gas emissions (Brodrick and Christy
2003). In the near future, it is likely to provide greener homes and commercial establishments that use insignificant electricity, making them independent of fossil fuels. It will become a key to affordable high-performance
buildings that consume less energy and expel lesser greenhouse gases than
their counterparts. In DOE Solid-State Lighting 2012, 2013 reports (U.S.
Department of Energy 2012, 2013), following eras of SSL are highlighted.
4.10.1 The Monochrome Era: Early 1960s to Late 1990s
The first appearance of LEDs on the lighting scene in the early 1960s, in the
form of red diodes, was followed by pale yellow and green LEDs. Consequent
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upon the improvements in red LEDs, their utilization started in products
such as indicator lights and pocket calculators. The introduction of blue LEDs
in the 1990s ushered in the era of white LEDs, made by coating blue LEDs
with phosphor. White light demonstration using red, green, and blue LEDs
ensued shortly subsequently. No sooner than white LEDs became available, the design of LEDs for general lighting commenced, but vast efficiency
improvements were necessary to realize the full potential of LEDs.
4.10.2 The Beginning of LED General Illumination: 2000–2011
In 2000, the U.S. Department of Energy (DOE) joined hands with the private
industry to give a boost to white LED technology for developing a high-efficiency packaged LED. At the beginning, white LEDs were hardly as efficient
as the incandescent bulb. By 2010, a competitive warm white LED replacement lamp with good CRI showed a steady-state efficacy 3–4 times that of the
incandescent bulb, that is, 62 lumens per watt (lm/W) with identical quality warm light. In 2010, laboratory efficacies of 200 lm/W were recorded and
commercially available cool white devices showed efficacies of 132 lm/W.
4.10.2.1 Performance of SSL Luminaire

Several components such as LED arrays, electronic drivers, heat sinks, and
optics must be accurately designed to construct quality LED luminaires.
Careful integration of LEDs must be done into lighting fixtures remembering their relationship to heat, light, and electricity. Already, the efficacy of
LED light sources has left incandescent lighting behind, and continues to
forge ahead. It is anticipated that by the year 2015, LED luminaire efficacies
will be reaching 150 lm/W, more than double that of a fluorescent fixture.
High-efficacy 2011 LEDs achieve 75 lm/W at standard drive current, but
lowering the drive current increases efficacy. Other high-efficacy products
range from 60 to 110 lm/W, depending on the drive current.
4.10.2.2 LED Street Light

LED street and roadway lighting has proven its capabilities. Its potential
advantages include energy efficiency, long life, and compatibility with controls, all of which will reduce energy consumption and maintenance costs.
4.10.3 2011 Onwards . . .
Further augmentation in LED lm/W capability and other parameters is
expected. The progress will continue. The last two chapters of the book
(Chapters 29 and 30) will take a look at the different perspectives of the
upcoming SSL revolution.

4.11 Discussion and Conclusions
In this chapter, the operation of LED was introduced using the red LED as
an example. An important feature differentiating LEDs from incandescent
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and fluorescent lamps is that they are not inherently white light sources.
Methods of generating white light with LEDs were outlined. The roles of
LEDs as indicators and illuminators were discussed.
SSL is a technology which involves replacement of the conventional incandescent and fluorescent lamps by light-emitting diodes for general lighting
applications. Today, solid-state lamps are used in traffic lighting, electronic billboards, headlamps for motor vehicles, flashlights, powerful searchlights, cameras, interior and al fresco lighting preparations, and many other situations. The
principal advantages of these lamps over incandescent and fluorescent lamps are
their superior energy conversion efficiency, long lifespans, absence of hazardous substances such as mercury or sodium, and nonbreakability when dropped.
These lamps are completely dimmable like incandescent bulbs, but unlike fluorescent lamps or CFLs. On the downside, solid-state lamps are appreciably
expensive than incandescent lamps and little more than CFLs.
The period from 1960s to 1990s was the monochrome era for LEDs followed by the beginning of general illumination era during 2000–2011.
Ode to Solid-State Lighting
This light source is a solid
The solid is cool
A handy lighting tool
No filaments or vacuum required
No gas filling desired
No breakable glass cover
Neither mercury vapor
Nor sodium vapor
This new light source is environment friendly
It will keep the earth clean
It will preserve the planet green
It consumes less wattage
It will lit the deprived man’s cottage
Let us regale and rejoice in this new light
Chanting and dancing in this light
Yes, this light source is solid-state light!
Maybe, the ultimate for brightening our nights.
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Review Exercises
4.1
4.2

Why is a semiconductor diode said to be a polar device?
An LED is a P–N junction. But a normal P–N junction does not
emit light. Then why does an LED do so?
4.3 How is an LED different from a solar cell?
4.4 Does an LED produce light of a single wavelength? Elucidate
the meaning of the proclamation “Light from an LED is
quasi-monochromatic.”
4.5 Draw the cross-sectional schematic of a red LED and explain its
working.
4.6 Briefly describe the three approaches for producing white light
using LEDs.
4.7 What are the differences between indicator and illuminator LEDs?
4.8 Define SSL. Bring out its main advantages and disadvantages.
4.9 How do you justify that SSL is a cost-effective technology?
4.10 What are the adjustment flexibilities afforded by LED-based
lighting? Why is SSL said to be friendly to the “living world”?

Pa r t

II

Inorganic LEDs

Chap ter

5

Physical Principles of Inorganic LEDs
Learning Objectives
After completing this chapter, the reader will be able to
Understand light emission processes
Look at fluorescence and phosphorescence from Jabłoński diagram
Get acquainted with the many types of luminescence, including
electroluminescence
◾◾ Know about the radiative and nonradiative electron–hole recombination mechanisms in semiconductors
◾◾ Become familiar with excess carrier lifetime concept
◾◾
◾◾
◾◾

The heart of all solid-state lighting lamps is the light-emitting diode (LED).
Therefore, a systematic and thorough understanding of the rudiments of
LED operation is obligatory. This chapter will erect the groundwork in the
physical principles governing LEDs, preparatory to more advanced topics
ahead.

5.1 Understanding Lighting Processes from Luminescence Theory
All light emission processes consist of two basic steps: (i) Promotion of
an electron in an atom, molecule, or ion from its ground state to a higher
energy quantum state; the difference of energies between the ground and
higher energy states is called the excitation energy. The atom, molecule, or
ion after the electron acquires this energy is said to be in its excited state.
(ii) Relaxation of the electron from the higher energy state to ground state. It
is in the course of this stage that the energy difference between the two states
is released in the form of photons or quanta of light.
Luminescence is the phenomenon of emission of electromagnetic radiation
by a substance, in excess of thermal radiation (i.e., for a cause other than a rise
in its temperature), taking place instantaneously or over an extended period
of time, after it has been excited outwardly by some form of energy such as
65
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light, electric field, electron beam, nuclear radiations, chemical energy, heat,
or mechanical energy. It is thus the emission of light produced by a means
other than heat energy.
Depending on the duration of persistence of emission of light in significant amount, that is, whether it extends in appreciable amount over a
shorter or longer time interval after withdrawal of the excitation, luminescence is subdivided into fluorescence and phosphorescence. For a persistence
period >10 ns, it is termed phosphorescence; otherwise fluorescence. Briefly, they
are defined thus:
Fluorescence is the emission of light without heat by an object upon exposure to a source of electromagnetic radiation.
Phosphorescence is the sustained emission of light without heat after exposure to and removal of a source of electromagnetic radiation.
Table 5.1 presents the association and distinction between fluorescence
and phosphorescence.
Absorption, fluorescence, and phosphorescence phenomena are straightforwardly understood in terms of the Jabłoński diagram (Figure 5.1)
(Jabłoński 1933). Professor Aleksander Jabłoński was a Polish physicist
(1898–1980). In the diagram proposed by him, the lower darkest line represents the electronic ground state, whereas upper lines pertain to the excited
electronic energy states, for example, S1 and S2 denote the electronic singlet
states (left/middle) and T1 the first electronic triplet state (right), with the
upper darkest line signifying the ground vibrational state of the three excited
electronic states. It may be noted that the energy of the triplet state is lower
than that of the corresponding singlet state. With reference to the Jabłoński
diagram, the speeds of occurrence of the above three phenomena are as follows: Photon absorption takes place very fast. Fluorescence emission occurs
at a comparatively slower speed. The triplet-to-singlet or reverse transition
being a forbidden one, it is less probable to take place than the singlet-tosinglet transition. Hence, the rate of triplet-to-singlet transition is generally sluggish, and therefore phosphorescence emission takes more time than
fluorescence.
Furthermore, specific luminescence cases are named in accordance with
the underlying excitation cause, for example, photoluminescence if the excitation source is light or photons; electroluminescence if it is an electric field or
current; cathodoluminescence for a stream of electrons; radioluminescence for
Table 5.1 Comparison and Contrast between Fluorescence and Phosphorescence
Similarity
Both phenomena express the ability of a
material to emit light by absorbing energy
from a source of electromagnetic radiation.

Dissimilarity
Fluorescent materials only emit light during
the time that they are exposed to the source
of electromagnetic radiation. They stop
glowing after the light source is removed.
Phosphorescent materials persist to do so
even after source removal.
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Singlet states

Energy (E)

S2
Singlet states
S1

S1

S0

S0

Triplet states
T1

S0
Ground state
Distance

Absorption (10–15 s)
Thermal relaxation and
internal conversion (10–12 s)

Inter system crossing

Nonradiative deactivation

Phosphorescence ~ 10–6 – 10–3 s

Fluorescence (10–9 s)

Figure 5.1 Jabłoński energy diagram representation of absorption, fluorescence, and phosphorescence phenomena.

x-rays, α-, β-, or γ-rays; chemiluminescence for chemical energy; pyro or thermoluminescence for heat and triboluminescence for mechanical energy. Thus,
burning objects come under pyroluminescence class. Similarly, any lighting
event can be understood as an upshot of one or more of the above processes.
Table 5.2 recapitulates the different types of luminescence.

5.2 Injection Luminescence: The Most Efficient Electroluminescence
Electroluminescence may be activated in a variety of modes, for example,
intrinsic, avalanche, tunneling, and injection processes. Gas discharges and
light emission caused by impact ionization in thin films are all electroluminescence phenomena. But of special curiosity here is injection electroluminescence resulting from injection of minority carriers from the P- to
N-region or conversely in a P–N junction where radiative recombinations
take place. Then, an exposed semiconductor surface emits light. LEDs work
on this principle of injection luminescence.
Since injection luminescence requires a semiconductor junction as a basis
or medium of occurrence, it is also called junction luminescence. It should
not be befuddled with ordinary electroluminescence effect known as the
Destriau effect in which luminescence takes place in a bulk material on applying a high voltage across it. It must be clearly borne in mind that injection
luminescence is not a high-voltage phenomenon; it needs comparatively low
voltages.

Bioluminescence

Candoluminescence

Cathodoluminescence

Chemiluminescence or
Chemoluminescence

Crystalloluminescence
Electroluminescence
Photoluminescence

Piezoluminescence

Pyroluminescence

Radioluminescence
Thermoluminescence

Triboluminescence

1.

2.

3.

4.

5.
6.
7.

8.

9.

10.
11.

12.

Luminescence Type

Sl. No.

Friction between materials

Distinctive spectral radiation emitted by vaporizing
salts in the flame of a gas or vapor.
Ionizing radiations like α, β, or γ-rays
Heating but not black-body radiation or
incandescence

Application of pressure on piezoelectric materials

Crystallization
Flow of an electric current through some material
Absorption of photons

Impact of an electron beam on a phosphor
material
Chemical or electrochemical reactions

Heating to incandescence, specifically by a flame,
followed by mainly short wavelength emission
than anticipated for a black-body radiator

Living organisms (fireflies, anglerfish, some
mushrooms, and bacteria)

Underlying Cause

Types of Luminescence (in Alphabetical Order)

Table 5.2
They produce a pigment luciferin and an enzyme luciferase.
Luciferin reacts with oxygen to produce light in the presence
of luciferase.
A type of thermoluminescence observed in transition metal
and rare earth metal oxides, for example, ZnO, cerium, or
thorium oxide; also CaO. Useful in trace analysis of
elements.
It is used for making displays, classical cathode ray tube
(CRT) or TV tube.
The reaction enthalpy supplies the energy needed. Flash of
light from dynamite explosion is not chemiluminescence but
black-body radiation or incandescence.
It is a variant of chemiluminescence.
Basis of LEDs and semiconductor lasers.
It is easily created in semiconductors by photons of
energy > the bandgap.
There is no need to break bonds as in (3) but only elastic
deformation. It is a subcategory of Mechanoluminescence.
It comes under Thermoluninescence. “Pyro” originates from a
Greek word meaning “fire.”
It was used to make watch dials glow around 1960.
It is used for dating archeological artifacts because buried
ceramic parts receive ionizing dose from radioactive
elements in the soil or from cosmic rays proportional to their
age and so is the intensity of resulting thermoluminescence.
Blue flashes of light are seen when someone violently crushes
sugar between the teeth, keeping lips open. It is a subclass
of Mechanoluminescence.

Remarks
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5.3 Mechanisms of Electron and Hole Recombination in Semiconductors
Recombination is defined as a process by which electrons and holes in a semiconductor are annihilated or destroyed. Recombination is the reverse of generation,
which is the process by which electrons and holes are created. Recombination of
excess carriers in a semiconductor, either electrons or holes, takes place via two
principal modes: radiatively or nonradiatively, that is, it is accompanied by the
emission of photons or without photon emission. Accordingly, it is called radiative or nonradiative recombination. Another name for radiative recombination is
“spontaneous emission.” All the recombination processes are not radiative. For
light-emission devices, attention is directed essentially on radiative recombination processes but one must know the conditions under which nonradiative
recombination is likely to occur because such processes must be circumspectly
deliberately eliminated. It goes without saying that an efficient luminescent
material is one in which radiative transitions dominate over nonradiative type,
meaning that the probability of radiative recombination must be increased and
that of nonradiative recombination needs to be decreased.
5.3.1 Radiative Recombination Mechanisms
Radiative recombination refers to the direct annihilation of an electron–
hole pair. Figures 5.2 and 5.3 illustrate various representations of this direct
Energy (E)

(a)

(b)
Conduction band
Conduction band

Energy gap
(Eg) = 1.42 eV
<100>

Energy gap
Eg = 1.42 eV

Electron
Emitted photon
Wave vector (k)
Heavy hole band
Light hole band

Valence band
Hole

<111>

Excited energy level E2
Photon energy
ΔE = E2 – E1 = hν = 1.42 eV

Ground energy level
Valence band

Split-off band

(c)
Conduction band

Energy gap
(Eg) = 1.42 eV

Excited
energy level E2

(d)

Excited state
Light

Photon energy
ΔE = E2 – E1 = hν = 1.42 eV
Ground state
Ground energy level E1

Valence band

Figure 5.2 Representation of direct band-to-band radiative recombination in GaAs by: (a) Energy–
momentum (E–k) diagram and (b) energy–distance (E–x) diagram, (c) a simplified version of (b), and
(d) simple analogy of (c).

Energy (E)
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(a)

Conduction band
Electron
Energy gap
(Eg) = 3.39 eV
Hole
Valence band

(b)

Emitted photon
Wave vector (k)
Heavy hole band
Light hole band
Split-off band

Conduction band
EC
Energy gap
Eg = 3.39 eV

Excited energy level E2

Photon energy ΔE = E2 – E1 = hν = 3.39 eV

Ev
Valence band

Ground energy level E1

Figure 5.3 Representation of direct band-to-band radiative recombination in GaN (wurzite) by: (a)
Energy–momentum (E–k) diagram, and (b) energy–distance (E–x) diagram.

transition in GaAs and GaN, respectively. It is the inverse process to optical
generation, namely, the production of electron–hole pairs on illuminating a
semiconductor. During radiative recombination, the excess energy is released
for the most part as a photon.
i. Band-to-band transition: It involves the recombination of an electron in
the conduction band with a hole in the valence band. This recombination results in the emission of a photon possessing an energy E = hν;
where h is Planck’s constant and ν is the frequency of the photon. The
energy E of photon emitted equals the energy difference between the
lower edge of the conduction band and upper edge of the valence band,
that is, the band gap (Eg) of the concerned semiconductor, plus the
energy kBT, where kB is Boltzmann constant and T is the temperature
in Kelvin scale. In symbols,
E = hν = Eg + kBT

(5.1)

		  The “kBT ” term on the right-hand side of Equation 5.1 appears
because the most probable energy that an electron in the conduction
band can possess depends on temperature T; this energy is given by
Ee = Ec +

kBT
2

(5.2)
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		  Likewise, the most probable energy value for the hole in the valence
band is
Eh = E v −

kBT
2

(5.3)

		  Therefore, the likely difference of energy between electron and hole
is
kBT 
k T
−  Ev − B 

2
2 
= ( Ec − E v ) + kBT = Eg + kBT

E = hν = Ee − Eh = Ec +

(5.4)

		  Since kB = 8.63 × 10−−5 eV/K, at room temperature T = 300 K,
kBT = 0.025887 eV = 25.887 meV, which is insignificantly smaller
as compared to the bandgap Eg of semiconductors, and is therefore
neglected, yielding the commonly used form
(5.5)

E = h ν ≈ Eg

		  However, it must be noted that energy conservation determines the
width of the emission lines: the line width is interconnected to the
thermal distribution of carriers.
Example 5.1
Two semiconductor materials were found to emit photons of frequencies νX and νY, respectively. If νX = 3νY, which of the two materials has
a larger bandgap in relation to the other and in what proportion?
Writing the equation
E = hν ≈ Eg

(5.6)

for the two given materials of energy bandgaps EgX and EgY, respectively, we get
EgX ≈ hν X

EgY ≈ hν Y

(5.7)

E gX
hν X
ν
3ν
≈
≈ X = Y =3
νY
νY
E gY
hν Y

(5.8)

and

so that

Example 5.2
Calculate the wavelength of photons emitted from the following
materials at 27°C: (i) GaAs (E g = 1.424 eV), (ii) GaP (Eg = 2.261 eV),
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(iii) 6H-SiC (Eg = 3.03 eV), and (iv) GaN (Eg = 3.45 eV). Given
that Planck’s constant h = 6.62617 × 10 −34 J-s, Boltzmann constant
k B = 8.63 × 10 −5 eV/K, velocity of light c = 2.9979 × 1010 cm/s. From
your knowledge of electromagnetic spectrum, guess the colors of the
light emitted in each case.
The formula used is
hc
= E g + kBT
λ

E = hν =

(5.9)

or
hc
= Eg + kBT
λ

(5.10)

hc
Eg + kBT

(5.11)

giving
λ =
Now,
 6.62617 × 10 −34 J-s   2.9979 × 1010 cm-s −1 
hc = 

 × 
1.6 × 10 −19 C
10 2

= 4.141356 × 10 −15 eV − s × 2.9979 × 108 m-s −1

= 1.241537 × 10 −6 eV − m

(5.12)

At T = 27°C = 27 + 273 = 300 K,
−5
−1
−2
   kBT = 8.63 × 10 eV-K × 300 K = 2.589 × 10 eV

(5.13)

i.
λ =

hc
Eg − kBT

(1.241537 × 10 −6 )eV − m
(1.424 + 2.589 × 10 −2 )eV
= 8.56297 × 10 −7 m = 856.3 nm
=

(5.14)

This wavelength is in the infrared region beyond the visible spectrum.
ii.
λ =

(1.241537 × 10 −6 )eV − m
( 2.261 + 2.589 × 10 −2 )eV

= 5.42893 × 10 −7 m = 542.9 nm

(5.15)
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		  This wavelength corresponds to the green color of the visible
spectrum.
iii.
λ =

(1.241537 × 10 −6 )eV − m
(3.03 + 2.589 × 10 −2 )eV

= 4.06277 × 10 −7 m = 406.3 nm

(5.16)

		  This wavelength is for violet color.
iv.
λ =

(1.241537 × 10 −6 )eV − m
(3.45 + 2.589 × 10 −2 )eV

= 3.57185 × 10 −7 m = 357.2 nm

(5.17)

		  This wavelength is for middle-ultraviolet radiation beyond the
visible region.
Example 5.3
The wavelengths of photons emitted from three materials at 300 K
are, respectively: (i) 840 nm, (ii) 555 nm, and (iii) 210 nm. What are
the bandgaps of these semiconductors? Search for bandgaps of materials in the literature. Can you suggest some possible names of materials having bandgaps close to the values calculated by you?
The equation
λ =

hc
(1.241537 × 10 −6 )eV − m
=
Eg + kBT
(E g + 2.589 × 10 −2 )eV

(5.18)

is recast as

  

Eg = −2.589 × 10 −2 eV +

(1.241537 × 10 −6 )eV − m
λ ( m)

(5.19)

i. For λ = 840 nm,
(1.241537 × 10 −6 )eV − m
(840 × 10 −9 )m
−2
= −2.589 × 10 eV + 1.47802 eV
= 1.45213 eV

Eg = −2.589 × 10 −2 eV +

Eg = 1.43 is the bandgap of GaAs.
Eg = 1.504 eV is the energy gap of ZnTe (Yang et al. 2002).

(5.20)
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ii. For λ = 555 nm,
(1.241537 × 10 −6 ) eV − m
( 555 × 10 −9 )m
−2
= −2.589 × 10 eV + 2.237 eV
= 2.21111 eV

Eg = −2.589 × 10 −2 eV +

(5.21)

Eg = 2.25 eV is the bandgap of GaP.
Eg = 2.263 eV is the energy gap of CdTe (Yang et al. 2002).
iii. For λ = 210 nm,
(1.241537 × 10 −6 ) eV − m
( 210 × 10 −9 )m
= −2.589 × 10 −2 eV + 5.9121 eV
= 5.88621 eV

Eg = −2.589 × 10 −2 eV +

(5.22)

The single crystals of titanium-doped sapphire (Ti:Al 2O3) have a
direct band structure. The optical bandgaps are 5.57 eV for Ti doping of
0.1% and 5.94 eV for Ti doping of 0.25% (Kusuma et al. 2011).
Eg = 6.2 eV is the bandgap of AlN.
Example 5.4
The energy bandgap of a semiconductor decreases with increase in
ambient temperature T. In case of GaAs, the equation governing
this variation is
Eg (T ) = Eg (0) −

αT 2
T +β

(5.23)

where Eg (0), α, β are fitting parameters: Eg (0) is the bandgap at
0 K = 1.521 eV, α = 5.58 × 10 −4 eV/K, β = 220 K. Find the wavelength
of photons emitted by GaAs at 400 K. Compare it with the value at
300 K.
Eg (300) = 1.521 −

( 5.58 × 10 −4 eVK −1 )(300 K )2
= 1.424423 eV
300 K + 220 K
(5.24)

( 5.58 × 10 −4 eVK −1 )( 400 K )2
= 1.377 eV
400 K + 220 K

(5.25)

kBT (300) = 8.63 × 10 −5 eV-K −1 × 300 K = 2.589 × 10 −2 eV

(5.26)

Eg ( 400) = 1.521 −
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kBT ( 400) = 8.63 × 10 −5 eV-K −1 × 400 K = 3.452 × 10 −2 eV (5.27)
hc = 1.241537 × 10 −6 eV − m
hc
Eg − kBT
1.241537 × 10 −6 eV − m
=
1.424423 eV − 2.589 × 10 −2 eV

(5.28)

λ(300) =

= 8.87742 × 10 −7 m = 887.742 nm

λ( 400) =

(5.29)

1.241537 × 10 −6 eV − m
hc
=
Eg − kBT
1.377 eV − 3.452 × 10 −2 eV

= 9.24809 × 10 −7 m = 924.809 nm

(5.30)

Further, the energy-band structure of materials used in light-emitting devices must conform to the restrictions laid down for momentum
conservation. The wave number of a photon (kph) is expressed in terms
of the frequency (ν) and velocity (c) of emitted light as
kph = 2π

ν
c

(5.31)

In air or vacuum, c = 2.9979 × 108 m/s. For comparison, the wave
numbers of electrons and holes are
 1
k =   2m * kBTc
 

(5.32)

where m* is the effective mass of the carrier (electron or hole) and Tc
is its temperature. Clearly, k ≫ kph. Hence, the direct electron–hole
recombination between the conduction and valence bands takes place
along a vertical straight line on the E–k band diagram as shown in
Figures 5.2a and 5.3a. Semiconductor materials in which the bottom of
the conduction band is aligned with the top of the valence band at the
same k point are said to be direct bandgap materials. Such materials, for
example, GaAs, GaN, ZnSe, and so on are favorable hosts for direct
band-to-band radiative transitions and consequently are more suitable
for fabricating light-emitting devices.
Example 5.5
Calculate kph and k for a GaAs LED with the following data:
Wavelength of photon emitted = 880 nm, effective mass of electron
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in GaAs = 0.067 × rest mass = 0.067 × 9.1 × 10 −31 kg, reduced
Planck’s constant = 1.054571628 × 10 −34 Js, Boltzmann constant = 1.3806503 × 10 −23 J - K−1, Electron temperature = 127°C;
hence, show that kph ≪ k.
ν
c /λ
1
6.28
= 2π ×
= 2 × 3.14 × =
c
c
λ
880 × 10 −9 m
6
−1
= 7.13636 × 10 m

kph = 2π

(5.33)

 1
k =   2m * kBTc
 


1
=
−34
 1.054571628 × 10 Js 


×  2 × 0.067 × 9.11 × 10 −31 kg × 1.3806503 × 10 −23 J-K −1 × 400 K 


=

2.5964707179 × 10 −26 kg × m 2kgs −2
kgms −1
= 2.462109 × 108 2 −2
−34
1.054571628 × 10 Js
m kgs × s

= 2.462109 × 108 m −1
∴

(5.34)

k
2.462109 × 108 m −1
=
= 34.5009
kph
7.13636 × 106 m −1

(5.35)

ii. Free-exciton annihilation: At not-too-high temperatures, it entails the radiative annihilation of an exciton, which is a hydrogen atom-like structure consisting of an associated electron–hole pair, with a binding energy, typically
a few meV (Figure 5.4a). The electron and hole in an exciton are bound
(a)

Conduction band

Valence band

(b)

Conduction band

Valence band

Figure 5.4 Different intrinsic radiative recombination routes: (a) free-exciton annihilation and (b)
recombination of excitons located at band potential fluctuations.

Physical Principles of Inorganic LEDs   ■   77

similar to the electron and proton in a hydrogen atom and behave like an
atomic excitation, often long-lived, propagating from one atom to another.
According to energy conservation, the shape of emission line is decided by
the extent of fluctuations of the band potential.
iii. Localized-exciton recombination: This is a likely mechanism in semiconductor alloys such as InGaN used for LED fabrication. In these alloys,
nonuniformities are produced in the spatial distribution of elements
constituting the alloys, leading to instabilities in the band potentials
(Figure 5.4b). Electrons and holes localized at these fluctuations are
unable to reach the sites of nonradiative recombination. Hence, the
dominant recombination pathway for these carriers is the radiative
mode. In reality, a localized electron or hole sustains itself or waits as
long as a carrier of opposite type is localized in close proximity to it so
that its wavefunction overlaps with that of the waiting carrier to form
an exciton; the exciton thus localized destroys itself radiatively.
iv. Recombination of free carriers trapped at impurity/defect levels in the bandgap
with opposite carriers in bands and at donor or acceptor states: Defects or impurities in semiconductors, whether introduced purposely or unintentionally,
produce energy levels in the bandgap. Free carriers trapped at these energy
levels participate in recombination mechanisms. Let us consider energy
levels originating from impurity doping. Several possible situations arise:
(a) A donor state contributes an electron to the conduction. The converse
is also likely so that an electron from the conduction band can slump
down to the donor state losing energy in the form of phonons. If this
electron in the donor state afterwards falls to the valence band, the donor
state → valence band transition will end in photon emission (Figure 5.5a).
(b) A similar situation is imagined for holes. A hole may rise up from the
valence band to an acceptor state. Then a conduction band → acceptor state
transition may follow causing photon emission (Figure 5.5b). (c) Another
possibility is the transition between an electron in the donor state and a
hole in the acceptor state, that is, donor–acceptor recombination, which
will result only if they are sufficiently in the neighborhood of each other
in the lattice otherwise the recombination will involve several phonons
(Figure 5.5c). (d) Lastly, impurity-bound exciton radiative annihilation
may occur when a trapped carrier forms an exciton with the opposite carrier. This mechanism is predominant in many semiconductors at low temperatures and low excess carrier concentrations (Figure 5.5d).
		  As the donor state is slightly lower in energy than conduction band
edge and the acceptor state is slightly higher in energy than the valence
band edge, in all the cases (a)–(d), the energy of photon released is a
little smaller than the bandgap of semiconductor material because the
transition does not take place across the complete energy gap.
v. Recombination of free carriers localized at energy levels of isoelectronic centers
with opposite carriers: In (iv), situations arising from external doping of a
semiconductor were discussed. In these cases, an atom from a different
group of the periodic table is introduced into the host semiconductor
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(a)

(b)

Conduction band

Conduction band

Donor state

Acceptor state

Valence band

Valence band

(c)

(d)
Conduction band

Conduction band

Donor state

Donor state

Acceptor state

Valence band

Valence band

Figure 5.5 Different types of radiative recombination pathways through impurity levels: (a)
Donor state-valence band, (b) conduction band-acceptor state, (c) donor–acceptor recombination, and
(d) bound exciton annihilation.

lattice. As a consequence, donor or acceptor states are formed. But sometimes, an atom from the same group is introduced, for example, nitrogen
(group V) impurity doping in GaP (III–V). Then, nitrogen and phosphorous atoms have an identical number of electrons in the outermost
shell, hence termed isoelectronic. Electrical conduction is not modified by
such doping because neither electrons nor holes result. But nitrogen and
phosphorous atoms are different atoms. Therefore, an energy level is created below the conduction band. This energy level localizes an electron
which can associate with a valence-band hole forming a bound exciton. Afterwards, this bound exciton annihilates itself resulting in the
emission of a photon at an energy, obviously somewhat smaller than the
bandgap energy because the transition takes place between the valence
band and a level below the conduction band edge.
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5.3.2 Nonradiative Recombination Mechanisms
Looking at both direct and indirect bandgap materials, there are three
possibilities:
a. An electron falling from the conduction band to a donor state and then
recombining with a valence-band hole; the energy is dissipated in the
host lattice as vibrational or heat energy.
b. Recombination through defects, also known as Shockley–Read–Hall
(SRH) recombination (Figure 5.6), does not occur in perfectly pure
material without defects and is therefore an avoidable recombination;
it can be restricted by reducing the defects. SRH recombination is a
two-step process. First, an electron (or hole) is trapped by an energy
state in the forbidden region which is introduced through defects in the
crystal lattice, which have been either involuntarily and inadvertently
introduced or deliberately added to the material, for example, in doping
the material. Second, if a hole (or an electron) moves up to the same
energy state before the electron is thermally reemitted into the conduction band, then it recombines. Thus, it is essentially a process consisting
of a conduction-band electron falling to an intermediate level in the
forbidden band created by a crystal defect or deep level impurity, and
Energy (E)

(a)

Conduction band
Electrons
Indirect radiative
recombination

Nonradiative recombination
Wave vector (k)

Valence band

(b)

Holes

Conduction band
EC
Energy gap
Eg=1.11 eV

Valence band

Electron-hole recombination at
trap level/defect/recombination
centre
EV

Figure 5.6 Representation of indirect Shockley–Read–Hall recombination in Si by: (a) Energy–
momentum (E–k) diagram, (b) energy–distance (E–x) diagram.
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(a)

Energy (E)

then recombining with hole in the valence band; the energy is liberated
as phonons.
		  The probability of a carrier moving into the energy level in the forbidden gap depends on the distance of the introduced energy level from
either of the band edges. Therefore, if an energy level is introduced
close to either band, the likelihood of recombination is less as there are
more chances of the electron to be reemitted to the conduction band
edge instead of recombining with a hole, which moves into the same
energy state from the valence band. Due to this raison d’être, energy
levels near mid-gap are very effective for recombination and are called
recombination centers.
c. Auger recombination is an intrinsic mechanism that is unavoidable
(Figure 5.7). It is the inverse process to impact ionization and occurs
in heavily doped material or at high carrier densities. It is a recombination process involving three carriers. An electron and a hole recombine
but instead of emitting the energy as heat or as a photon, the energy is
imparted to a third carrier. The energy is absorbed by the majority carrier which is an electron in N-type material and hole in P-type material.
Thus, the process involving two holes and one electron occurs primarily
in heavily doped P-type materials, whereas the process entailing two
electrons occurs in heavily doped N-materials. On transferring energy
(b)
Conduction band
Electrons

Auger recombination
Wave vector (k)
Valence
band

Conduction band
Energy gap Eg=1.11 eV
Valence band

Energy imparted
to another electron
EC
Electron-hole
recombination
EV

Hole
(c)

Conduction band
Energy gap
Eg=1.11 eV
Valence band

EC
Electron-hole
recombination
EV
Electron
imparted to
another hole

Figure 5.7 Representation of indirect Auger nonradiative recombination in Si by: (a) Energy–
momentum (E–k) diagram, (b) and (c) energy–distance (E–x) diagram.
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to an electron in the conduction band, the kinetic energy of electron
increases. The increased energy is lost upon its relaxation to the band
edge, that is, thermalization down to the conduction band edge.
The Auger recombination rate varies as the cube of the carrier concentration:
U Auger ≈ Cn3

(5.36)

where C is the Auger coefficient and n is the injected carrier density.
C = 4–5 × 10−30 cm6 s−1 for GaAs.
The important fact to be noted is that Auger recombination is relatively
inefficient in direct wide bandgap semiconductors. It represents the main loss
component at high carrier concentration in indirect bandgap materials. SRH
recombination is the main loss mechanism in direct bandgap light-emitting
materials.

5.4 Recombination Rates of Excess Carriers and Excess-Carrier Lifetimes
5.4.1 Radiative Recombination Rate (Urad) and Carrier Lifetime (τr)
The radiative recombination rate, Urad, depends on the concentration of free
electrons, n, and free holes, p (Dzhekov 2003). If n0, p 0 denotes the electron and hole concentrations in a semiconductor material in thermodynamic
equilibrium conditions, and Δn, Δp the increments in electron and hole
populations after carrier injection, then the new carrier concentrations are
n = n 0 + Δn, p = p 0 + Δp for electrons and holes, respectively. So, the radiative
recombination rate is given by
U rad = B(np − n 0 p0 ) = B {(n0 + ∆n)( p0 + ∆p ) − n0 p0 }
= B {(n 0 p0 + n0 ∆p + p0 ∆n + ∆n
n∆p ) − n 0 p0 }
= B(n0 ∆p + p0 ∆n + ∆n∆p )

(5.37)

where B is the coefficient of radiative recombination, which gives the quantum–mechanical probability of a radiative transition, and is strongly dependent on the band structure of the semiconductor, its refractive index nr(ν),
absorption coefficient α(ν), and temperature T. The radiative recombination
coefficient B is expressed as
 8π 
R
B = 02 =  2 2 
 ni c 
ni

∞

∫
0

nr 2 (ν )α(ν )ν 2 dν
exp( hν /kBT ) − 1

(5.38)

for nondegenerate carriers. R0 is the recombination rate in thermodynamic
equilibrium. Also, it must be noted that ni2 = n0p 0 where ni is the intrinsic
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carrier concentration of the semiconductor. Equation 5.38 is known as the
Van Roosbroeck–Shockley relation (Van Roosbroeck and Shockley 1954).
For direct bandgap materials, B = 10−11 – 10−9 cm3 s−1, whereas for indirect bandgap materials, B = 10−15 – 10−13 cm3 s−1, for example, for GaAs,
B = 7.2 × 10−10 cm3 s−1, whereas for Si, B = 1.8 × 10−15cm3 s−1. Thus, the values of B for direct bandgap materials are on the order of 104 times larger than
for indirect bandgap materials.
For charge neutrality, Δp = Δn; hence, the expression for Urad reduces to
the form
U rad = B(n0 ∆n + p0 ∆n + ∆n × ∆n) = B ∆n(n0 + p0 + ∆n)

(5.39)

Three interesting cases arise in LED structures. In the first two cases,
low-level injection is considered, that is, the injected carrier concentration in
a semiconductor region of given polarity is less than the equilibrium carrier
concentration. In the third case, high-level injection is treated, that is, the
concentration of injected carriers in a semiconductor exceeds the equilibrium
carrier density in it.
Case I: Low-level or weak injection of electrons in P-type semiconductor: Here
Δn < (n 0 + p 0). This situation is called monomolecular injection because of single type of injected carrier. Neglecting Δn in comparison to (n0 + p 0), we have
U rad = B ∆n (n0 + p0 )

(5.40)

In P-type semiconductor, n 0 ≪ p 0, therefore
U rad = B ∆n ( p0 )

(5.41)

The radiative lifetime τrad of electrons is
τ rad =

∆n
∆n
1
=
=
U rad
B ∆n ( p0 ) Bp0

(5.42)

Since B is a constant, for low-level injection of electrons in a P-type material, the electron radiative lifetime is inversely proportional to the majoritycarrier concentration of the P-material in which injection occurs. For the
situation being discussed, the majority carriers are holes.
Case II: Low-level injection of both electrons or holes into a semiconductor
(P-type, suppose): Here Δn = Δp, and Δn < (n0 + p 0). This circumstance is
known as bimolecular injection and happens in a double heterostructure lightemitting diode, as we shall see later. For this situation, we can write
U rad = B ∆n (n0 + p0 + ∆n) ≈ B ∆n (n0 + p0 )

(5.43)
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which gives
τ rad =

1
∆n
∆n
=
=
U rad
{ B ∆n (n0 + p0 )} B(n0 + p0 )

(5.44)

This means that the radiative lifetime of carriers varies inversely as the
sum of the concentrations of electrons and holes at equilibrium.
In accordance with the Lasher–Stern model, the bimolecular coefficient B
for the radiative band-to-band recombination is given by (Lasher and Stern
1964)
B =

( 2π)3 / 2 e 2nr Eg E p

3m 0c 3 {(me + m h )kBT }3 / 2

(5.45)

where nr is the refractive index of the material, Eg is its energy bandgap, Ep is
the energy parameter of the momentum matrix element; and me, mh denote
the electron and hole effective masses, respectively. Neglecting the bandgap
temperature dependence, the lifetime should increase with temperature as
T 3/2. Consequently, in structures where radiative recombination dominates,
the resulting radiative lifetimes are proportional to T 3/2.
Case III: High-level or strong injection: Here Δn > (n 0 + p 0). Then, the
recombination rate is written as
τ rad =

∆n
1
=
2
B ∆n
B( ∆n)

(5.46)

so that
U rad = B ∆n( ∆n) ≈ B( ∆n) 2

(5.47)

This implies that for high-level injection of electrons in P-type semiconductor, the electron lifetime is inversely proportional to the injected electron
concentration. For high-level injection, the lifetime decreases with injection
level.
Note also that the radiative lifetime decreases and thus the fraction of carriers recombining radiatively increases.
Apart from the above three cases, another situation of interest in LED
structures is radiative recombination via impurity levels in the bandgap, an
example of which is Zinc in III–V compound dealt as Case IV.
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Case IV: Radiative transition between conduction band and acceptor impurity
levels: If NA is the acceptor carrier concentration, the radiative electron lifetime is given by
τ rad =

1
BN A

(5.48)

which indicates an inverse-proportionality relationship of electron radiative
lifetime with the concentration of luminescent centers.
5.4.2 Nonradiative Recombination Rate (Rnr) and Carrier Lifetime (τnr)
According to the Shockley–Read–Hall theory (Macdonald and Cuevas
2003), the rate of recombination in the steady state through a single recombination center is expressed as (Pukšec 2002)
U nrad =

np − ni 2
τ p0 (n + n1 ) + τ n 0 ( p + p1 )

(5.49)

where n, p = electron and hole concentrations; ni = intrinsic carrier concentration; τp0 = hole lifetime in heavily doped N-type material
= 1/(σp νth Nr)

(5.50)

with σp denoting the capture cross-section of holes, νth their thermal velocity,
and Nr the density of recombination centers; τn0 = electron lifetime in heavily
doped P-type semiconductor material
= 1/(σn νth Nr)

(5.51)

with σn denoting the capture cross-section of electrons and remaining symbols having the same significance as for holes; n1, p1 = statistical factors representing the equilibrium concentrations of electrons and holes for the case
that the Fermi level coincides with the position of the recombination level in
the energy gap, and given by
 E − Ec 
 E − Er 
n1 = N c exp  r
, p1 = N v exp  v

 kBT 
 kBT 

(5.52)

where Nc, Nv = density of states in the conduction and valence bands; Ec, Er,
and Ev = positions of the conduction band, recombination level, and valence
band.
If n0, p 0 = electron and hole concentrations in thermodynamic equilibrium; and Δn, Δp = excess concentrations of electrons and holes, we have
n = n0 + Δn, p = p 0 + Δp, and ni2 = n0p 0, so that
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U nrad

(n0 + ∆n)( p0 + ∆p ) − ni2
=
τ p 0 (n0 + ∆n + n1 ) + τ n 0 ( p0 + ∆p + p1 )
=

n0 p0 + n0 ∆p + p0 ∆n + ∆n∆p − n0 p0
τ p 0 (n0 + ∆n + n1 ) + τ n 0 ( p0 + ∆p + p1 )

(5.53)

For space-charge neutrality, Δn = Δp; therefore, the recombination rate
equation reduces to
U nrad =

∆np0 + ∆nn0 + ( ∆n) 2
τ p 0 (n0 + ∆n + n1 ) + τ n 0 ( p0 + ∆p + p1 )

=

∆n(n0 + p0 + ∆n)
τ p 0 (n0 + n1 + ∆n) + τ n 0 ( p0 + p1 + ∆n)

(5.54)

which gives the nonradiative lifetime
τ nrad =

τ p 0 (n0 + n1 + ∆n) + τ n 0 ( p0 + p1 + ∆n)
∆n
=
U nrad
n0 + p0 + ∆n

(5.55)

For low-level injection of electrons in P-type material, Δn ≪ p 0, then
τ nrad =

τ p 0 (n0 + n1 + ∆n) + τ n 0 ( p0 + p1 )
∆n
=
U nrad
n0 + p0
=

τ p 0 (n0 + n1 + ∆n)
n0 + p0

+

τ n 0 ( p0 + p1 )
n0 + p0

(5.56)

For small deviations from equilibrium, Δn in the numerator is neglected.
Under the simplifying assumption that τp0 = τn0 = τ0, that is, the capture
cross-sections of holes and electrons are equal, we have
τ nrad =
=

∆n
τ (n + n1 ) τ 0 ( p0 + p1 )
= 0 0
+
U nrad
n0 + p0
n0 + p0

n + p1 
τ 0 (n0 + p0 + n1 + p1 )
= τ0 1 + 1
n0 + p0
n0 + p0 


(5.57)

If the recombination energy level Er is near the middle of the bandgap, n1
and p1 are not too different from the intrinsic carrier concentration ni. Then
 E − Ei 
 E − Er 
n1 = ni exp  r
, p1 = ni exp  i

 kBT 
 kBT 
where Ei is the intrinsic energy level.

(5.58)
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For this special case of intrinsic material, n 0 = p 0 = ni, so that

τ nrad


 E − Ei 
 E − Er  
ni exp  r
+ ni exp  i


n1 + p1 
 kBT 
 kBT  


= τ0  1 +
= τ 0 1 +


2ni 
2ni





 E − Ei  
2 cosh  r


 kBT  
 Er − Ei  

= τ 0 1 +
(5.59)

 = τ 0 1 + cosh 
 kBT  
2






This equation shows that nonradiative lifetime decreases exponentially
with increase of temperature, in contrast to the radiative lifetime behavior
noted above.
5.4.3 Overall Lifetime of Excess Carriers and Radiative Efficiency of LED
Taking into account both radiative and nonradiative recombination processes, the reciprocal of overall lifetime is the sum of reciprocals of radiative
and nonradiative lifetimes.
1
1
1
=
+
τ
τ rad τ nrad

(5.60)

The radiative efficiency of an LED is written as

ηrad = Rate of radiative recombination/Total recombination rate

(5.61)

= Rate of radiative recombination/(Rate of radiative recombination
+ Rate of nonradiative recombination)
(5.62)
=

U rad
U rad + U nrad

(5.63)

Since Urad = Δn/τrad and Unrad = Δn/τnrad, we have
ηrad =

∆n /τ rad
τ nrad
=
( ∆n /τ rad ) + ( ∆n /τ nrad ) τ nrad + τ rad

(5.64)

Inasmuch as nonradiative lifetime decreases exponentially with temperature and conversely, radiative lifetime rises with temperature as its 1.5th
power, the overall lifetime generally decreases as a function of temperature
in an LED structure where both types of recombination take place (Bemski
1955, Chen et al. 2005).
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Example 5.6
In an LED, the lifetime was measured as τ0 s at 300 K. If the recombination consists of 50% nonradiative and 50% radiative components, what nature of temperature dependence of lifetime is expected
from 300 to 400 K, remembering that nonradiative component obeys
the relation
T 
τ nrad = τ 0 exp  0 
T 

(5.65)

and radiative lifetime follows the equation
T 
τ rad = τ 0  
 T0 

1.5

(5.66)

where T0, T stand for room temperature (300 K) and higher temperature (400 K), respectively.
The nonradiative lifetimes are
τ 
 300   τ 0 
(τ nrad )300K =  0  exp 
exp(1)
=
 2
 300   2 
τ 
=  0  × 2.718 = 1.359τ 0 s
 2

(τ nrad )320K

(5.67)

τ 
 300   τ 0 
=  0  exp 
=
exp (0.9375)
 2
 320   2 
τ 
=  0  × 2.5536 = 1.2768τ 0 s
 2

(5.68)

Similarly,
(τ nrad )340K = 1.208τ 0 s

(5.69)

(τ nrad )360K = 1.1505τ 0 s

(5.70)

(τ nrad )380K = 1.1011τ 0 s

(5.71)

(τ nrad )400K = 1.0585τ 0 s

(5.72)

The radiative lifetimes are

(τ rad )300K

 τ   300 
=  0
 2   300 

1.5

= 0.5τ 0 s

(5.73)
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Table 5.3 Influence of Temperature on Carrier Lifetime and Its Components
Temperature (K)

τnrad/τ0 (s)
τrad/τ0 (s)
τnrad/τ0 (s)
+ τrad/τ0 (s)

300

320

340

360

380

400

1.359
0.5
1.859

1.2768
0.551
1.8278

1.208
0.6033
1.8113

1.1505
0.6573
1.8078

1.1011
0.7128
1.8139

1.0585
0.7698
1.8283

(τ rad )320K

 τ   320 
=  0
 2   300 

1.5

τ 
=  0  (1.067)1.5 = 0.551τ 0 s
 2

(5.74)

In an identical manner,
(τ rad )340K = 0.6033τ 0 s

(5.75)

(τ rad )360K = 0.6573τ 0 s

(5.76)

(τ rad )380K = 0.7128τ 0 s

(5.77)

(τ rad )400K = 0.7698τ 0 s

(5.78)

Nonradiative, radiative, and total lifetime values are compiled in
Table 5.3.
Table 5.3 shows that although the individual nonradiative (radiative) lifetime components decrease (increase) monotonically, the resultant lifetime first decreases up to 360 K and then starts increasing with
temperature.
Example 5.7
Calculate the internal efficiencies of three LEDs, one made from
silicon, another from GaAs and the third one from GaN. Each LED
has an N+P structure with a doping concentration of 1 × 1018 cm−3
on the N+ -side. Nonradiative lifetime (τnr) of GaAs and GaN is 1 ns
and that of Si is 10 µs. Radiative recombination coefficients (B) of
silicon, gallium arsenide, and gallium nitride are 1.1 × 10 −14 cm 2s−1,
7.2 × 10 −10 cm 2 s−1, and 1.1 × 10 −8 cm 2s−1, respectively.
Radiative lifetime (τr) is inversely proportional to the doping concentration of majority carriers, here ND for N+ –P diode
τr =

1
BN D

(5.79)
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For Si,
(τ r )Si =

1
= 9.09 × 10 −5 s
1.1 × 10 −14 cm 2s −1 × 1 × 1018 cm −3

(5.80)

For GaAs,
(τ r )GaAs =

1
= 1.389 × 10 −9 s
7.2 × 10 −10 cm 2s −1 × 1 × 1018 cm −3

(5.81)

For GaN,
(τ r )GaN =

1
1.1 × 10

−8

2 −1

cm s

× 1 × 1018 cm −3

= 9.091 × 10 −11 s

(5.82)

Internal efficiency
ηint =

τ nr
τ r + τ nr

(5.83)

For Si,
(ηint )Si =

10 × 10 −6
= 0.0991
9.09 × 10 −5 + 10 × 10 −6

(5.84)

For GaAs,
(ηint )GaAs =

1 × 10 −9
= 0.4186
1.389 × 10 −9 + 1 × 10 −9

(5.85)

1 × 10 −9
= 0.9167
9.091 × 10 −11 + 1 × 10 −9

(5.86)

For GaN,
(ηint )GaN =

In view of the above internal efficiencies, it is clear that even highquality, low-defect crystalline silicon is a poor LED material.
Example 5.8
Find the cutoff frequency of a GaAs LED in which the radiative lifetime (τr) is 5 × 10 −9 s and nonradiative lifetime (τnr) is 2.5 × 10 −7 s.
The cutoff frequency ωc is defined as the frequency at which the ratio
of the output/input has a magnitude of 0.707. If τ is the carrier lifetime,

ωc = 1/τ

(5.87)
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or
f c = 1/ 2πτ = {1/( 2π)}(τ r−1 + τ nr−1 )

(5.88)

so that the cutoff frequency is
{1/( 2 × 3.14)} × {( 5 × 10 −9 s)−1 + ( 2.5 × 10 −7 s)−1 }


= (1/6.28){( 5 × 10 −9 s)−1 + ( 2.5 × 10 −7 s)−1 }

(5.89)

= (1/6.28) × (2 × 108 s−1 + 4 × 106 s−1)

(5.90)

= 3.25 × 107 Hz.

(5.91)

5.5 Discussion and Conclusions
Luminescence is cold body radiation that is emitted at normal and lower
temperatures. Fluorescence and phosphorescence are two types of luminescence: fluorescence ceases as soon as the bombarding radiation is withdrawn, whereas phosphorescence persists after removal of incident radiation.
Depending on the cause of luminescence, a large variety of luminescence
processes were defined but the luminescence of interest here is electroluminescence and more specifically, injection luminescence occurring when surplus carriers are injected into a semiconductor, which then recombine via a
radiative mechanism. Radiative recombination takes place in direct bandgap
semiconductors when an electron in the conduction band recombines with
a hole in the valence band releasing the excess energy as light. Nonradiative
recombination occurs in indirect bandgap semiconductors through defects,
trap levels, or by Auger mechanism. In direct bandgap materials, the minimum energy of the conduction band lies directly above the maximum energy
of the valence band while in indirect bandgap materials, the minimal-energy
state in the conduction band is shifted by a k-vector relative to the maximal
energy state in the valence band. This k-vector difference in indirect bandgap
materials represents a difference in momentum, due to which the probability
of direct electron–hole recombination is less. Each type of recombination
process, direct or indirect, is characterized by an associated excess carrier
lifetime defined as the average time it takes an excess minority carrier for
recombination.
The generation of light by injection luminescence through carrier recombination processes in the depletion region of an LED will be discussed in the
ensuing chapters.
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Review Exercises
5.1
5.2

5.3
		
5.4
5.5
5.6
5.7
5.8

5.9

What are the two fundamental steps in a light-emission process?
What is the meaning of the phrase “in excess of thermal radiation”
in the definition of luminescence as a process of electromagnetic
radiation by an object? Is it necessary that luminescence occurs
immediately upon external excitation?
How will you differentiate between fluorescence and phosphorescence?
Name five types of luminescence mentioning the underlying excitation energy source.
Cite one application each of: (a) Radioluminescence and (b)
Thermoluminescence.
Mention three ways to excite electroluminescence. How does electroluminescence differ from Destriau effect?
What are the two principal recombination modes in semiconductors? Which recombination process is important for light-emission
devices?
What is band-to-band radiative transition in a semiconductor? In
such a transition, explain the origin of the “kBT ” term in the photon energy equation. Why it is not necessary to consider this term
unless high calculation accuracy is desired?
Explain, in terms of momentum conservation principle, why the
direct electron transition from the conduction band into the valence
band looks virtually occurring along a vertical straight line in the
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5.10
5.11
5.12

5.13
5.14
5.15

5.16
5.17

E–k band diagram of a semiconductor. What kind of semiconductor materials are more appropriate for optoelectronic device applications and why?
What is an exciton? What happens on its annihilation? Does any
light emission take place?
What is localized-exciton recombination? In what type of semiconductor materials is it most likely to occur?
Explain the recombination of free carriers trapped at impurity levels
with opposite carriers at donor or acceptor states. Why is the energy
of photon released smaller than the band gap for recombination of
carriers between donor and acceptor states?
What is the difference between an energy level introduced in a
semiconductor by a dopant impurity and that by an isolectronic center? How does the latter mediate a radiative recombination?
Describe three types of nonradiative recombination events. Which
one of these plays a vital role in direct bandgap materials?
Derive the equation for radiative recombination rate (Urad) in a
semiconductor in terms of incremental electron and hole densities
Δn, Δp. How is the equation revised for low-level monomolecular
and bimolecular injections? Write the equations for carrier lifetimes
in both cases. Show that for high-level injection of electrons in
P-type material, the lifetime varies inversely as the injected electron
density.
Obtain the equation for low-level carrier lifetime through Shockley–
Read–Hall recombination mechanism under the condition of equality of electron and hole capture cross-sections.
Express the radiative efficiency of an LED in terms of radiative
and nonradiative carrier lifetimes. How is the radiative efficiency
affected by temperature?

Chap ter

6

Homojunction LEDs
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾

Understand the operation of P–N homojunction diode, and define drift
and diffusion currents
Construct energy-band diagrams for the P–N homojunction under different circumstances
Gain knowledge of built-in potential, depletion region width, and
breakdown voltage
Write and use the ideal diode equation with related symbols
Become familiar with injection efficiency relation to impurity doping
profile

6.1 Homojunction in Equilibrium
The well-known structure for injection electroluminescence comprises two
injecting regions of opposite conductivity types P and N, and a region of
radiative recombination in which injection takes place and which is the
abode of recombining carriers. The unchallenging configuration is a P–N
homojunction, which is a metallurgical interface between P- and N-doped
semiconductors that are of the same material and hence have indistinguishable bandgap energies (Wood 1994, Colinge and Colinge 2002, Sze 2007,
Streetman 2009). Contrarily, the more demanding P–N heterojunction is a
junction between two differently doped semiconductors that are not of the
same material and have unequal bandgap energies.
The primary step toward understanding the operation of a semiconductor device is sketching its energy-band diagram in which energies are plotted against spatial position in a material. Let us examine the energy band
diagram of an evenly doped semiconductor having the same composition
everywhere (Figure 6.1). The energies of conduction and valence band edges
93
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(a)
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N-type
semiconductor

(b)
N-type
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semiconductor

Energy
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Vacuum level
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EG

EVp

ECn
EFn
EVn

Distance

Figure 6.1 A P–N homojunction before contact: (a) fixed and mobile charge picture, and (b)
energy-band diagram.

EC and EV are the energies of conduction band minimum and valence band
maximum. They are determined by chemical bonds of atoms in the crystal
lattice, and are measured with respect to a reference level called the vacuum
level representing the energy level corresponding to a free fugitive electron
that has escaped from the semiconductor. The electron affinity χs of the
semiconductor is the energy difference between the conduction band edge
EC and the vacuum energy level E 0, or in symbols,
χ s = E 0 − EC

(6.1)

The work function φs of the semiconductor is the difference in energies
between vacuum level and Fermi level, expressed as
φ S = E0 − EF

(6.2)

The Fermi level EF, a hypothetical level of potential energy for an electron
inside a crystalline solid, is defined as the energy level at which the probability of being occupied by an electron is 50%. The position of the Fermi level
with respect to the band edges defines the mobile charge occupancy of the
bands. The nearer the Fermi level is to the conduction band, the more free
electrons are present in that band. Similarly, the less the distance between
the Fermi level and the valence band, the more holes are present in this band.
In a P–N homojunction, both P- and N-regions may be carrier injectors
or one region may be the overriding injector. This structure is infrequently
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used today but its study illustrates the functioning of LED and is therefore
recalled in a few words. A P–N homojunction is generally fabricated by thermal diffusion and drive-in of impurities or by ion implantation followed by
thermal annealing. But for the sake of dialogue, let us perform a thought
experiment by considering two isolated P- and N-regions. When the two
regions are separate, the Fermi level EF in the N-type region is located above
the intrinsic energy level Ei, which is approximately midway between the
conduction and valence bands. It lies nearer to the conduction band. In an
N-type material, this probability of electron occupancy is above 50%; hence,
the Fermi level is above the intrinsic level. For the same reason, the Fermi
level in a P-type material is positioned below the intrinsic level and nearer
toward the valence band. In this case, the probability of being occupied by
an electron is less than 50%.
On bringing the two regions in contact, the abundant holes diffuse from
P- to N-region where they are less in number (Figure 6.2). Also, the electrons
(a)

(b)

P-type
semiconductor

N-type
semiconductor

(c)

Energy
P-type
semiconductor

N-type
semiconductor

qχ
ECp
EFp
EVp

Vacuum level
qχ

EG
EG

ECn
EFn
EVn

X = –XP X = 0 X = XN
Depletion region
Distance into the device

Figure 6.2 A P–N homojunction after contact and in equilibrium: (a) fixed and mobile charge
picture, (b) circuit symbol, and (c) energy-band diagram.
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which are in abundance in N-region diffuse from N- to P-region where there
is scarcity of electrons. Both movements of majority carriers occur by virtue
of concentration gradients from higher toward lower concentrations. The hole
and electron motions taking place due to difference in their concentrations
constitute the majority-carrier diffusion current IDiffusion. The holes diffusing
from P- to N-side leave behind negatively charged acceptor ions formed from
the dopant atoms on the P-side. Likewise, the electrons diffusing from N- to
P-side leave behind the positively charged donor ions from dopant atoms on
the N-side. The heavy acceptor and donor ions do not move; they are part
of the crystal lattice. Thus, a region devoid of free charge carriers exists around
the junction on both its sides. It is called the depletion or space-charge region.
Gradually, the electric field due to the negatively charged acceptor ions and
positively charged donor ions becomes strong enough to set up a drift current
IDrift in opposite direction to the aforesaid diffusion current. The drift current
is composed of minority carriers, that is, electrons on the P-side and holes on
the N-side. Any such carrier which happens to reach within a diffusion length
of the depletion region comes under the influence of built-in potential and is
swept across the junction resulting in a minority carrier drift current. The diffusion length of free carrier is the average distance it traverses during its lifetime. The diffusion length Lp of holes is interrelated to the hole lifetime τp as
Lp =

Dpτ p

(6.3)

where Dp is the diffusion coefficient of holes. A similar relation holds for the
diffusion length L n of electrons in terms of electron lifetime τn and diffusion
coefficient Dn:
Ln =

Dnτ n

(6.4)

When the field becomes appreciable, the diffusion current is exactly counterbalanced by the drift current under thermodynamic equilibrium which
means nonexistence of applied voltages, heat or light on the junction, so that
I Diffusion = I Drift

(6.5)

Then, the net current flowing across the junction is zero. The electric
potential difference set up at the junction by carrier diffusion across it is
known as the built-in or contact potential ψ0. It is interconnected to the doping
concentrations NA, ND on the P- and N-sides by the formula
ψ0 =

kT  N A N D 
ln 
q
 ni 2 

(6.6)
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The equilibrium situation in a P–N junction is apparently dynamic, not
static in nature. It is disturbed only under the influence of an externally
applied electrical potential or by heating or shining light on the semiconductor or other similar energy sources.
To analyze the situation more deeply, let us look at the energy-band representation. Continuing the conversation from where we had left previously,
in a P–N junction in equilibrium, the average energy must be invariable.
This means that the Fermi level must be constant throughout the semiconductor material. To accommodate this possibility, the bands must curve in
the manner shown in the diagram because only then will the Fermi level be
constant universally within the body of the semiconductor. However, away
from the junction, the original bulk conditions continue to prevail, and so
the band diagram remains untouched. The degree of band bending indicates
the strength of the electric field produced. Notice that in the band diagram,
diffusion current flow is downhill and drift current is uphill.

6.2 Reverse-Biased Homojunction
When an external bias is applied on a P–N junction, the equilibrium condition
and therefore the Fermi level is upset, no longer remaining constant throughout
the diode. The depletion region being devoid of free charge carriers is highly
resistive as compared to the bulk N- and P-regions of the diode. Hence, the major
portion of the applied voltage is dropped across the depletion region and only a
very small component in the N- and P-regions. On applying a negative potential
to P-side and positive potential on N-side, the reverse bias condition, the applied
voltage acts in the same direction as the built-in potential so that the effect of
the latter is further increased (Figure 6.3). This causes widening of the depletion region. In terms of the energy-band diagrams, the Fermi level is elevated
on the P-side because of electron injection into this region from the external
power source. The barrier height becomes q(ψ0 + V) where V is the reverse bias
magnitude. Electron diffusion from N- to P-side and vice versa is not allowed
despite electron injection on the P-side because they are still minority carriers in
the P-region. Likewise, diffusion of holes across the junction is inhibited.
As the depletion region width enlarges during reverse bias, the drift current of minority carriers increases slightly. The drift phenomenon causes a
minority carrier extraction and is governed by carrier diffusion length. The
drifting carriers are supplied from the minority-carrier concentrations which
are replenished by the power supply terminals coupled at either end of the
diode. Carrier diffusion to the proximity of the depletion region sustains
the drift mechanism. Neglecting the variation in depletion region width,
the minority-carrier electron current from P- to N-side in a P–N junction of
cross-sectional area A is expressed as
I n0 =

qDnni 2 A
Ln N A

(6.7)
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Figure 6.3 A P–N homojunction under reverse bias: (a) fixed and mobile charge picture, (b) circuit
symbol, and (c) energy-band diagram.

The hole current from N- to P-side is
I p0 =

qDpni 2 A
Lp N D

(6.8)

From elementary P–N junction theory, the depletion region width at a
given reverse bias voltage VR is a function of VR as well as the doping concentrations NA, ND on the P- and N-sides of the junction according to the
formula
WDepletion =

2ε 0 ε s ( N A + N D )(ψ 0 − VR )
qN A N D

(6.9)

where ε0 is the permittivity of free space and εs the relative permittivity of
the semiconductor.
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Example 6.1
The minority-carrier lifetime in an N+P-GaAs diode is 1 ns. If the
doping concentration of P-region is 5 × 1018 cm−3, diffusion coefficient of electrons is 220 cm2 s−1 and intrinsic carrier concentration
in GaAs is 1.79 × 106 cm3, find the ideal reverse current saturation
density.
For an N+P diode, the reverse current IR is approximated as
IR =

qDpni 2 A qDnni 2 A
qDnni 2 A
+
≈
Lp N D
Ln N A
Ln N A

(6.10)

The reverse current density is
JR =

qDnni 2
=
Ln N A

qDnni 2

Dn τn N A

=

q Dn ni 2
τn N A

=

1.6 × 10 −19 ×

=

7.6 × 10 −6
= 4.81 × 10 −20 Acm −2
1.58 × 1014

1 × 10

220 × (1.79 × 10 6 )2 

−9

× 5 × 10

(6.11)

18

Example 6.2
If the reverse current density of a GaN P–N junction is
1.39 × 10 −12 A cm−2 at 20°C, how does the reverse current density
change if the temperature rises from 20 to 50°C? Bandgap of GaN
at 0 K is EG (0) = 3.427 eV, k B = 8.617 × 10 −5 eV K−1. Temperature
dependence of bandgap EG (T) is given by
EG (T ) = EG (0) − 9.39 × 10 −4 ×
EG (T1 ) = 3.427 − 9.39 × 10 −4 ×





(6.12)

( 293) 2
= 3.427 − 0.07569 = 3.3513
293 + 772
(6.13)

EG (T2 ) = 3.427 − 9.39 × 10 −4 ×
= 3.337534

T2
T + 772

(323)2
= 3.427 − 0.0894657
323 + 772
(6.14)

Since
J R (T ) ∝ ni 2

(6.15)
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 E (T ) 
exp − G

 2kBT 

(6.16)

 E (T ) 
ni 2 ∝ T 3 exp − G

 kBT 

(6.17)

 E (T ) 
J R (T ) ∝ T 3 exp − G

 kBT 

(6.18)

ni ∝ T

3

2

therefore

J R (T2 )
J R (T1 )

 E (T ) 
Constant × T2 3 exp  − G 2 
 kBT2 
=
 E (T ) 
Constant × T13 exxp  − G 1 
 kBT1 
3

 E (T ) E (T ) 
T 
=  2  exp  − G 2 + G 1 
 T1 
kBT1 
 kBT2
3

 1  E (T ) E (T ) 
T 
=  2  exp   − G 2 + G 1 
 T1 
T2
T1 
 kB 

(6.19)

Putting the values of parameters
3


 3.337534 eV 3.3513 eV
 323 K 
1
J R (323)

−
 exp 
+
=
−5 −1
323 K
293 K
J R ( 293)  293 K 
 8.617 × 10 K 



{

= (1.102)3 × exp −1.199 × 10 2 (eVK −1 )−1 + 1.327 × 10 2 eVK −1

}




 


= 1.338 × exp(12.8) = 1.338 × 3.622 × 10 5 = 4.846 × 10 5



(6.20)
Hence,



J R (T2 ) = 1.39 × 10 −12 × 4.846 × 10 5 Acm −2 = 6.736 × 10 −7 Acm −2

(6.21)

Example 6.3
A GaN LED consists of a 1.5 μm thick N-GaN layer of donor concentration ND = 1 × 1018 cm−3 and an Mg-doped 0.25 mm thick
P-GaN layer with acceptor concentration NA = 2 × 1017 cm−3. Find
the built-in potential of the homojunction at 300 K if the intrinsic
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carrier concentration is
ni =

N C N V exp{ − EG /( 2kBT )}

(6.22)

where NC, N V are the densities of states in the conduction and valence
bands, respectively,
N C ≅ 4.3 × 1014 × T 1.5 (cm −3 )

(6.23)

N V = 8.9 × 1015 × T 1.5 (cm −3 )

(6.24)

and energy gap versus temperature relationship is
E G (T ) = EG (0) −

7.7 × 10 −4T 2
T + 600

(6.25)

where EG (0) = 3.47 eV (wurtzite).
Also, calculate the percentage of the total diode thickness depleted
under zero reverse bias if the dielectric constant of GaN is 8.9, and
kBT = 0.025887 eV at 300 K.
EG (300) = 3.47 −
ni =
=



7.7 × 10 −4 (300)2
eV = 3.393 eV
300 + 600

(6.26)

N C N V exp {− EG /( 2kBT )}
4.3 × 1014 × (300)1.5 (cm −3 ) × 8.9 × 1015 × (300)1.5 (cm −3 )
exp{ −3.393eV/( 2 × 0.025887) eV }

= 1.0165 × 1019 × 3.456 × 10 −29 cm −3 = 3.513 × 10 −10 cm −3

(6.27)

−19
kBT  N A N D  1.6 × 10 C × 0.025887 V
ln 
ψ0 =
=
q
 ni 2 
1.6 × 10 −19 C

 2 × 1017 × 1 × 1018 
ln 
−10 2 
 (3.513 × 10 ) 
= 0.025887 V × ln(1.6206 × 10 54 ) V = 0.025887 V × 124.8224 V
= 3.2313 V ≅ 3.23 V

(6.28)


WDepletion =

2ε 0ε s ( N A + N D )(ψ 0 − 0)
qN A N D
2 × 8.854 × 10 −14 Fcm −1 × 8.9 × ( 2 × 1017 + 1 × 1018 ) cm −3

=

× 3.23 V
1.6 × 10 −19 C × 2 × 1017 cm −3 × 1 × 1018 cm −3

= 1.3816 × 10 −5 cm = 1.3816 × 10 −5 × 10 4 µm = 0.13816 µm


(6.29)
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Total thickness of the diode is
W = WN + WP = 1.5 µm + 0.25 µm = 1.75 µm

(6.30)

Therefore,
0.13816 µm
WDepletion
× 100% =
× 100% = 0.078948 × 100% = 7.895%
W
1.75 µm


(6.31)

Example 6.4
A P–N homojunction LED is equally doped on both P- and N-sides
at a concentration of 2 × 1016 cm−3. Xi and Schubert (2004) found
that for GaN with ND = NA = 2 × 1016 cm−3, the differential temperature coefficient of forward voltage d ψ0 /dT = -1.76 mV/K. If the forward diode voltage decreased from 3.6 V at 20°C to 3.37 V, what is
the junction temperature?
∆ψ 0
= −1.76 × 10 −3 VK −1
∆T

(6.32)

3.37 − 3.6
= −1.76 × 10 −3
∆T

(6.33)

−1.76 × 10 −3 × ∆T = 3.37 − 3.6 = −0.23

(6.34)

−1.76 × 10 −3 × ∆T = −0.23

(6.35)

DT = 130.68 K

(6.36)

Hence, the junction temperature
T j = 20 + 130.68 K = 150.68°C

(6.37)

Example 6.5
Breakdown field (Ecrit) of GaN ~5 × 106 V cm−1 at 300 K, and its dielectric constant (εs) is 8.9. Find the avalanche breakdown voltage of the
junction with doping concentrations of 1 × 1018 and 2 × 1017 cm−3 on
N- and P-sides, respectively. What are the depletion region widths
on lower-doped N-side and higher-doped P-side at the breakdown
voltage?
Breakdown voltage BV of the diode is obtained from the critical electric field Ecrit, built-in potential ψ0, and the doping densities (NA, ND)
on the two sides of the junction
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Ecrit =

5 × 106 =

2q (ψ 0 − BV )  N A N D 
 N + N 
ε 0ε s
A
D

(6.38)

2 × 1.6 × 10 −19 × (3.23 − BV )  2 × 1017 × 1 × 1018 
 2 × 1017 + 1 × 1018 
8.854 × 10 −14 × 8.9

= (3.23 − BV ) × 4.061 × 10 −7 × 1.67 × 1017
 (6.39)

= (3.23 − BV ) × 6.78 × 1010
(5 × 10 6 )2 = (3.23 − BV ) × 6.78 × 1010

(6.40)

3.23 − BV = 368.73

(6.41)

	 − BV = 368.73 − 3.23 = 365.5 V

(6.42)

Neglecting the built-in potential ψbi in comparison to BV, that is, for
ψbi ≪ BV, the depletion region width is

(

)

2ε 0ε s  N A + N D 
ψ bi − V ≈
q  N A N D 

W =

2ε 0ε s  N A + N D 
{0 − (− BV }
q  N A N D 



(6.43)

where, as previously defined, ε0 is the permittivity of free space, εs the
relative dielectric permittivity of the semiconductor material, ψbi is the
built-in voltage, and V is the applied bias.
Depletion region width on lower-doped P-side is

W =



2ε 0ε s  N D 
× BV =
q  N A N D 

= 1.34168 × 10 −4 cm

2 × 8.854 × 10 −14 × 8.9
1.6 × 10 −19


1 × 1018
 1 × 1018 × 2 × 1017  × 365.5
(6.44)

Depletion region width on the higher-doped N-side is

W =



2ε 0ε s  N A 
× BV =
q  N A N D 

= 6.0 × 10 −5 cm

2 × 8.854 × 10 −14 × 8.9
1.6 × 10 −19


2 × 1017
 1 × 1018 × 2 × 1017  × 365.5
(6.45)
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When the N-region thickness is decreased to 1 μm, the new breakdown voltage BVNew is obtained from the equation for punch-through
diode
 1.0 µm  
1.0 µm 
BVNew  W  
W 

2 −
=
2−
=



BV
Wmax   1.34168 µm  
1.34168 µm 
 Wmax  



= 0.935145

(6.46)
so that
BVNew = 365.5 × 0.935145 = 341.796 V

(6.47)

Example 6.6
i. A symmetrical homojunction GaN LED is fabricated with
NA = ND = 1 × 1015 cm−3. Taking the room-temperature
bandgap of GaN as 3.39 eV and assuming that it is independent of temperature, find the temperature at which the LED
stops functioning as a diode. Nc ≅ 4.3 × 1014 × T 3/2 cm−3,
Nv = 8.9 × 1015 × T 3/2 cm−3, and kB = 8.617 33248 × 10 −5 eV K−1
ii. Next, consider the Varshni expression for bandgap dependence
on temperature
EG = EG (0) − 9.39 × 10 −4 ×

T2
T + 772

(6.48)

		 where EG(0) = 3.427 eV and T is the temperature on Kelvin scale
and try to estimate the overestimation in the result of part (i).
i. A P–N junction ceases to function when electron concentration = hole concentration, giving
N D N A ≈ ni =

=

 E 
N C N V exp  − G 
 2kBT 

(6.49)

4.3 × 1014 × T 3/ 2 × 8.9 × 1015 × T 3/ 2

3.39


exp  −
 2 × 8.61733248 × 10 −5 × T 



(6.50)

		 from which
 1.967 × 10 4 
1 × 1015 × 1 × 1015 = 1.956 × 1015 × T 3/ 2 exp  −

T



(6.51)
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or,
 1.967 × 10 4 
1 × 1015 × 1 × 1015 = 1.956 × 1015 × T 3/ 2 exp  −

T



(6.52)
or,
 1.967 × 10 4 
0.51125 = T 3/ 2 exp  −

T


(6.53)

For T = 1670 K
 1.967 × 10 4 
−6
T 3/ 2exp  −
 = 68245.61 × 7.668 × 10 = 0.52331
T



(6.54)
For T = 1667 K
 1.967 × 10 4 
T 3 / 2 exp  −
= 68061.79 × 7.50726 × 10 −6 = 0.510958

T





(6.55)
Hence, T = 1667 K.
ii.

EG = EG (0) − 9.39 × 10 −4 ×
= 3.427 − 9.39 × 10 −4 ×

T2
T + 772

(1667)2 
1667 + 772

= 3.427 − 1.0699 = 2.3571

(6.56)

Take E G = 2.7 eV. Then
3.39
2.7




= exp  −
exp  −

−5
−5
 2 × 8.61733248 × 10 × T 
 2 × 8.61733248 × 10 × T 
 1.567 × 10 4 
= exp  −

T




For T = 1360 K

(6.57)

 1.567 × 10 4 
T 3/ 2 exp  −
= 50154.322 × 9.9091 × 10 −6 = 0.49698

T




(6.58)
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For T = 1362 K
 1.567 × 10 4 
−5
T 3/ 2 exp  −
 = 50264.997 × 1.00782 × 10 = 0.50658
T



(6.59)
Hence, T = 1362 K.
To verify whether the assumed value of bandgap was correct

EG (1362) = EG (0) − 9.39 × 10 −4 ×
= 3.427 − 9.39 × 10 −4 ×

T2
T + 772

(1362)2
1362 + 772

= 3.427 − 0.81625 = 2.61075

(6.60)

Still the bandgap value taken is higher. So, the temperature will be
<1362 K. A temperature T = 1350 K may be more correct. In this way,
the reader may try more temperatures unless the dependence of bandgap on temperature is accounted for.

6.3 Forward-Biased Homojunction
When positive terminal of the battery is applied to the P-side and negative
terminal to its N-side, the junction is said to be forward biased (Figure 6.4).
In this proviso, the net voltage applied across the junction equals the built-in
potential—applied voltage. As the applied voltage acts in opposite direction
to the built-in potential, it rescinds the effect of the built-in potential. This
does not affect the drift current at all or very little because it is produced
by minority carriers generated within the depletion region or approaching
nearby, and the number of minority carriers is very less. But no sooner than
the barrier to diffusion current is decreased, the overall current starts rising
through the contribution of the diffusion current component.
Looking at the energy band diagrams under forward bias, the applied
voltage V adjusts the Fermi level in the depletion region by an amount qV,
and simultaneously the conduction and valence bands experience a bending
in accordance with the magnitude of V. Therefore, on applying a forward
voltage V, the barrier to diffusion current decreases by the factor qV and the
diffusion current increases by the ratio exp (qV/kBT). The excess hole concentration on the P-side together with the lowering of the potential barrier make
hole diffusion easier from P- to N-side. For similar reasons, the electrons are
able to move without difficulty from N- to P-side. Hence under forward bias,
the hole and electron currents are


qV 
I p = I p0  e x p
− 1

kBT 



(6.61)
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Figure 6.4 A P–N homojunction under forward bias: (a) fixed and mobile charge picture, (b) circuit
symbol, and (c) energy-band diagram.

and


qV 
I n = I n 0  exp
− 1

kBT 



(6.62)

The majority carriers (holes and electrons) that have migrated to oppositely doped sides (N and P) are called injected carriers on these sides. They
recombine via radiative or nonradiative channels. Summing up the hole and
electron currents, the total diode current I is




qV 
qV 
I = I p0  exp
− 1 + I n 0  exp
− 1


kBT 
kBT 



 


qV 
− 1
= I p0 + I n 0  exp

kBT 



(

)

(6.63)
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In practical LEDs, two additional factors must be considered. First, the
applied voltage is less than V because of the potential drop across the series
resistance R s of the LED. So, the tangible voltage is V – IR s. Second, nonradiative surface recombination taking place in the LED must be accounted
for. Taking both these factors into consideration, the forward-biased current
is given by the modified equation
 
 


q (V − IRs ) 
q (V − IRs ) 
I = ( I p 0 + I n 0 )  exp
 − 1 + I nrad 0  exp
 − 1
kBT
ζkBT


 
 




(6.64)

where Inrad0 is the nonradiative recombination current and ς is the ideality
factor, 1 ≤ ς ≤ 2 for the same.
Example 6.7
At 300 K, for an applied voltage of 3.5 V, the forward current flowing
through a GaN LED was found to be 350 mA and the reverse saturation current was 1 nA. Find the ideality factor η in the Shockley’s
diode equation.
The Shockley’s diode equation linking the diode current I to the
applied voltage V is


qV 
I = I R  exp
− 1

ηkBT 



(6.65)

where IR is the reverse saturation current, k B is Boltzmann’s constant = 1.38 × 10−23 JK−1, q is the magnitude of the electronic charge =
1.6 × 10 −19 C and T is the working temperature in Kelvin. Parameter
η is known as the diode ideality factor; for silicon diodes η is approximately 1 to 2 but for GaN diodes, it is different. Hence,
−1



qV 
I R = I  exp
− 1 = 350 × 10 −3 A

η kBT 


−1

1.6 × 10 −19 C × 3.5 V


×  exp
− 1
η × 1.38 × 10 −23 JK −1 × 300K 



(6.66)




1.6 × 10 −19 C × 3.5 V



1 × 10 −9 A = 350 × 10 −3 A ×  exp
1
−

−23
−1
×
1
38
×
10
JK
×
300
η
.
K






(6.67)

−1
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1.6 × 10 −19 C × 3.5 V
350 × 10 −3 A
exp 
− 1 =
= 3.5 × 108
−9
−23
−1
.
η
×
1
38
×
10
JK
×
300
K
1
×
10
A




(6.68)
Taking natural logarithm of both sides
1.6 × 10 −19 C × 3.5 V
− 1 = ln(3.5 × 108 ) = 19.673
η × 1.38 × 10 −23 JK −1 × 300 K



(6.69)
135.2657
= 20.673
η

(6.70)

Hence, η = 6.543. Ideality factors in the range 2.0–8.0 have been
reported in GaN-based P–N junctions (Shah et al. 2003).

6.4 Injection Efficiency of Homojunction LEDs
Injection efficiency (ηinj) of a homojunction LED is ~0.3–0.8. Different
types of diffusion profiles are employed to control injection efficiency: symmetric and asymmetric.
1. Symmetric profile: LED in which recombination occurs in both P- and
N-regions: In a symmetric profile, the doping densities on the two sides
of the junction are equal for all practical purposes. The injection efficiency is
ηinj =

Ip + In
I

(6.71)

2. Asymmetric profile: LED in which recombination occurs in only one region,
either P- or N-region: An asymmetric profile is obtained by doping
one side of the junction very heavily in proportion to the other, for
example, N+P junction diode in which ND ≫ NA. Here, the injection
efficiency is
ηinj ≈

In
I

(6.72)

		 because Ip ≪ In. Disregarding the diode series resistance and surface
recombination, and substituting the expressions for In and I, we get
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ηinj

qV 


qDnni 2 A
I n 0  exp
1
−

kBT 
I n0


Ln N A
=
=
=
2

 I p0 + I n 0
qDpni A qDnni 2 A
qV 
+
1
I p0 + I n 0  exp
−

Lp N D
Ln N A
kBT 



(

)

qDnni 2 A
Ln N A
=
2
qDpni ALn N A + qDnni 2 ALp N D
Lp Ln N D N A
=

Lp Ln N D N A
Dn Lp N D
qni 2 ADn
×
=
2
Ln N A
qni A ( Dp Ln N A + Dn Lp N D ) Dp Ln N A + Dn Lp N D



(6.73)

Injection efficiency of an asymmetric profile LED is much higher than the
symmetric profile LED.
Example 6.8
Consider a GaAs asymmetric N+P junction with ND = 1 × 1018 cm−3
and NA = 1 × 1015 cm−3. Use the following parameters to calculate the
injection efficiency of the junction: Dn = 129 cm 2/s, Dp = 6.46 cm 2/s,
L n = 1.34 × 10 −3 cm, and L p = 3 × 10 −4 cm.
ηinj =
=

Dn Lp N D
Dp Ln N A + Dn Lp N D
129 cm 2 /s × 3 × 10 −4 cm × 1 × 1018 cm −3
6.46 cm 2 /s × 1.34 × 10 −3 cm × 1 × 1015 cm −3
+ 129 cm 2 /s × 3 × 10 −4 cm × 1 × 1018 cm −3

=

3.87 × 1016 s −1
8.6564 × 1012 s −1 + 3.87 × 1016 s −1

=

3.87 × 1016 s −1
= 0.99978
3.8708656 × 1016 s −1

(6.74)

6.5 Discussion and Conclusions
LEDs are P–N junctions usually made from direct bandgap semiconductors. A P–N homojunction is formed when two adjacent regions of the same
semiconductor (and hence the same bandgap) are doped P and N type. A
heterojunction is constructed from two semiconductors of different bandgaps
having almost identical lattice constants.
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Considering a semiconductor in which one side is doped N-type and
the other is P-type, the abrupt discontinuity or interface between the two
sides is a metallurgical homojunction. This crossing line contains a depletion region of carriers of width W = WP + WN where WP is the space charge
region of the P-doped semiconductor and vice versa. An electric field is
engendered in the region in order to minimize the free energy at the boundary and satisfy the mass action law, resulting in a bias voltage generated
across the junction. The potential established across the boundary on each
side is derived by integrating the electric field established by the change
in charge density across the boundary. In a homojunction, the application
of a forward bias decreases the depletion region width consenting to more
electron flow into the P side of the device and increasing the probability of
recombination in the depletion region. The recombination zone is called the
active region and is the volume in which photons are created.
Homojunctions mandate shallow P-type wells in N-substrate for easily taking the emitted photons out of the device prior to absorption. These
shallow wells lead to indirect recombination of electrons that reach defects
located at the top surface of the P-type material, thereby reducing the efficiency. Governing mathematical equations for P–N homojunctions were
presented followed by examples of calculations.
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Review Exercises
6.1
6.2
6.3
6.4

What is the most common structure for injection electrolum
inescence?
What is the difference between a homojunction and a heterojunction?
In the energy-band diagram of a semiconductor, what do the symbols E C and EV represent? What is meant by: (a) vacuum level,
(b) electron affinity, (c) work function, and (d) Fermi level?
In a semiconductor, the Fermi level is close to EC. What does this
indicate? If the Fermi level is close to EV, what does it mean?
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6.5

(a) Which carriers account for diffusion current flowing from
N-region to P-region? Which carriers are responsible for drift current flowing from P- to N-region?
6.6 What is built-in potential in a P–N junction? How is it related to
the dopant concentrations on the two sides of the junction?
6.7 Is the equilibrium situation in P–N junction static or dynamic in
nature? Explain.
6.8 What does the degree of band bending in a P–N junction imply?
Point out the directions of diffusion and drift currents in a P–N
junction with reference to its energy band diagram.
6.9 Draw and compare the energy-band diagrams showing: (a) separate
P- and N-regions, (b) a P–N homojunction in equilibrium, (c) a
reverse-biased P–N homojunction, and (d) a forward-biased P–N
homojunction.
6.10 Write the ideal homojunction diode equation, explaining the meanings of the symbols used. How is this equation modified for a practical LED device? Write the modified version of the diode equation.
6.11 Derive an equation for the injection efficiency of an N+P homojunction diode LED. What kind of impurity diffusion profile gives rise
to a high injection efficiency in a homojunction LED, and why?

Chap ter

7

Heterojunction LEDs
Learning Objectives
After completing this chapter, the reader will be able to
Understand isotype and anisotype heterojunctions
Get acquainted with band offset ratio and electron affinity model of
heterostructures
◾◾ Experience the need of heterojunctions, and the operation of single
heterojunction and double heterojunction LEDs
◾◾ Know about single quantum well and multiquantum well
heterostructures
◾◾ Perform built-in potential, current injection ratio and leakage current
calculations
◾◾
◾◾

7.1 Increasing Injection Efficiency in LEDs
The central drawback of a homojunction LED is that a large proportion
of light produced in the active region is absorbed in the conductive region,
thereby seriously lowering the light-withdrawal efficiency (Stringfellow and
Crawford 1997). Although higher injection efficiencies are achievable with
asymmetric doping profiles, such profiles require high doping densities on
one side of the junction. One outcome of the high dopant concentrations is
enhanced light losses through readsorption. Another upshot of high dopant densities is that redundant impurity complexes are formed, serving as
nonradiative recombination centers, and promoting nonradiative recombination. Hence, a larger fraction of carriers is exhausted in non-light-emitting
processes.
Looking at these shortcomings, it is evident that one must rummage
around for alternative methods to increase injection efficiency in LEDs.
Providentially, doping of impurities is not the solitary way to change injection efficiency. The composition of the semiconductor material itself can be
altered to fashion the same effect. By changing the material composition
113
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and hence energy gap as a function of distance, one can tailor the potential
profile and thereby monitor the injection efficiency. Structures composed
of semiconductors having different energy gaps are known as heterostructures (Lundstrom 1997, Zhao 1997), and are realized by bandgap
engineering. It must be emphasized that extreme prudence is necessary in
choosing material combinations from the viewpoint of lattice matching,
otherwise defects will be produced at the interfaces between semiconductors leading to the abhorred nonradiative recombination. The recompense
offered will then be annulled to a great extent by loss of carriers through
the nonradiative route.

7.2 Isotype and Anisotype Heterojunctions: Notational Conventions
and Band Diagrams
Heterojunctions fall under two categories: isotype and anisotype. Isotype
heterojunctions are those formed between semiconductor materials of different bandgaps but the same polarity, for example, Pp and Nn. Capital letter
“P” denotes the larger bandgap semiconductor material while lowercase letter
“p” signifies smaller-bandgap material. Anisotype heterojunctions are composed of dissimilar polarity semiconductors, such as Pn and Np. Uppercase
and lowercase letters have the same denotations.
Figures 7.1a and 7.1b show the energy-band diagrams of N–n heterojunction in unconnected form and after unification. After fusion of the two
semiconductors, for maintaining the Fermi level constant, on the N-side
the conduction band edge bends upwards, while on the n-side, it bends
downwards. These upward and downward bendings result in the creation
of a spike at the junction. However, the discontinuity in moving from the
higher to lower conduction band edge in transition from N to n is a decremental or negative discontinuity ΔE C. The situation of valence bands is
different. On the N-side, the valence band edge moves upward, while on
the n-side, it bends downwards. The discontinuity in moving from valence
band edge at a lower level on the N-side to the valence band edge at a
higher level on the N-side results in an incremental or positive discontinuity ΔEV.
Attention is drawn to the fact that the upward bending of the conduction
band edge on the N-side means the depletion of electrons on the N-side while
its downward bending on the n-side indicates the accumulation of electrons
on the n-side. There is a potential barrier to electrons on the N-side, that is,
from N- to n-side.
In Figures 7.2a and 7.2b, the energy-band diagrams of P–p heterojunctions are drawn. Applying similar arguments as in the preceding discussion,
the behavior of this junction is readily understood. The downward bending of
the valence band edge on the P-side indicates the depletion of holes while its
upward bending on the p-side points toward hole accumulation. A potential
barrier to hole flow exists on the P-side, that is, from P- to p-side. The changes
ΔEC, ΔEV also come into play here and have comparable interpretations.

Heterojunction LEDs   ■   115
(a)

Energy

Large band gap (EGN)
semiconductor

Small band gap (EGn)
semiconductor
Vacuum level

qχN
ECN

qχn

∆ EC

EFN
EGN

EGn
∆ EV

EVN

ECn
EFn
EVn

Distance

(b)

Vacuum level
qχN
ECN
Energy

EF

qχn
∆ EC(x = 0)

∆ECbulk

EGn
EGN

ECn
EF
EVn

∆ EVbulk ∆ E
V(x = 0)

EVN
x = –xN x = 0 x = xn
Depletion region
Distance

Figure 7.1
contact.

Energy-band diagrams of isotype N–n heterojunction: (a) before contact and (b) after

7.3 Energy Band Offsets in Semiconductors
Band offset ratio is the ratio given by (difference in conduction band energies/difference in valence band energies). It is an imperative experimental
parameter characterizing heterostructures. In GaAs/AlGaAs system of
materials, both electrons and holes see elevated energies in the AlGaAs
than in the GaAs. For GaAs/AlGaAs heterostructures, approximately
60% of the difference in the bandgap energies is in the conduction band
offset, and 40% is in the valence band offset. These offsets result in a ratio
60:40.
The oldest model invoked to calculate the energy band offsets is the electron
affinity model, which is successful in some heterostructures but falls short in
others. The basis of this model is that the energy balance of an electron moved
(i) from the vacuum level to semiconductor 1 having electron affinity χ1;
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Figure 7.2 Energy-band diagrams of isotype P–p heterojunction: (a) before contact and (b) after
contact.

(ii) from semiconductor 1 to semiconductor 2 with electron affinity χ2; and
(iii) from semiconductor 2 to vacuum level, must be zero, that is, for conduction-band discontinuity ΔEC, we have
χ 1 − ∆EC − χ 2 = 0

(7.1)

Automatically, the valence band discontinuity ΔEV is expressed in terms
of the energy bandgaps of semiconductor 1, Eg1, and semiconductor 2, Eg2, as
∆EV = Eg 2 − Eg 1 − ∆EC

(7.2)

The validity of the above equations holds only under the conditions that
the potential steps ensuing from atomic dipoles at semiconductor surfaces
and heterostructure interfaces are ignorable quantities.
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Example 7.1
Consider the GaAs/InAs system. The electron affinity of GaAs (χ1)
is 4.07 eV. The electron affinity (χ2) of InAs is 4.9 eV. The bandgap of
GaAs (Eg1) is 1.42 eV. The bandgap of InAs (Eg2) is 0.36 eV. Find the
energy band offsets.
∆EC = χ 1 − χ 2 = 4.07 − 4.9 = −0.83 eV

(7.3)

∆EV = Eg 2 − Eg 1 − ∆EC = 0.36 − 1.42 + 0.83 = −0.23 eV (7.4)
Example 7.2
The bandgap of GaAs is 1.424 eV. For x < 0.45, the energy gap of
AlGaAs is 1.424 + 1.247x eV. Hence, for x = 0.3, it is 1.424 + 1.247 ×
0.3 = 1.424 + 0.3741 = 1.7981 eV. For all compositions of AlGaAs, the
60:40 rule applies to conduction and valence band offsets in heterojunctions of GaAs/AlGaAs, that is, ΔEC/ΔEV = 60:40. Hence, ΔEC/
ΔEG = 0.6, or, ΔEC = 0.6 × ΔEG = 0.6 × (1.7981 - 1.424) eV = 0.2244
6 eV. Also, ΔEV = 0.4 × ΔEG = 0.4 × (1.7981 - 1.424) eV = 0.14964 eV.
If in the P-side GaAs, NA = 2 × 1019 cm−3, and for the N-side
AlGaAs, ND = 9 × 1015 cm−3, find the built-in potential of the
heterojunction.
Built-in potential of the heterojunction is expressed as
ψ bi = EFP − EFN = ( EGP + χ P − ϕ P ) − ( χ N + ϕ N )
= EGP + ( χ P − χ N ) − (ϕ P + ϕ N )
= EGP + ∆ECP − (ϕ P + ϕ N ) eV

(7.5)

where EFP = Fermi level on the P-side, EFN = Fermi level on the N-side,
E GP = bandgap of the P-semiconductor, χP = electron affinity of the
P-semiconductor, χN = electron affinity of the N-semiconductor, and
ΔE CP = conduction band offset of the P-semiconductor.
Further, φP is the quasi-Fermi energy of the P-side
ϕ P = EVP − EFP

(7.6)

where EVP is the energy of the valence band edge and EFP is the Fermi
level in the P-side.
Also, φN is the quasi-Fermi energy of the N-side
ϕ N = EFN − ECN

(7.7)

where EFN is the Fermi level in the N-side and E CN is the energy of the
conduction band edge.
Concentration of holes in the valence band of GaAs
 E − EFP 
p = N V exp  VP


kBT

(7.8)
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where NV = effective density of states in the valence band of GaAs is
9.0 × 1018 cm−3. Taking the natural logarithm of both sides, we obtain
 E − EFP 
ln p = ln N V +  VP


kBT

or

 p 
N 
EVP − EFP
= ln p − ln N V = ln 
= ln  A 

kBT
 NV 
 NV 
 2 × 1019 cm −3 
= 0.79851
= ln 
18
−3
 9.0 × 10 cm 

(7.9)

(7.10)

giving
ϕ P = kBT ×

EVP − EFP
= 0.0259 × 0.79851 = 2.06814 × 10 −2 eV (7.11)
kBT

Similarly, the concentration of electrons in the conduction band of
the alloy Al0.3Ga0.7As
 E − ECN 
n = N C exp  FN


kBT

(7.12)

where NC = effective density of states in the conduction band of
Al0.3Ga0.7As is 2.5 × 1019 × (0.063 + 0.083x)3/2 cm−3 for x < 0.45. Hence,
N C = 2.5 × 1019 × (0.063 + 0.083 × 0.3)3/2 cm −3 = 6.515 × 1017 cm −3.
Taking natural logarithms, we have
 E − ECN 
ln n = ln N C +  FN


kBT

(7.13)

yielding
 9 × 1015 cm −3 
EFN − ECN

= ln n − ln N C = ln 
17
−3
kBT
 6.515 × 10 cm 
= −4.28205

(7.14)

Hence
ϕ N = kBT ×

EFN − ECN
= 0.0259 × − 4.28205 = − 0.110905 eV (7.15)
kBT

Thus
ψ bi = EG + ∆EC − (ϕ P + ϕ N ) eV = 1.424 + 0.22446

− ( 2.06814 × 10 −2 − 0.110905) eV = 1.738684 V (7.16)
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Example 7.3
Consider an abrupt GaN/4H-SiC heterojunction with a built-in potential of 1.85 V. The impurity concentrations in GaN and 4H-SiC are
5 × 1017 donors per cm3 and 1.4 × 1016 acceptors per cm3, and the dielectric constants are 8.9 and 9.6, respectively. Calculate the electrostatic
potential and depletion width in each material at thermal equilibrium.
The total built-in potential is expressed as
ψ bi = ψ GaN + ψ SiC

(7.17)

where ψGaN and ψSiC are the potentials in GaN and SiC, respectively,
given by
ψ GaN =

ε SiC N SiC (ψ bi − V )
ε GaN N GaN + εSiC N SiC

(7.18)

ψ SiC =

ε GaN N GaN (ψ bi − V )
ε GaN N GaN + εSiC N SiC

(7.19)

where εGaN, εSiC are the dielectric constants of GaN and 4H-SiC,
and NGaN, NSiC are the doping concentrations of GaN and 4H-SiC,
respectively.
Substituting the values, the electrical potentials are found as
ψ GaN =

9.6 × 1.4 × 1016 (1.85 − 0)
2.4864 × 1017 (cm −3 × V )
=
17
16
4.5844 × 1018 cm −3
8.9 × 5 × 10 + 9.6 × 1.4 × 10

= 5.4236 × 10 −2 V

ψ SiC =

(7.20)

8.9 × 5 × 1017 (1.85 − 0)
8.2325 × 1018 (cm −3 × V )
=
4.5844 × 1018 cm −3
8.9 × 5 × 1017 + 9.6 × 1.4 × 1016

= 1.79576389 V

(7.21)

The depletion region widths in GaN and 4H-SiC are expressed as
xGAN =

2ε 0ε GANε SiC N SiC (ψ bi −V )
qN GaN (ε GaN N GaN + εSiC N SiC )

(7.22)

xSiC =

2ε 0ε GANε SiC N GaN (ψ bi −V )
qN SiC (ε GaN N GaN + ε SiC N SiC )

(7.23)
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Putting the values, we get
xGAN =
=

xSiC =
=

2(8.854 × 10 −14 Fcm −1 ) × 8.9 × 9.6 × 1.4 × 1016 cm −3 (1.85 − 0)V
1.6 × 10 −19 C × 5 × 1017 cm −3 (8.9 × 5 × 1017 + 9.6 × 1.4 × 1016 )cm −3
3.918596 × 10 5
= 1.03366 × 10 −6 cm
3.66752 × 1017

(

)

(7.24)

2 8.854 × 10 −14 × 8.9 × 9.6 × 5 × 1017 (1.85 − 0 )
1.6 × 10

−19

(

× 1.4 × 1016 8.9 × 5 × 1017 + 9.6 × 1.4 × 1016

1.399499 × 107
= 3.69166 × 10 −5
1.0269 × 1016

)

(7.25)

As expected, a major fraction of the built-in potential is in the semiconductor with a lower doping concentration; here 4H-SiC. Also, its
depletion width is much wider.

7.4 Advantages of Heterojunctions
The pertinent question arises as to the advantages offered by heterojunctions
to provide explanation for the extra endeavors and labor spent in fabricating
them. First, as previously mentioned, the defects produced by high doping
are steered clear of. Second, the injection efficiency is increased. The elucidation of this efficiency augmentation is deferred till the following subsection.
Third, the material with higher bandgap is transparent to photons produced
in the lower-bandgap material. This is because if the photon has a larger
energy than the bandgap, it participates in electron–hole pair generation,
but a photon with smaller energy is not absorbed and is able to pass through
undisturbed without initiating such pair generation. This means less loss of
light in the LED by absorption. Fourth, materials of different energy gaps
do not have the same refractive index. The higher the bandgap, the lower
the index of refraction. Hence, light crossing from a lower-bandgap material (higher refractive index) to the higher-bandgap material (lower refractive
index) is bent toward the normal, and vice versa. For a certain angle known
as the critical angle, the light ray actually bends so much that it never goes
beyond the boundary between the two media, a case of refraction called total
internal reflection. This artifice to maneuver light beams allows the designers
to control the direction of emergent rays and paves the way toward “optical
confinement,” which is widely employed lucratively in photonic devices.

7.5 Current Injection Ratio Estimation
Let us now enquire how the injection efficiency is improved by using a heterojunction? To answer this question, let us calculate the current injection ratio
κ = In /Ip from the simple diode equations for a P–N junction:
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κ =

 qDnni 2 A 
 Dnni 2 




 Ln N A  P-side
 Ln N A  P-side
=
=
 qDpni 2 A 
 Dpni 2 




 Lp N D  N-side
 Lp N D  N-side

In
I
= n0
Ip
I p0

(7.26)

The difference between homo- and heterojunctions is immediately obvious from this equation by observing that ni, the intrinsic carrier concentration, is not the same for the two sides of a heterojunction, combined with its
appearance in squared form. For the moment, we do not know which side,
P- or N-side, has the larger bandgap. Therefore, uppercase letters have been
used for both P and N. The intrinsic carrier concentration of a semiconductor
is expressed by the basic equation
 Eg 
ni = ( N c N v )1 / 2 exp  −
 2kBT 

(7.27)

where Nc, Nv are the effective densities of states in the conduction and valence
bands, respectively; also

(N c N v )

1/ 2

 2πkBT 
= 2
 h 2 

3/ 2

(m m )
∗
c

∗
v

3/ 4

(7.28)

mc* is the effective electron mass near the bottom of the conduction band and
mv* is the effective hole mass near the top of the valence band.
Substituting for ni in the κ equation, we have
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(7.29)

If the energy gaps of two semiconductors are EgP, EgN, we get

 Dn



κ =

 Dp




(m m )




Ln N A

 P-side
 EgP − EgN 
× exp  −

3/ 2
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c

(

∗
v

)

3/ 2

(7.30)
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The preexponential factor arising from the differences in diffusion coefficients or diffusion lengths of carriers, electron and hole effective masses,
or from doping levels, is subjugated by the exponential factor originating
from the difference ΔEg in energy gaps of the two semiconductors in question. Adopting the convention that the larger-bandgap material will be designated by an uppercase letter, when the P-side has a larger bandgap than
the N-side, that is, for the P–n heterojunction, exp {−(EgP − Egn)/kBT} is < 0,
so that κ is small but when the N-side has a larger bandgap than the P-side,
exp {−(Egp − EgN)/kBT} is > 0; hence, κ is large. For the Al0.3Ga0.7As/GaAs
N–p heterojunction
Egp = (Eg)GaAs = 1.422 eV, EgN = (Eg)Al0.3Ga0.7As = 1.797 eV

(7.31)

Hence
exp{−(Egp − EgN)/kBT} = exp{−(1.422–1.797)/2.589 × 10−2}

	   = 1.95198 × 106

(7.32)

The high value of κ is important because it tells us that it is easy to inject
majority carriers from the wide bandgap side but it is difficult from the other
side. The energy gap differences considerably curtail the effect of doping level
differences on the injection efficiency, which was a dominant feature of the
homojunction type of LED.
Example 7.4
An N-ZnO/P-GaN heterojunction LED has N D = 5 × 1019 cm−3 ,
NA = 3 × 1017 cm−3 , N-side ZnO parameters: D n = 2.6 cm 2 /s,
L n = 400 nm, m c* = 0.28m 0 , and mv* = 0.78m 0 ; and P-side GaN
parameters: D p = 3.6 cm 2 /s, L p = 500 nm, m c* = 0.2m 0 , mv* = 1.1m 0 .
Energy bandgaps at 300 K are E gP = 3.20 eV for GaN (zinc blende)
and E gP = 3.39 eV for GaN (wurzite). Perform injection efficiency
calculations taking E gN = 3.48 eV for N-ZnO and E gN = 3.37 eV
for N-ZnO.
For wurzite GaN and EgN = 3.48 eV

 Dn



κ =

 Dp




( )




Ln N A

 P-side
 EgP − EgN 
× exp  −

3/ 2

kBT

mc∗ mv∗


Lp N D

 N-side
mc∗ mv∗

( )

3/ 2
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 2.6 cm 2 /s × (0.2m × 1.1m )3 / 2 
0
0


17
−7
−3
 400 × 10 cm × 3 × 10 cm 
 3.39 − 3.48 
 P-side

× exp  −
=
3/ 2
2

 3.6 cm /s × (0.28 m × 0.78m ) 
0.0259 
0
0


19
−7
−3
3

 500 × 10 cm × 5 × 10 cm
 N-side

2.236 × 10 −14
 0.09 
=
× exp 
= 152.1399 × 32.295 = 4913.358
 0.0259 
1.4697 × 10 −16

(7.33)

For wurzite GaN and EgN = 3.37 eV, we have
κ =

2.236 × 10 −14
 0.02 
× exp  −
= 152.1399 × 0.4461995
 0.0259 
1.4697 × 10 −16

= 70.288

(7.34)

For zinc blende GaN and EgN = 3.48 eV, the factor
 3.2 − 3.48 
exp  −
= exp (10.811) = 49563.007

0.0259 

(7.35)

κ = 152.1399 × 49563.007 = 7540510.9287

(7.36)

Hence

For zinc blende GaN and EgN = 3.37 eV, the factor
 3.2 − 3.37 
exp  −
= exp(6.56371) = 708.8968

0.0259 

(7.37)

κ = 152.1399 × 708.8968 = 107851.488

(7.38)

Hence

Thus, the injection efficiency is critically dependent on the relative
magnitudes of the bandgaps of ZnO and GaN. They need to be precisely controlled to reach the desired value.

7.6 Single Heterojunction LED
One class of heterojunctions consists of those made with material pairs in
which the conduction and valence band edges of the material with smaller
bandgap lie completely within the conduction and valence band edges of the
larger-bandgap material. Examples are AlGaAs/GaAs, AlAs/GaAs, GaP/
GaAs, and so on.
Conceptually, the band diagram of a heterojunction formed from two
semiconductors is deduced in the same way as was done in the case of
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homojunction by first considering the semiconductors in isolation and then
bringing them into intimate contact. Readers may inspect Figures 7.3 and
7.4 to get an idea of the behavior of N–p and P–n heterojunctions. On contacting, the electrons move from the semiconductor, which had the higher
Fermi level in isolated state to the other semiconductor, setting up an electric
field to oppose this motion. The built-in potential is the energy difference
between the work functions of the two isolated semiconductors.
In Figure 7.3, the P-type region is made of a smaller-bandgap material
than the N-type region. The discontinuity of bands at the junction increases
the barrier to hole diffusion from P- to N-side by an amount ΔEV. It also
decreases the barrier to electron diffusion by an amount ΔEC. Thus, hole current Ip is lowered and electron current In is raised. Consequently, the ratio In/Ip
is increased, and so also the injection efficiency. But this upgradation of injection efficiency is not accomplished by the doping profile; instead, it is caused
by bandgap offset at the junction. So, the injection efficiency is improved
without the disadvantages accompanying heavy doping. The higher bandgap
N-type region being transparent to light, photons generated in the P-type
region are utilized. As a consequence, light propagating from the P-side
toward the N-side is not abated by absorption, and is easily accumulated.
Figure 7.5 presents several examples of single heterojunctions and also
one example of a single heterojunction LED (Zheng et al. 2011). The
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Figure 7.3 Understanding the interfacial phenomena taking place between two semiconductors at a
heterojunction in terms of energy-band diagrams of an N–p heterojunction: (a) before contact, (b) after
contact and in equilibrium, (c) under forward bias, and (d) under reverse bias.
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Figure 7.4 Illustrating the phenomena occurring at the interface between two semiconductors in a
heterojunction in terms of energy-band diagrams of a P–n heterojunction: (a) before contact, (b) after
contact and in equilibrium, (c) under forward bias, and (d) under reverse bias.
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(a)–(d) Examples of single heterojunctions, and (e) ZnO/GaN single heterojunction
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cross-sectional diagram in Figure 7.5e is drawn in accordance with Zheng
et al. (2011).
Heterojunctions are able to improve efficiency by carrier confinement in
active regions, thereby preventing minority-carrier diffusion over long distances, and are also able to restrict the photons to waveguide regions. A disadvantage of the heterojunctions is the increase in device resistance leading to
heating of the active region and decrease in radiative efficiency. Considering a
heterojunction between two N-type semiconductors, this increase in resistance
originates from the building up of an electric dipole layer and hence a potential barrier at the hetero-interface consisting of a positively charged depletion
region containing ionized donors in the large-bandgap material, and a negatively charged accumulation region in the smaller-bandgap material containing electrons diffusing from the larger to smaller-bandgap material. Carrier
transference from one semiconductor to the other is possible after overcoming
the potential barrier at the interface either by tunneling or thermal emission
over the barrier. The problem is solved by grading of the chemical composition
of the semiconductor in the neighborhood of the heterogeneous interface.
Example 7.5
Electrons in the active region of a GaN structure have a concentration of 1 × 1018 cm−3. Calculate the current density of the carrier loss
over the barrier for barrier heights of 200 and 400 meV, assuming an
electron mobility of 440 cm 2/(V-s) and a minority-carrier lifetime of
1.0 ns. Compare the calculated leakage current density to LED forward current densities of 50–100 A/cm 2 . Effective density of states in
the conduction band of GaN is 1.2 × 1018 cm−3.
If NC is the effective density of states in the conduction band, E C
is the energy of the conduction band edge, and EF is the energy of the
Fermi level, the electron concentration n is
 E − EF 
n = N C exp  − C

kBT 

(7.39)

giving
2
 3
 n  kBT  n 
3 n 
EF − EC ≅ kBT ln 
+

 − kBT  16 − 9   N  + 
 N C 
8  NC 


C
1 × 1018 cm −3
0.0259  1 × 1018 cm −3 
= 0.0259 × ln
+
18
−3
1.2 × 1018 cm −3
8  1.2 × 10 cm 
2

 3
3   1 × 1018 cm −3 
− 0.0259 
−
(7.40)
9   1.2 × 1018 cm −3 
 16
= −0.004722 + 0.0259 × 0.29463 + 0.0259 × 0.003438
= −0.004722 + 0.007631 + 0.00008904

= 0.002998 V = 0.002998 × 1000 meV = 2.998 meeV
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The Fermi level in GaN with an electron concentration of 1 × 1018 cm−3
is 2.998 meV above the conduction band edge. Effectively, the 200 meV
barrier becomes (200 – 2.998) = 197.002 meV, and 400 meV barrier is
(400 – 2.998) = 397.002 meV. Assuming that the effective density of
states in the barrier is the same as in the GaN active region, the free
carrier concentrations at the boundary of the barrier are
 197.002 × 10 −3 
−3
14
n = 1.2 × 1018 exp  −
 = 5.968 × 10 cm
0.0259


(7.41)

for the 200-meV barrier, and
 397.002 × 10 −3 
−3
11
n = 1.2 × 1018 exp  −
(7.42)
 = 2.6436 × 10 cm
0.0259

for the 400-meV barrier.
The diffusion constant is
Dn = (k BT/q) × μn = 0.0259 × 440 = 11.396 cm 2/s

(7.43)

The diffusion length is

L n = (Dnτn)1/2 = (11.396 × 1 × 10 −9)1/2 = 1.0675 × 10−4 cm

(7.44)

The leakage current density is given by
J n x = 0 = −qDn

dn(x )
n(0)
= −qDn
dx x = 0
Ln

(7.45)

from which
5.3156 × 1014
n(0)
= −1.6 × 10 −19 × 11.396 ×
Ln
1.0675 × 10 −4
−2
= 9.079 Acm

J n x = 0 = −qDn

(7.46)

for 200 meV barrier, and
2.3547 × 1011
n(0)
= −1.6 × 10 −19 × 11.396 ×
Ln
1.0675 × 10 −4
−3
−2
= 4.022 × 10 Acm

J n x = 0 = −qDn

(7.47)

for 400 meV barrier.

7.7 Double Heterojunction LED
The LED structure presented above was a case of single heterostructure LED
(SH-LED). An improved structure offered by bandgap engineering is the
double heterostructure LED (DH-LED) consisting of a narrow-bandgap
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P-type region sandwiched between wide-bandgap N- and P-type regions, as
shown in Figure 7.6. Structurally, it is represented as NpP, and consists of the
anisotype N–p junction and isotype p–P junction. The structure increases the
injection efficiency by allowing bidirectional injection of excess carriers into
the active region where they recombine producing light. Any minority carriers that happen to diffuse across any one of the hetero-interfaces are trapped
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Figure 7.6 Energy-band diagrams of a double heterojunction LED having the structure P–p–N:
(a) in equilibrium and (b) under forward bias.
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in the active layer by the second interface, which does not permit them to
diffuse away. Excess carrier concentration and hence radiative recombination
rate is thereby enhanced.
The band diagram in equilibrium condition, without applied bias, Figure
7.6a, shows that there exists a potential barrier to electron migration from the
N-layer to the p-layer, as represented by the spike in EC, and another potential barrier to electron movement from the p-layer to the P-layer, as given by
the large potential bending of EV at this interface. Identical restrictions are
imposed on hole movements at the above two interfaces. On the application of sufficient forward bias, the band diagram is altered to the one shown
in Figure 7.6b. Now, some electrons on the N-side have adequate energy to
overcome the lowered barrier of N–p spike in EC, enabling them to cross over
to the central p-region. But these electrons cannot move from the p- to the
P-side across the p-P junction because of the persistence of a large barrier
there. The only option left for them is to remain confined within the central
p-doped region and decay through recombination resulting in the emission of
light, thus increasing the efficiency. Moreover, since the wider-bandgap materials have smaller refractive indices, an increase in optical confinement factor
takes place leading to its enhancement in comparison to the homojunction
accompanied by reduction of losses outside the recombination region.
Many examples of double heterojunctions are given in Figure 7.7
(Nakamura et al. 1994, Ban et al. 2004, Sheng et al. 2011). Two types of
double heterojunction LEDs are also drawn. The structure shown in Figure
7.7e is drawn following Ban et al. (2004) and Sheng et al. (2011) while that
in Figure 7.7f follows Nakamura et al. (1994).

7.8 Quantum Well Heterostructure LED
Thus far, our attention has remained focused primarily on building means
of injecting carriers, from either one side or both sides of a receptive region,
which thus becomes heavily populated with carriers. But no concern has been
posed about the thickness of this region into which injection was done. One
difficulty faced with the DH-LED is the unnecessarily large thickness of
the central recombination region. Light produced in this region has to travel
across its width to escape out of the LED, incurring losses by absorption en
route. The question arises as to the minimum thickness required for this region
and the answer comes on looking at the problem quantum mechanically.
7.8.1 Notion of a Quantum Well
A quantum well is a potential well that limits particles that were formerly free
to move in three dimensions, to two dimensions, compelling them to dwell
in a planar region. In the context here, the quantum well is a semiconductor
heterostructure in which an extremely thin semiconductor layer (typically
1–10 nm thick) with a narrower bandgap is crammed on the two sides by
semiconductor layers with a wider bandgap, allowing the charge carriers to
move perpendicular to the direction of the crystal growth but not in the same
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Figure 7.7 (a)–(d) Examples of double heterojunctions, (e) AlGaAs/GaAs/AlGaAs double heterojunction LED, and (f) InGaN/AlGaN double heterojunction LED.

direction. In the quantum well, the potential energy of an electron is lesser
outside the layer, resulting in the quantization of the motion of the electron
perpendicular to the layer; hence, the name “quantum well.” Both electrons
and holes see lower energy in the well layer; this explains the name “quantum
well” by resemblance with a “potential well.” The above characteristics of an
electron trapped in a quantum well are reminiscent of the familiar example
of water well, which is understood as a pit dug in the ground with cemented
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Ti/AI
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Figure 7.8 Single quantum well LED.The quantum well comprises 2-nm-thick undoped-In0.43Ga0.57N:Si
film sandwiched between 100-nm-thick p-Al0.1Ga0.9N:Mg and 50 nm n-In0.05Ga0.95N:Si layers.

walls on all the sides, to be used as a groundwater source. Any object falling
into the well can come out only if supplied with an energy exceeding the
(mass of the object × acceleration due to gravity), but not otherwise. But in a
water well, the energy values of the object are continuous.
Figure 7.8 shows the structure of a single quantum well LED. The LED
was made by Nakamura et al. (1995), and the reader is recommended to
go through his original paper for more detailed information on this LED
structure. A multiple quantum well LED structure is shown in Figure 7.9
(Ramaiah 2004, Miao 2009, Li et al. 2013). Ramaiah (2004) studied InGaN
(3nm)/GaN(5nm) 3-period MQW green LEDs. Miao (2009) used 5 periods
of MQWs with 3 nm thick In0.2Ga0.8N wells and 7 nm thick GaN barriers.
In Li et al. (2013), the active layer of the LED structure consisted of 12
periods of 3 nm In0:3Ga0:7 N QWs and 12 nm GaN barriers. The structure
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Figure 7.9 Twelve-period multiple quantum well (MQW) LED: (a) cross section and (b) quadrangular shape.
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Figure 7.10 LED multiquantum well structures: (a) energy-band diagram, (b) AlGaAs/GaAs
structure, and (c) AlGaN/InGaN structure.

in Figure 7.9 is drawn for illustration purpose with typical layer thicknesses.
The electron can only occupy discrete energy levels until it has enough energy
to overcome the barrier and break out from it. Hence, there is only a small
probability for electron tunneling out of the well, even if it has enough energy
to move inside the well at intermediate permissible discontinuous energy values, meaning that it remains restricted within the well.
The wave nature of electron is described by the Schroedinger’s equation.
Certain vibrations of the electron wave appear to be motionless or stationary.
In fact, the acceptable states in this structure correspond to standing waves
in the direction perpendicular to the layers. Because only particular waves
are standing waves, the system is quantized. This behavior becomes apparent
when a string tied at both ends is struck into vibrations. At some frequencies,
the resulting waves remain at standstill or do not look like they are moving
at all. These are called stationary waves.
The quantum wells derive their special properties from the quantum confinement of charge carriers (electrons and holes) in thin layers (e.g., 40 atomic
layers thick) of one semiconductor “well” material between other semiconductor “barrier layers” called cladding layers (Figure 7.10). They are fabricated with a high degree of precision by epitaxial crystal growth techniques.
Scientifically, they serve as exciting laboratory environments, rendering possible the exploration of quantum-mechanical effects, many of which are not
easily examined in the usual laboratory arrangements.
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7.8.2 Avoidance of Lattice Mismatch-Induced Defects
by Using Thin Active Layer
While thinning of the active layer is advantageous for reducing light readsorption, it also helps in the evasion of lattice mismatching defects because a thin
layer adapts more easily to the undulations in the underlying thick confining
layers, presenting less conformational issues. In fact, the thin layer behaves as
a pseudomorphic layer acquiring the crystalline form of the material underneath it instead of the form normally characteristic of its own composition.
7.8.3 Electronic Motion in a Quantum Well
Considering that the x-axis is oriented along the direction perpendicular to
the heterointerface, the y–z plane is parallel to the interface. For a rectangular quantum well of width W and infinite depth, the quantized energy levels
along the x-direction are given by
E n = EC +

n2 π 2 2
2meW 2

(7.48)

where n can take positive integral values and is called the quantum number
while me is the effective mass of the electron.
Along the direction of y–z plane, such quantization of electronic motion
is absent so that the electron energy within a subband n is expressed as
E = E n − EC +

2 k 2
n2 π 2 2
2 k 2
=
+
2me
2me
2meW 2

(7.49)

where k is the two-dimensional wave number.
The wave function of the electron has the form
ϕ (x , y , z ) =

2
 nπx 
sin 
exp (iky ) exp (ikz )
 W 
W

(7.50)

These equations show how the electronic motion takes place parallel to the
y–z plane under the energy quantization restrictions in the x-direction. In
real device structures, the potential well has a finite depth U0 so that modified forms of above equations apply.
7.8.4 Operation of a Quantum Well LED
Quantum well LED is an unusual case of double heterojunction LED in
which electrons and holes are limited tightly in their motion to an active
region thickness, which is smaller than the de Broglie wavelength of electron
in the concerned semiconducting materials. By this tight enclosing effect, the
electrons and holes in the subbands also undergo recombination whereby the
light emitted from the LED is shifted more toward the blue side than the
DH-LED.
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7.8.5 Radiative Transitions in a Quantum Well
Presume that in a quantum well heterostructure, a thin film of lower-bandgap material (Eg1) is surrounded on both sides by thicker layers of larger
bandgap (Eg2) material. The energy
n=4
band diagram of this heterostructure
is shown in Figure 7.11. This drawing
n=3
follows Žukauskas et al. (2002). The
n=2
energy levels in the middle thinner
n=1
material are manifestly separate as
expected when the thickness reaches
Eg2
the nanoscale. But the energy levels
Eg1
for electrons are at larger distances
than for holes. This wider spacing of
electron energy levels arises because
n=1
n=2
the electrons have smaller effective
n=3
mass than holes.
n=4
The band diagram provides useful
insights into the characteristic feaFigure 7.11 Band alignments in a quantum
tures of quantum well heterostrucwell structure. Arrows show the optical transitions
tures: (i) Electron and hole energy
between quantum-confined electron and hole states.
levels having the same quantum
number participate in inter-subband optical transitions. This means that
the transitions take place in accordance with quantum number from electron energy level n = 1 to hole energy level n = 1. (ii) The strongly overlapping wave functions of electrons and holes in a quantum well enable
efficient bimolecular recombinations without doping of active region, which
is unnecessary here. (iii) The recombination mechanism in a quantum well
is intrinsic in nature, not extrinsic via impurity levels. This results in smaller
line widths. (iv) Because exciton binding energy in quantum wells is high
compared to bulk crystals, two-dimensional exciton optical transitions are
possible even at room temperature, promoted by the confinement of electrons and holes. (v) In bulk crystalline materials, the density of states is zero
at the band extrema and increases with energy. But the density of states in
the subbands of quantum wells is independent of energy, resulting in a less
pronounced temperature dependence of radiative recombination coefficient.
7.8.6 Effect of Electric Field on the Energy Bands in a Quantum Well
On subjecting a quantum well to an external bias, the energy bands become
inclined. This tilting causes the electrons and holes to be spatially separated.
Nonoverlapping electron and hole wave functions lead to degradation of electron–hole recombination rate. This is observed as a red shift of the emission line.
7.8.7 Injection Efficiency Improvement by Additional Layer Incorporation
In a quantum well heterostructure LED, cognizance must be taken of the fact
that some electrons manage to escape recombination by managing to infiltrate
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into the P-type conductive layer. This is possible because of the higher electron
mobility than hole mobility. For the slower holes, the leakage problem is less
severe. The electrons thus creeping into the P-type conductive layer lower the
injection efficiency and must be prohibited from doing so. For this purpose, an
additional electron blocking layer is incorporated between the quantum well
and the P-type conducting layer. This P-type layer must have a broader bandgap than the P-type conducting layer to effectively impede the fast electrons.
7.8.8 Forward Current–Voltage Characteristics of Quantum Well LED
The operation of a double heterostructure or quantum well heterostructure
LED differs from that of a conventional P–N homojunction diode in several
respects:
1. Since these LEDs are operated at high injection levels, and the thickness of the active region is much smaller than the diffusion length
of carriers, diffusion current cannot be described in terms of diffusion
length of carriers. Clearly, the concept of diffusion length need not be
invoked to explain the operation of these LEDs. Thus, diffusion current must be looked at from a different perspective. It is expressed as
 

 V − IRs 

I Diff = I D 0 q 
  kBT  

(7.51)

		 where ID0 is an empirical fitting parameter.
2. Recombination current must take into account both radiative and nonradiative recombination mechanisms taking place inside the active
region as well as nonradiative recombination occurring at the heterointerfaces. It is given by
  V − IRs  
I Recom = I R 0 q 

  γ kBT  

(7.52)

		 where IR0 is an empirical parameter.
3. If deep level impurities are present in the active region, tunneling current of appreciable magnitude flows from the cladding layers into these
deep levels, and its contribution must be included in the total current.
It can be written as
  V − IRs  
I Tunn = I T 0 q 

  ET  

(7.53)

		 where IT0 is an empirical parameter and ET is an energy constant
~0.12 eV.
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Finally, the total forward current is the sum of its three components as
I = I Diff

 
 


 V − IRs 
 V − IRs 

  + I R 0 q 
+ I Recom + I Tunn = I D 0 q 
  γ kBT  
  kBT  
  V − IRs  
+ I T 0 q 
(7.54)

  ET  

7.9 Comparison of Homo- and Heterojunction LEDs
Table 7.1 provides at a glance the constructional and performance characteristics of different types of LEDs discussed so far.

7.10 Discussion and Conclusions
For high efficiency and brightness, homojunction LEDs are not favored
because a shallow P-region is necessary to allow a large number of photons to
escape without reabsorption. But if the P-region is too shallow, electrons can
escape from the P-region by diffusion and recombine through crystal defects
in the surface of the layer. This recombination is a nonradiative process and
therefore decreases the efficiency of the LED. However, if the P-region is
thick, then reabsorption becomes the main problem because the photons
have to trek a long way before they manage to come out of the LED.
In order to fabricate an LED with high brightness and efficiency, the LED
structure must provide means of carrier confinement and optical confinement.
Carrier and optical confinement are obtained by using single and double heterojunctions instead of homojunctions. Heterostructure LEDs are those using
two different bandgap semiconductors, such as AlGaAs and GaAs.
Table 7.1

Homojunction versus Heterojunction LEDs
Heterojunction LEDs

S.
No.
1.

2.
3.
4.

5.

Feature/Property
Classical
confinementbased
Construction
material
Injection efficiency
Injection efficiency
controlling
parameter
Light losses

Homojunction LED

Single
Double
Heterojunction Heterojunction

Yes

Yes

Yes

One semiconductor

Two semiconductors
Medium
Energy
bandgap
differences
Medium

Two semiconductors
High
Energy
bandgap
differences
Medium

Minimum
Doping
concentrations in
N- and P-layers
Maximum

Quantum
Well
No, based
on quantum
confinement
Two semiconductors
High
Energy
bandgap
differences
Lowest
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A heterostructure LED device has an active region sandwiched between
two different alloy layers. Radiative recombination takes place in this active
region. These devices achieve carrier confinement through differences in the
bandgaps of the flanking layers. Also, the material of the active region is
selected such that its refractive index is higher than the adjacent materials.
Because of these refractive index differences, the LED structure acts like
a slab waveguide with the active region as the middle nuclear region. In
consequence, optical confinement of the emitted photons is accomplished.
Double heterojunction LEDs are more efficient because by placing a lowerbandgap material in the middle, the carrier density in the transition region
is increased and the transit time is decreased. Both these improvements
increase the recombination rate, which increases the light output.
If the width of the active layer is comparable to the de Broglie wavelength of an electron, a quantum well is formed with discrete energy levels,
dependent on the well width. The wavelength is controlled by the well width.
Confinement is increased, making the LED structure more efficient. If a
number of quantum wells are used in one device, a multiple quantum well
device is formed, which yet again is more efficient.
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Review Exercises
7.1

What are the shortcomings of a homojunction LED? What are the
detrimental effects of high dopant densities in LEDs?
7.2 What precautions are called for in choosing materials for fabricating
heterojunction LEDs to prevent nonradiative recombinations from
taking place?
7.3 What are isotype and anisotype heterojunctions? Draw their
energy-band diagrams and explain their working.
7.4 What is energy-band offset ratio in a semiconductor? What is the
oldest model used to calculate energy-band offsets?
7.5 Point out the advantages of using heterojunctions for fabricating LEDs. Show by analytical derivation how injection efficiency
improvement is attained by heterostructures.
7.6 Explain how the injection efficiency is increased in a single heterojunction LED as compared to a homojunction LED. What is the
principle of a double heterojunction LED?
7.7 What is a quantum well? How is it similar to a water well? How
does it differ from it?
7.8 A double heterostructure LED has a large active layer thickness.
How will a quantum well structure help to reduce the absorption
losses experienced in this LED structure?
7.9 Why does only a small probability exist for electron tunneling out of
the quantum well, even when it possesses sufficient energy to move
inside the well at intermediate allowed discontinuous energy values?
7.10 Mention one advantage of using a thin active layer apart from lessening reabsorption.
7.11 For a rectangular quantum well of width W and infinite depth,
write the equation for the electron energy in the subband n under
the energy quantization restrictions in the x-direction.
7.12 Referring to its energy-band diagram representation, describe the
main features of radiative transitions occurring in a quantum well
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heterostructure comprising a thin film of lower-bandgap material
(Eg1) bordered on both sides by thicker layers of larger-bandgap
material (Eg2). What is the effect of an electric field on the energy
bands?
7.13 How does the insertion of an additional electron blocking layer in
an LED structure between the quantum well and the P-type conducting layer help in improving the efficiency of injection?
7.14 Bring out the main operational differences between a double heterostructure or quantum well heterostructure LED and a P–N homojunction LED.

Chap ter

8

Surface- and Edge-Emitting LEDs
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾

◾◾
◾◾

◾◾

Grasp the constructional differences of the two main types of LEDs
used in fiber optic communication, namely surface and edge emitters
Know the appropriateness of the outputs of the two types of LEDs for
communication applications in the stipulations of output radiance and
coupling efficiency to an optical fiber
Understand superluminescence as amplified spontaneous emission
Be aware of the light output of a superluminescent LED (SPLED) as
a combination of a laser-like beam with the broad emission spectrum,
emblematic of an LED
Understand the strategy used for deterrence of lasing in a SPLED

8.1 LED Designs Based on Direction of Light Emission
Having described and portrayed the types of LEDs according to the nature
and arrangement of their constituent layers, let us twirl our attention to the
LED classification from the point of view of the direction of emergence of
the output light beam, that is, from the surface or sides of the devices (Botez
and Ettenberg 1979, Liu and Chiang 1980). Differences in the performance
of these LEDs enable the engineers in opting for the proper design for an
intended application. From light emission viewpoint, LEDs fall into three
classes: (i) surface-emitting LED (SLED), (ii) edge-emitting LED (ELED),
and (iii) SPLED. All the different types of LEDs can be made using a PN
homojunction or a heterostructure design; the heterostructure design yields
superior performance through improved carrier and optical confinement.
SLEDs and ELEDs are frequently used in fiber optic communication systems, which operate in the 850-, 1300-, and 1550-nm wavelength windows.
141
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These LEDs are designed for operation at wavelengths that lessen optical
fiber absorption and derive maximum benefit from system bandwidth.
Single-mode fiber optic systems employ single-mode cables having a small
core diameter of 8–10 μm, allowing the propagation of only one mode of
light. They are normally used for long-distance transmissions of >5–8 km
using laser diode (LD)-based costly fiber optic transmission equipment. In
single-mode systems, the use of LEDs is shunned because they emit unacceptably imprecise, incoherent illumination. The LEDs developed for singlemode systems too fail to launch adequate optical power into single-mode
fibers.
Multimode fiber optic systems use multimode cables having a large core
diameter, usually >62.5 μm that allows multiple modes of light to propagate through them. They are usually used for short-distance transmissions,
<3 km with cheaper LED-based fiber optic equipment. LEDs are the favorite light sources here because of their capability to impel an adequate amount
of power at a lower outlay than LDs. GaAs and AlGaAs LEDs are the preferential choices for the 850-nm region, whereas InGaAsP and InP LEDs are
used for the 1300- and 1550-nm telecommunication wavelengths regions.
As matched up to LDs, LEDs provide higher reliability, reduced temperature sensitivity, simple drive circuit requirements, invulnerability to
optical feedback, and lower expense due to high yields and easier packaging
technology.
The recommended optical sources for short-distance (0–3 km), low-datarate fiber optic systems are SLEDs and ELEDs. Generally, SLEDs operate
efficiently for bit rates up to 250 megabits per second (Mb/s). Since light
emission from SLEDs extends over a spacious area, that is, wide far-field
angle, they are there or thereabouts solely used in multimode systems.
For medium-distance, medium-data-rate systems, ELEDs are the preferred devices and have, without a doubt, superior performance over SLEDs
in optical communications. The ELEDs may be modulated at rates up to 400
Mb/s, and may be used for both single-mode and multimode fiber systems.
SPLEDs are ELED-based diodes designed to operate in the superluminescence mode. SPLEDs may be modulated at bit rates of over 400 Mb/s.
Both SPLEDs and ELEDs are used in extended-distance, high-ceilingeddata-rate systems.
It must be clearly noted that SLEDs and ELEDs do not merely belong
to fiber optic communications, and the equivalent division is extendable to
most other LEDs.

8.2 Surface-Emitting LED
This LED is also known as the Burrus LED in honor of C. A. Burrus, who
pioneered its development (Burrus and Miller 1971). The LED structure
is purposefully made small in size for easy coupling to the end of an optical fiber whose active light-transmitting area has a diameter ~20–100 μm.
The small-area electroluminescent diode, current modulated at high-current
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P+-GaAs
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Heat sink
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Epoxy
resin
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Circular etched well

Optical fiber
O
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Circular metal contact

Figure 8.1 AlGaAs double heterojunction SLED with optical fiber. The bottom P+ and top
N+ -GaAs layers enable low-resistance ohmic contacts.

densities, is used as a transmitting source for multimode optical fiber communication lines.
This LED consists of a double heterojunction (Figure 8.1), based on
Kasap (2001). It comprises the following layers that are grown on a substrate:
N+-GaAs, N-GaAlAs, P-GaAs and P-AlGaAs, and P+-GaAs (Kasap
2001). Top N+ and bottom P+ GaAs layers provide ohmic contacts to the
heterostructure.
The active region (P-GaAs and P-GaAlAs) lies deeper within the originally grown semiconductor structure. It is deliberately made narrow for carrier confinement. The active region is ~2 μm thick, and its size is limited to a
small circular area of ~20–50 μm in diameter, compatible with the fiber-core
end face. Light is produced in the thin P-GaAs layer. The heterojunction
structure supported by reflection from the back crystal face ensures light
emission from the top surface.
Light is collected in a direction perpendicular to the active junction
region. Light is taken out by directly coupling the emitted light to an optical
fiber cemented into a deep well or trench etched into the substrate with the
emission area of the substrate perpendicular to the axis of the optical fiber.
The fiber is aligned for maximum coupling. The well etching is done to avoid
light reabsorption into the top N+-GaAs layer. An etching solution that
etches GaAs selectively without affecting AlGaAs is used. Besides establishing close contact of the optical fiber with the emitting surface, caution
is exercised to ensure that the epoxy resin fastening the optical fiber to the
SLED reduces the refractive index mismatching, thereby further increasing
the coupling efficiency.
On the backside of the chip, there is a silicon dioxide layer at all places
except for the ~50-μm-wide contact area from which the bottom contact is
taken. The top contact is taken from the annular ring over the N+-GaAs layer.
This type of LED has an isotropic emission pattern with a 120° half-power
beam width. In this pattern, known as a Lambertian pattern, the source
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brightness is the same when viewed from any direction. However, the optical
power diminishes as the cosine of the angle between the viewing direction and
the normal to the surface. At an angle of 60°, the intensity dwindles to 50% of
its maximum value at 0°. Taking account of the loss of light due to Lambertian
distribution, the coupling efficiency is 1%–2%. This is improved by using different lens schemes, resulting in a lens-coupled LED. These are the following:
(i) Spherical fiber: The end of the fiber is shaped into a spherical lens for gathering the light and making the beam parallel. (ii) Glass microlens: It is inserted
between the fiber and the LED. (iii) Spherical semiconductor lens: The top emitting surface of LED is profiled into a spherical lens by etching and polishing.
By these methods, coupling efficiencies of 5%–15% are attained.
The above discussion focuses on the LED semiconductor materials used
in telecommunications. However, for solid-state lighting applications, the
surface-emitting configuration is typically employed for GaN LEDs since,
the emission in GaN is anisotropic and directed toward the c-axis. Therefore,
light extraction is only possible from the top or bottom surface of the LED
and not from the sides.

8.3 Edge-Emitting LED
An ELED emits light from the sideline of a cleaved wafer at which the active
zone meets the sliced surface so that light is taken out parallel to the junction
(Ettenberg et al. 1976, Kashima and Munakata 1999). It is used where tight
coupling of the optical fiber to the light source is necessary (Kasap 2001).
The different layers in the structure are P+-InP, P+-InGaAsP,
N-In0.53Ga0.47As, N+-InGaAsP, and N+-InP (Figure 8.2), drawn with idea
from Kasap (2001). The active region N-In0.53Ga0.47As is a narrow stripe, lying
beneath the surface of the semiconductor substrate. Essentially, the structure
consists of an active junction region with two carrier confinement and guiding layers P+-InGaAsP and N+-InGaAsP whose refractive indices are lower
than that of the active region, but higher than that of the surrounding material, forming a waveguide channel for light. Owing to the role played by the
waveguide in the operation of this LED, it is also called guided-wave LED.
The P+-InP and N+-InP layers are the optical cladding layers.
The light produced in the thin active region spreads into the guiding layers. It is not absorbed in these layers because of their larger bandgaps.
Contact stripe defining the active area, is made in such a way that the
edge-emitter active area is well harmonized to the optical fiber. The stripe
geometry allows the injection of high carrier densities at the same drive
current, enhancing the power conversion efficiency. Rapid heat removal is
imperative. The active region is generally 100–150 µm long and the stripe is
designed as 50–70 µm wide for fiber cores of 50–100 µm.
The substrate is cut and polished so that the stripe runs between the front
and back of the device. The polished or incised surfaces at the two extremities of the stripe are called facets. The rear facet is highly reflective while
the front facet is coated with an antireflection material. Light propagating
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Figure 8.2 Stripe-geometry double heterojunction InGaAsP/InGaAs/InGaAsP ELED.

toward the rear facet rebounds backward toward the front facet. Optical
feedback is decreased and light emission is allowed by covering the front
surface with antireflection material. An ELED emits light only through the
front facet, in a narrow emission angle, enabling better source-to-fiber coupling and efficiency than SLED. Unlike the junction laser, the SLED does
not have a feedback cavity, and the emerging light is incoherent.
The usually elliptical output beam from an ELED is more directional
than from an SLED. This happens because of the waveguiding effect due to
which the beam divergence is reduced, resulting in a narrower beam in the
plane perpendicular to the P–N junction whose full width at half maximum
(FWHM) is ~25–35°. However, in the plane parallel to the junction, there is
no waveguiding, so that the beam is Lambertian with an FWHM of 120°.
By selective etching and regrowing a higher bandgap material, the beam is
optically confined transversally.
As in the case of an SLED, the above description holds for LED design
in communication applications. However, for solid-state lighting, the edgeemitting configuration is typically employed for AlGaInP material system
where the emission is isotropic, that is, equivalent in all directions and therefore, light extraction is possible through the edges. It can also benefit from
waveguiding inside the active layer. Also, as mentioned in Section 8.2, this
configuration cannot be used for GaN LEDs because of their emission pattern that is directed along the c-axis with little or no emission on the sides.
The main differences between SLED and ELED are listed in Table 8.1.
Their spectral characteristics are sketched in Figure 8.3 (Keiser 2008).
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Table 8.1

SLED and ELED

Sl. No.

Property

SLED

1.
2.

Fabrication
Semiconductor materials

3.
4.
5.
6.
7.
8.

Fabrication tolerance criticality
Mounting and handling
Modulation bandwidth
Optical power coupling capability
System performance
Reliability

ELED

Easy
GaAs, InP, GaP,
and GaN
Less
Easy
Small
Less
Low
Low

1.0

Difficult
GaAs, InP, GaP,
and AlGaInP
More
Difficult
Larger ~100 MHz
More
High
High

Edge-emitting LED

Relative output power

0.8
0.6

Surface-emitting LED

0.4
0.2
0.0
1180

1220

1260

1300

1340

Wavelength (nm)

Figure 8.3

1380

1420

1460

1500

Spectral characteristics of SLED and ELEDs.

8.4 Superluminescent LED
An SPLED has the unique property of combining the broad spectral width
of a light-emitting diode with the high output power of an LD. Filling the
gap intervening between a usual LED and an LD, an SPLED is an ELED
based on superluminescence, which is an amplified spontaneous emission. In
superluminescence, the light produced by spontaneous emission is optically
amplified by the process of stimulated emission in a gain medium. SPLEDs
may be looked upon as optimized LEDs. By virtue of their broad bandwidth
and high output power, SPLEDs have established themselves as sought-after
light sources in niche applications involving optical coherence tomography
(OCT), fiber sensor, and optical coherence domain reflectometry (OCDR).

Surface- and Edge-Emitting LEDs   ■   147

They are used for three-dimensional imaging in retinal and corneal diagnostics, cardiovascular and gastrointestinal disorders, dermatology and dental
treatment, above and beyond applications in optical sensors for strain, pressure and current, and fiber optic gyroscopes.
Structurally, the SPLED resembles an LED in its property of restraining
lasing action by decreasing reflectivity of the facets. Geometry-wise, SPLED
resembles an LD exclusive of optical feedback mechanism for stimulated
emission in LD to promote lasing action. In SPLED, feedback is at a premium to build up oscillation. To restrain lasing and achieve amplified spontaneous emission, the reflectivity of the out-couple facet must be considerably
reduced. Generally, the cleaved facet is coated with an antireflection dielectric mirror. Also, it is tilted by a few degrees, strongly affecting the facet
reflectivity. Usually, a tilted facet gives a constructive or destructive coupling
of the reflected and incident waveguide modes. As the coupling is never fully
constructive, a fraction of the reflected light is always lost, which is necessary
to prevent the lasing action.
Like an LED, SPLED has a broad emission spectrum and low coherence. But like an LD, SPLED gives a high output power and low beam
divergence. An LED output is naturally a few milliwatts of power, whereas
an SPLED output power is ~100 mW or higher. As SPLEDs work at drive
currents >100 mA, thermoelectric elements are required for stabilizing the
optical output over a wide range of surrounding temperatures (Fye 1986).
Unlike an LED, output power of an SPLED increases superlinearly at high
currents. Prominent features distinguishing an SPLED from LD are its
comparatively higher gain, significantly higher current density, and intensely
nonuniform photon and carrier density distributions in the active region. In
every SPLED, there exist two oppositely directed beams of amplified spontaneous emission moving along the active region. Ideally, an SPLED is an
optimized traveling-wave LD amplifier in which no light is reflected from
the active channel extremities. But the physical limitations of fabrication
processes such as antireflection coatings render a perfect SPLED unfeasible
to realize.
Conspicuous features of LED, SPLED, and LD are listed in Table 8.2.
Their characteristic features are illustrated in Figure 8.4.
Thus, an SPLED is an LED with a beam-like output and efficient coupling to optical fibers. It is a spatially coherent LD with a broadband optical
out. Further, it is a temporally incoherent, speckle-free LD.

8.5 Discussion and Conclusions
In an SLED, the plane of the active light-emitting region is orthogonal to the
axis of the fiber. This kind of LED is made by etching a well into a passive
layer over a double heterojunction device, coupling the flat end of a fiber as
close to as possible to the active region of the emitter and epoxy bonding the
blunt end of the fiber to the double heterojunction surface. Its emission pattern is Lambertian, which suggests that the source looks equally bright when
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Table 8.2

LED, SPLED, and LD

Sl. No.

Property

LED

SPLED
Amplified
spontaneous
Broad
Moderate
Medium
Yes
Limited by
divergence
No
Yes
High
Low
Low

1.

Principle of light emission

Spontaneous

2.
3.
4.
5.
6.

Optical spectrum range
Emitted optical power
Optical power density
Optical waveguide
Emission directions

Broad
Moderate
Low
No
All

7.
8.
9.
10.
11.

Need of focusing
Coupling into single-mode fibers
Spatial coherence
Temporal coherence
Speckle noise

Yes
Negligible
Low
Low
Low

LD
Stimulated
Narrow
High
High
Yes
Limited by
divergence
No
Yes
High
High
High

(a) 1.0

Light intensity

0.8
0.6

Edge-emitting
LED (linear)

Surface-emitting
LED (sublinear)

0.4
0.2
0.0

Superluminescent
emitting LED

Laser
Current

Relative intensity

(b) 1.0
Laser

0.8
0.6

LED

0.4

Superluminescent
LED

0.2
0.0

Wavelength (λ)

Figure 8.4 Qualitative comparison of the relative characteristics of different LEDs and LD: (a)
intensity versus current and (b) spectra.

watched from any direction, but the optical power diminishes as cos θ, where
θ is the angle between the viewing direction and the normal to the surface.
The structure of an ELED consists of an active junction region and two
guiding regions, whose refractive index is lower than that of the active region,
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but higher than the surrounding material, thus forming a waveguide channel
for the optical radiation. The beam of an ELED is more directional and collimated than an SLED, and is also of greater intensity. However, there is no
waveguiding in the sideways direction, that is to say, in the plane parallel to
the junction. So, in this plane, the beam is Lambertian with an FWHM of
120°. For connecting to the optical fiber, the diode is diced and polished to
create a smooth transmission edge. It is then coupled to a graded-index lens
that is bound to the end of the fiber.
An SPLED is an optoelectronic device exhibiting the properties of an LD
as well as an LED, combining the best features of both the devices. This
combination makes it an ideal light source for focus-free handheld projection called picoprojection, finding applications in consumer-level electronics,
including smartphones and cameras. The remarkable property is that the projected image remains in focus, irrespective of the surface it is being cast upon.
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Review Exercises
8.1
8.2
8.3

What is meant by single-mode and multimode fiber optic systems?
For which of these systems are LEDs preferred and why?
Which LED is called Burrus LED: SLED or ELED?
Mention three advantages of LEDs over LDs in optical fiber
communications.
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8.4
8.5
8.6
8.7
8.8
8.9

What are SLEDs and ELEDs? Explain their salient features with
the help of cross-sectional diagrams. What are their specific application areas?
What is the significance of the declaration, “A surface-emitting
LED gives a Lambertian emission pattern”?
What is superluminescence? What is the unique feature of an
SPLED? How does it merge the properties of two semiconductor
devices? What are the names of these devices?
Name two applications of SPLEDs.
Which of the two LEDs, surface- or edge-emitting type, is easier
to fabricate and why?
Describe the material dependence of the LED type, that is, the preferred configuration whether SLED or ELED for the given semiconductor material system.

Chap ter

9

Light Extraction from LEDs
Learning Objectives
After completing this chapter, the reader will be able to
◾◾

◾◾
◾◾
◾◾

◾◾

Know that only a small percentage of light reaching the semiconductor–air interface is able to escape from the LED surface due to total
internal reflection, for example, the critical angle for GaAs–air interface is only 16°
Understand why engineers attempt to shape the surface of the semiconductor into a dome or hemisphere
Know that a widespread solution is to seal a plastic dome to the LED
surface that moderates the index change and increases the critical angle
Get an idea of escape cones and various methods employed for increasing light extraction such as pyramidal reflectors, Bragg reflectors,
resonant cavity and surface-plasmon LEDs, surface roughening, chip
shaping, and so on
Derive the extraction efficiency formula for a single escape cone structure, and generalize it to N escape cones

The useful light harvest of an LED is the light that rewardingly manages to escape from the device, not the totality of light produced in the
active layer of the LED (Gasse 2009). The light extraction efficiency of the
primordial planar LED having an absorbing substrate and encapsulated in
an epoxy dome, comes up to be a meager 4%. Unsurprisingly, therefore,
such an LED was handy only as an indicator lamp or display device. It
is also eloquent that poor light extraction perplexed the prior researchers
a great deal and they groped for the underlying justification for this low
value. On a little contemplation, it was clear that the main cause of this
underprivileged efficiency was the large ratio of the refractive index of the
LED constructional material (semiconductor) to that of the surrounding
medium (air), which favored the reflection of the generated light back into
the semiconductor. This required development of suitable methods to assist
151
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in taking out photons produced in the LED chip into the external world,
resulting in a higher light extraction efficiency. LED photonics became a
separate all-inclusive discipline based on optical laws governing the absorption, reflection, and refraction of light.

9.1 Total Internal Reflection of Light and the Escape Cone Concept
A major component of light loss represents its absorption in the substrate,
the semiconductor layers, the contacts, and the epoxy lens material. The ray
diagram of emitted light for the classical rectangular planar LED is drawn
in Figure 9.1. Rays of light that
Emergent light
Air
are incident at an angle less
R.I.= nE
than the critical angle ϕC are
Epoxy dome
refracted
and bent away from
N-electrode
Roughened surface
the
normal
because the refracφc
N-GaN
R.I.= nS
InGaN active layer tive index of the epoxy is generP-GaN
P-electrode
Gold/tin
ally much less than that of the
Silicon
semiconductor. As the angle of
Titanium/gold
incidence increases, the angle
of refraction also increases
Figure 9.1 R ay diagram and escape cone in a rectangular
until eventually for a certain
LED encapsulated in an epoxy dome.
angle of incidence, it becomes
90°. This angle of incidence
is the critical angle ϕC at the semiconductor–epoxy interface. After this,
any further rays incident at angles greater than the critical angle undergo
total internal reflection and are returned to the semiconductor. Some of
these rays get absorbed and the lingering portion may again thump on
the semiconductor–epoxy interface at a different angle. These processes are
replicated and at each occasion, some of the light escapes and the rest gets
absorbed.
One finds that only rays of light incident within a cone of apex angle 2ϕC,
that is, the rays for which the angles of incidence ϕS are less than the critical
angle ϕC on either side of the normal, are able to emerge into the epoxy lens.
The cone having an apex angle θEscape = 2ϕC is, therefore, referred to as the
escape cone.
The refractive indices of solid materials constituting the LED, namely,
the semiconducting, insulating, and metallic layers, are practically identical.
So, they can be considered as having a single refractive index nS. The refractive index of epoxy may be denoted by nE. Applying Snell–Descartes law of
refraction at the semiconductor–epoxy interface, light extraction from the
semiconductor source (S) of refractive index nS to the outside epoxy environment (E) of refractive index nE is governed by the equation
nS
sin φ E
=
nE
sin φ S

(9.1)
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where ϕ E is the angle of refraction. Then, the sine of the angle of incidence is
expressed as
sin φ S =

nE sin φ E
nS

(9.2)

The critical angle corresponds to the specific case in which the angle of
refraction is 90°. At the critical angle ϕC (nE, nS) = ϕS, the angle ϕ E = 90°, so
that sin ϕ E = sin 90° = 1; hence
sin φ C (n E , nS ) =

nE
nS

(9.3)

from which
n 
φC(n E , nS ) = sin −1  E 
 nS 

(9.4)

Similar phenomena take place at the epoxy–air interface, limiting the
light output of the LED. Here also, some portion of the light is absorbed
while the remaining portion has two components comprising the reflected
and refracted rays.
As the semiconducting layers of the LED are materials having high indices of refraction, the light rays may experience multiple internal reflections
while traversing these layers, suffering heavy losses.
Example 9.1
Refractive index of the epoxy lens in a gallium nitride LED is 1.5.
If gallium nitride has a refractive index of 2.5, what will be the apex
angle of the escape cone at the GaN–epoxy interface? What would
have been the apex angle of the escape cone if there were no epoxy
lens, that is, at the GaN–air interface. How does the epoxy influence
the apex angle? Refractive index of air equals one.
The apex angle of the escape cone at the semiconductor–epoxy interface is
n 
 1.5 
(θ Escape )GaN − epoxy = 2φ C(n E , nS ) = 2 sin −1  E  = 2 sin −1 
 2.5 
 nS 
−1
= 2 sin (0.6) = 2 × 36.87 = 73.74°

(9.5)

If the refractive index of air is nA, the apex angle of the escape cone
at the semiconductor–air interface is
n 
 1.0 
(θ Escape )GAN − air = 2φ C (n A , nS ) = 2 sin −1  A  = 2 sin −1 
 2.5 
 nS 
= 2 sin −1(0.4) = 2 × 23.58 = 47.16°

(9.6)
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The presence of epoxy increases the apex angle of the escape cone because
its refractive index is nearer to that of the semiconductor than air.

9.2 Techniques of Improving Light Extraction
Various schemes have been designed to upgrade the extraction of light from
LED. Some of these schemes are outlined below.
9.2.1 Increasing the Number of Escape Cones
It is abundantly clear that for increasing the light extraction, one must resort
to opening as many escape cones in an LED structure as viable. Žukauskas
et al. (2002) have drawn several LED designs by changing the numbers of
escape cones. Similar treatment is followed here with ideas from Žukauskas
et al. (2002). In the rectangular LED chip under consideration (Figure 9.2a),
one escape cone was explicated for light ejection in the upward direction.
Figure 9.2b shows a two escape cone LED chip. Here, light is taken out from
the downward direction too by removing the absorbing substrate or making
(a)

(b)

I

I

Absorbing substrate

II
Transparent substrate

(c)
IIa

IIIa

I

(d)

IIIb

IIb

I
IIIa

Absorbing substrate

IVa

IVb
II

IIIb

Transparent substrate
(e)

(f)

I

I
II

IV

V

Absorbing substrate

III

V

VI

III

IV

II
Transparent substrate

Figure 9.2 LEDs with different numbers of escape cones: (a) one cone (thin window layer and
absorbing substrate), (b) two cones (thin window layer and thin transparent substrate), (c) three cones:
one full and four semicones (thicker window layer and absorbing substrate), (d) four cones: two full
and four semicones (thin window layer and thicker transparent substrate), (e) five cones (thick window
layer and absorbing substrate), and (f) six cones (thick window layer and thick transparent substrate).
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the substrate of a material that is transparent to light. By thus introducing
one escape cone for light propagation in the downward direction in addition
to the one already existing in the upward direction, the number of escape
cones is two and the light extraction is doubled.
Figure 9.2c shows an LED chip with three escape cones. To explain this
diagram, we note that the upper transparent layer of the LED is called the
window layer. If this layer is thin, there is only escape cone in the upward
direction. By increasing its thickness, four semicones, or two cones, are
introduced in the window layer in the lateral directions. Together with one
upward cone, the total number of escape cones becomes three.
In Figure 9.2d, an LED chip with four escape cones is shown. Here,
the thickness of the transparent substrate is increased to enable four lateral
semicones or two full escape cones to be opened. Combined with the one
vertically upward cone and one vertically downward cone, the number of
cones sums up to four.
Figure 9.2e shows an LED chip containing five escape cones. In this
example, the thickness of the window layer and the absorbing substrate is
increased, accommodating one upward cone and four lateral cones, adding
up to five cones. The substrate being absorbing, the downward cone is absent.
A six-escape cone LED chip is shown in Figure 9.2f. This example differs
from the preceding case only by the use of a transparent substrate in place
of the absorbing substrate; hence, one cone is accessible for downward light
extraction, making the number of cones to be six.
Thus, in a rectangular LED, befitting measures help us to get as many as
six escape cones and thereby enhance the light extraction capability sixfold
in comparison to the primitive LED design.
9.2.2 Pyramidal Reflectors
Xi et al. (2006) fabricated GaInN LEDs with pyramid reflectors consisting
of an array of SiO2 pyramids and an Ag layer on P-type GaN (Figure 9.3).
They observed 13.9% enhancement of light output over that obtained with
conventional
GaInN
LED having a planar
Ag
NiZn
Ag reflector. The experSiO2
imental results agree
P-GaN
closely with ray-tracing
simulations,
according to which the pyramid reflector provided
Light
14.1% enhancement of
extraction
efficiency.
Figure 9.3 The pyramidal reflector portion of the LED
The underlying cause of located above the top P-GaN layer for increased light extracthis enhancement was tion downwards.
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an additional escape cone for light extraction made possible by the change in
propagation direction of light rays reflected by the three-dimensional pyramidal reflector.

Distributed
Bragg reflector

9.2.3 Distributed Bragg Reflectors
A design conceived toward the introduction of a downward escape cone was
to get rid of the absorbing substrate or substitute a transparent substrate in its
place. Implementational difLight
ficulties with this suggestion
in some material systems led
to the scheme based on distributed Bragg reflectors,
which serve the function
Active layer
of a mirror reflecting back
the received light (Figure
9.4). They consist of alternate reflecting layers of high
and low refractive index
Absorbing substrate
materials, each having a
Metal electrode
thickness of one-fourth the
emission wavelength. The
Figure 9.4 The Bragg reflector portion of the LED located
Bragg reflectors are placed
between the active layer and the absorbing substrate for increasbetween the active layer of
ing light extraction from the upper surface.
the LED and its absorbing
substrate. These are resonant structures operating in a restricted range of
incident angles for a particular wavelength value. Because the light emitted from the LED stretches over a broad spectrum, for providing sufficient
reflectivity in a wide-angle, broad-spectrum range, various Bragg reflectors
have been proposed and fabricated. A typical distributed Bragg reflector consists of two multilayer stacks, either AlInP/AlGaInP or AlInP/GaAs.
9.2.4 Resonant Cavity LEDs
Resonant cavity LEDs (RCLEDs) increase spontaneous emission through
microcavity effects. Placing an active region within a resonant cavity
enhances the emission by as much as 2–10-fold and yields greater spectral purity (2–5 times narrower spectral emission width), more temperature stability, and a more directional beam. This improved output power
and spectral purity enables the exploitation of an RCLED for transmitting
light along a fiber optic bundle. Thus, RCLED offers opportunities to create solid-state lighting systems with greater efficacy and higher lumen output than existing systems based on traditional LEDs. The main benefit of
RCLED lies in its higher extraction efficacy.
An RCLED necessitates only one high reflectivity mirror (typically 80%–
90%), with the second mirror reflecting at about 50%. In Schubert et al.
(1994), the active region of a GaAs-based LED is a multiple-quantum-well
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Ti

Au
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Reflector 1

P-contact

SiO2
P+-GaAs
P-Al0.4Ga0.6As
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Reflector 2
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(AlAs/GaAs)

P-AlGaAs graded
MQW (GaInAs/GaAs)
N-confinement layer
AlGaAs graded
N+-GaAs
Au/Ge
Light

ZrO2: Y anti-reflection film

Figure 9.5 The structure of a GaAs-based resonant-cavity LED (RCLED) using metal mirrorDBR resonant cavity.

structure. The upper reflector-1 is an Au-protected Ag layer. The lower reflector-2 is a distributed Bragg reflector formed by growing a series of AlAs and
GaAs layers. These layers are grown in such a way that each has an optical
thickness of λ /4 giving nearly 100% reflectivity at the selected wavelength.
Schubert et al. (1996) presents the temperature and modulation properties
of such an RCLED emitting through the substrate. Figure 9.5 shows the
schematic cross-section of this structure, with ideas from Schubert et al.
(1994) and (1996).
9.2.5 Crown-Shaped Patterned Sapphire Substrates
Chiu et al. (2012) used metal–organic chemical vapor deposition (MOCVD)grown donut-shaped air void array at the interface between crown-shaped
patterned sapphire substrates (CPSS) and the GaN epilayer by conventional photolithography. The light output of CPSS-LEDs is to a great extent
enhanced by 32.1% (at 20 mA) put side by side with conventional LED
(C-LED) grown on a flat sapphire substrate as a reference.
9.2.6 Roughened and Textured Surfaces
A large critical angle or rough surface is required to increase the escape probability of photons generated in the active layer of the LED. Roughening
the top surface of the LED overcomes the total internal reflection of the
light inside because surface scattering causes the angular randomization of
photons. The laser-lift-off technique was employed for substrate removal followed by roughening the surfaces by an anisotropic etching process (Fujii
et al. 2004). This resulted in an N-side-up GaN-based LED with a hexagonal “cone-like” surface. The LED has an output power twice/thrice that
before roughening (Figure 9.6), drawn on the basis of Fujii et al. (2004).
GaN-based LEDs were fabricated with truncated micropyramid surfaces
formed by the application of a growth-interruption step and Mg-treatment
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processes (Sheu et al. 2006).
These LEDs exhibited a 60%
enhancement in output power
N-GaN
due to the decline of the photon extraction path length
MQW made possible by rough LED
N-electrode
P-GaN
surfaces.
P-electrode
Kang et al. (2011) carried
out single-layer and doubleFigure 9.6 Increasing light extraction by substrate removal, layer texturing using ITO
N-GaN layer surface texturing and using a reflective P-contact.
nanospheres by wet etching
process. The ITO ohmic contact layer and the P-GaN layer were textured through ITO nanospheres as
an etch mask. ITO texturing is illustrated in Figure 9.7, with ideas from
Kang et al. (2011), to show the increased light extraction. More light is
extracted by performing double-layer texturing in which the surface of the
P-GaN layer is also textured.
Textured surface

ITO
nanosphere
Flat
surface

Air
ITO
P-GaN
MQW
N-GaN

N-GaN

Sapphire

Sapphire

(a)

(b)

Figure 9.7 Light propagation paths across the MQW/P-GaN/ITO/air interfaces of a GaN LED
at (a) flat and (b) textured ITO surfaces.

9.2.7 Surface-Plasmon LED
Surface plasmons are the collective oscillations of free electrons in a metal at
the interfaces between metals and dielectrics. Surface-plasmon LEDs capitalize on the increase of radiative recombination rate by coupling quantum
well (QW) to surface plasmons (SPs).
In the green LEDs developed by Cho et al. (2011) (Figure 9.8), Au nanoparticles embedded in the P-GaN layer increased the spontaneous emission rate
by resonance coupling between the excitons in multiple quantum wells and
localized surface plasmons in Au nanoparticles. The distance amid the QW
and the Au nanoparticles was fine-tuned by the thickness of the P-GaN spacer
layer to achieve a strong resonant coupling between the excitons and the LSP.
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The samples were taken
P-contact
ITO
out of the MOCVD
growth chamber. A
Au nanoparticles
P-GaN
0.2-nm-thick gold film N-contact
MQW
was evaporated on the
20-nm-thick
p-GaN
N-GaN
spacer layer by electronbeam technique. After
Undoped-GaN
the thermal annealing
Sapphire
of Au layer at 800°C for
3 min in the MOCVD
chamber, a 30-nm-thick
p-GaN layer was depos- Figure 9.8 A surface-plasmon (SP)-enhanced LED.
ited on the Au nanoparticles at 800°C for 1.5 min as a capping layer and a 150-nm-thick p-GaN layer
was grown on the p-GaN capping layer at 970°C. The optical output power of
SP-enhanced green LEDs with Au nanoparticles was increased by 86%.
9.2.8 Preventing Absorption Losses
These losses occur mainly in the substrate and contact regions of the LED.
Methods for avoidance of substrate losses include dispensing with the substrate altogether, using a transparent substrate or incorporation of mirrors like Bragg reflectors into the LED structure to reflect and recover
the downwardly directed light. Losses in the contact area are significantly
reduced by using transparent electrodes, such as thin Ni/Au contacts,
indium tin oxide, or indium oxide contacts. Another solution is to prevent light generation underneath the contact area by inserting an electron
blocking layer here.
9.2.9 Photon Reincarnation and Recycling
The absorbed photons in the active layer may be reborn and avail of a
second chance to escape from the LED chip. For LEDs exhibiting high
internal quantum efficiency, the photon is recycled several times before
escaping. Therefore, the dependence of light-extraction efficiency on
internal quantum efficiency is easily surmised. Photon recycling is tremendously sensitive to the quality and defect level of the semiconductor
material used for LED fabrication. In order to seize and recycle as many
nonescaped photons as possible, a high internal quantum efficiency LED
fabricated on a low-defect material and having a thick active layer is preferable. However, it must be pointed out that 100% internal quantum efficiency is unachievable and further it falls with ageing of the LED. Also,
a thicker layer leads to higher parasitic absorption losses. Therefore, a
straightforward solution cannot be prescribed and trade-off strategy compromising between absorption losses and requirement for photon recycling needs to be devised.

160   ■   Fundamentals of Solid-State Lighting

9.3 Extraction Efficiency Formula for a Single-Escape Cone LED
Theoretical estimation of extraction efficiency based on statistical methods is
complicated. A simplified geometrical approach after Lee (1998) is presented
here. Derivation of the formula for extraction efficiency of an LED involves
consideration of three multiplying factors as follows:
1. Fractional solid angle at semiconductor–epoxy interface: Light produced in
the active region of an LED is incident at the semiconductor–epoxy
interface. Only light falling within a solid angle governed by the apex
of the escape cone undergoes refraction and is transmitted further;
remaining light suffers total internal reflection.
2. Transmittance across the semiconductor–epoxy interface (TSE): As light traveling from the semiconductor enters the epoxy layer, not all light incident at the semiconductor–epoxy interface is able to pass through it; the
fraction crossing this interface is governed by its transmittance TSE and
this transmittance in turn depends on the refractive indices of the two
media. Transmittance is the ratio of output power to input power.
3. Transmittance across the epoxy–air interface (TEA): The epoxy–air interface is similar to the semiconductor–epoxy interface because it too has
a transmittance (TEA) for light that is decided by the refractive indices
of epoxy and air.
9.3.1 Fractional Solid Angle Factor
As the generating angle at the apex of the escape cone is θC, the solid angle is
ΩC =

2π

∫ ∫

θC

φ =0 θ =0

sin θ dθ dφ =

∫

2π

φ =0

dφ ×

∫

θC

2π

θ =0

θC

sin θ dθ = φ φ = 0 ×  − cos θ θ = 0

= 0 − 2π  ×  −1 + cos θC 

(

)

{

= 2π (1 − cos θC ) = 2π 1 − 1 − sin 2 θC = 2π 1 − 1 − (nE /nS )2


}
(9.7)

Since the total solid angle subtended around a point is 4π, the fractional
solid angle is
ωC =

{

2π 1 − 1 − (nE /nS )
4π

2

}

=

1 − 1 − (nE /nS )
2

2

(9.8)

9.3.2 Semiconductor–Epoxy Transmittance (TSE) Factor
Here, we are confronted with a situation in which light propagating in a
uniform medium encounters a smooth interface that is the boundary of
another medium with a different refractive index. This calculation was first
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performed by Fresnel. The Fresnel equations derived from Maxwell’s equations are central to optics. Hence, let us take the help of Fresnel analysis to
compute the fraction of a light wave transmitted by a flat interface between
two isotropic and homogeneous media with different refractive indices nS
(for semiconductor) and nE (for epoxy).
The transmission coefficient at an interface is found using the boundary
conditions, but it depends on the polarization of the incident light. Plane of
incidence is a plane containing the incident and reflected k-vectors. Commonly

used designation in optics is S-polarization for the case where the E-vector is
perpendicular
to the plane of incidence and P-polarization for the case where

the E-vector lies in the plane of incidence. The transmission coefficient for
perpendicularly polarized light is given by
t⊥ =

2nS cos θS
nS cos θS + nE cos θ E

(9.9)

where θS is the angle of incidence and θE is the angle of transmission (or
refraction). Similarly, the transmission coefficient for parallel polarized light
is expressed as
t|| =

2nS cos θS
nS cos θ E + nE cos θS

(9.10)

For normal incidence, θS = 0. Since nSsinθS = nE sinθE, the transmission
angle θE is also zero. Then, the above transmission coefficient equations
reduce to the same form
t⊥ =

2nS cos θS
2n S
=
nS cos θS + nE cos θ E
nS + nE

(9.11)

t|| =

2nS cos θS
2nS
=
nS cos θ E + nE cos θS
nS + nE

(9.12)

For randomly oriented polarization, the average transmission coefficient is
 2n S
2n S 
+

t ⊥ + t||
 n + nE nS + nE 
2n S
t =
= S
=
2
2
nS + nE

(9.13)

According to Fresnel’s analysis, the transmittance TSE is given by
TSE =

nE cos θ E
n cos θ E  2n S 
× t2 = E
×
nS cos θS
nS cos θS  nS + nE 

2

(9.14)
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Since θS = θE = 0, this equation reduces to
2

 2n S 
4n S nE
n
= E ×
=

nS  nS + nE 
(nS + nE )2

TSE

(9.15)

Example 9.2
i. An AlGaAs (refractive index n S = 3.5) LED is placed in air
(refractive index n A = 1). Find the Fresnel transmission coefficient and transmission factor.
ii. Determine the increase in transmission factor when a coating
of refractive index 1.8 is applied on the LED.
i. Fresnel transmission coefficient T, the ratio of the radiant
flux transmitted through and emerging from the AlGaAs–air
interface to the total flux incident on it, is given by
T =

4n S nA
4 × 3.5 × 1
=
= 0.69136
(nS + nA )2
(3.5 + 1)2

(9.16)

		 The transmission factor TF is the ratio of the radiant energy
transmitted to the total radiant energy produced, that is, the fraction of photons emitted from the AlGaAs–air interface into the
air relative to the photons produced in the semiconductor. A cone
of angle of incidence limited by the critical angle θC is imagined
providing a distribution of radiation into a 90° angle forming a
hemisphere.
TF ==

T Ωi
Ωe

(9.17)

		 where Ωe and Ωi are the solid angles of emitted and incident photons, respectively. Since the solid angle Ω is defined in terms of
the semivertical angle θ subtended at the apex of a cone, as
Ω = 2π (1 − cos θ )

(9.18)

		 TF is given by
TF =

T Ω i T × 2π (1 − cos θ C )
=
Ωe
2π (1 − cos 90o )

(9.19)

		 where the critical angle θC at the AlGaAs–air interface = sin−1(1/3.5) = 16.60155°. Thus
TF =

0.69136 × (1 − cos 16.60155o )
= 0.02882
1 − cos 90 o

(9.20)
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ii. When the coating of refractive index nE = 1.8 is applied on
LED of refractive index nS = 3.5, the critical angle at the
semiconductor–coating interface is
 1.8 
θ C = sin −1 
= 30.9497 o
 3.5 
T =

4n S nE
4 × 3.5 × 1.8
=
= 0.89712
(nS + nE )2
(3.5 + 1.8)2

(9.22)

T × 2π (1 − cos θ C )

= T × (1 − cos θ C )
2π (1 − cos 90o )
= 0.89712 × (1 − cos 30.9497 o ) = 0.1277

TF =
  

(9.21)

(9.23)

		 which is 0.1277/0.02882 = 4.431 times higher than the previous case.
Example 9.3
i. Neglecting absorption, derive the formula for the reflection
coefficient at the semiconductor–air interface from the formula for the transmission coefficient at this interface, and
hence calculate the reflection coefficient at the semiconductor–air interface.
ii. What is the reflection coefficient if an encapsulant with a
refractive index nE = 1.5 is used?
i. The reflection coefficient of a surface is defined as the ratio
of the number of photons reflected by the surface to the total
number of photons incident on it. The reflection coefficient at
the semiconductor–air interface is
R = 1−T = 1−
=
=

4n S nA
(nS + nA )2 − 4n S nA
=
(nS + nA )2
(nS + nA )2

nS 2 + nA 2 + 2n S nA − 4n S nA
(nS + nA )2

(3.5 − 1)2
(nS − nA )2
=
= 0.3086
2
(nS + nA )
(3.5 + 1)2


(9.24)

ii. Reflection coefficient with encapsulant of refractive index
nE = 1.5 is
R=

(nS − nE )2
(3.5 − 1.5)2
=
= 0.16
(nS + nE )2
(3.5 + 1.5)2

(9.25)
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9.3.3 Epoxy–Air Transmittance (TEA) Factor
The Fresnel treatment-base analysis of transmittance at the semiconductor–
epoxy interface applies to the epoxy–air interface by replacing the semiconductor and epoxy refractive indices nS, nE by those of epoxy and air nE, nA,
respectively. By making these substitutions in the TSE equation, the transmittance TEA across the epoxy–air interface is obtained as
TEA =

4n E nA
(nE + nA ) 2

(9.26)

Since the refractive index of air is unity, that is, nA = 1, we have
TEA =

4n E
(nE + 1) 2

(9.27)

9.3.4 Combination of the Extraction Efficiency Factors and Assumptions
Combining the expressions for the three contributing factors to the extraction efficiency of an LED, the extraction efficiency ηextr of a single-cone
LED is expressed by the equation
ηextr = ω C × TSE × TEA =


1 − 1 − (nE /nS )
2

2

×

4n S nE

(nS + nE )

2

×

4n E

(nE + 1)2
(9.28)

where the first factor is the fractional solid angle for a single escape cone, the
second factor represents the transmittance for the escape cone to the semiconductor–epoxy interface, and the third factor is the transmittance at the
epoxy–air boundary.
It might have been noticed during the course of this derivation that some
simplifying postulates have been made to keep away from mathematical
intricacies. These must be clarified. The assumptions underlying the derivation are: (i) The reflected photons in the semiconductor or the epoxy dome
remain unutilized. (ii) The escape cone is fully opened. (iii) The average
reflectivity of the cone base equals that for perpendicularly incident rays. (iv)
There is no shielding of the escape cone by the contacts on the top surface of
the LED.
9.3.5 Generalization to an N Escape Cone-LED Structure
In general, there may be several escape cones in a given LED structure.
These escape cones are of two types: coupled and uncoupled. Coupled escape
cones are those opposite cones whose bases are separated by low optical density structures. In such cones, a photon reflected from the base of one of the
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cones escapes out through the base of the opposite cone. Multiple reflections
produce very small Fresnel losses in coupled cones because the layer separating the escape surfaces is optically thin. Therefore, ignoring the shielding
effect of contacts, the transmittance TSE for a coupled pair of cones is unity,
that is, TSE = 1. Uncoupled cones are those cones located next to the absorbing substrate. Opposite cones in which the photon passes only once, that
is, cones having high optical density media separating their bases, also fall
under the class of uncoupled cones.
In view of the above, the TSE multiplier in the equation for extraction efficiency must be replaced by Σ nN=1 TSE so that the modified equation is
ηextr = ω C × TEA ×


N

∑T
n =1

SE

=

1 − 1 − (nE /nA )

2

2

4n E
×
×
(nE + 1) 2

N

∑T
n =1

SE

(9.29)

where
N

∑T
n =1

SE

=1

(9.30)

for coupled opposite escape cones, while
N

∑
n =1

TSE =

N

∑ (n
n =1

4n S nE
2
S + nE )

(9.31)

for uncoupled escape cones.
9.3.6 Escape Cone Engineering in Planar, Rectangular LEDs
Planar and rectangular structures were first attempted for fabricating LED
devices. The light extraction efficiency of these LEDs is increased from the
low value of 4% to as high as 30% by ingenious methods applying escape
cone concepts. This will be evident by perusing the several worked examples
given below.
Example 9.4
i. LEDs are made of three different materials: AlGaAs, AlGaInP,
and AlGaInN having the refractive indices 3.5, 3.4, and 2.5,
respectively. Find the apex angles of the escape cones in LEDs
made with these materials, if the epoxy dome has a refractive
index of 1.5 in all the LEDs, and comment on the answer.
ii. Calculate the fraction of trapped photons each in AlGaAs,
AlGaInP, and AlGaInN, encapsulated with epoxy of refractive
index nE = 1.5.

166   ■   Fundamentals of Solid-State Lighting

i. Apex angle = 2 × critical angle = 2 × sin−1(nE/nS)
∴ (Apex angle)AlGaAs = 2 × sin−1(1.5/3.5) = 2 × sin−1(0.4286)
= 2 × 25.38 = 50.76°

(Apex angle)AlGaInP = 2 × sin−1(1.5/3.4) = 2 × sin−1(0.4412)
= 2 × 26.18 = 52.36°

(Apex angle)AlGaInN = 2 × sin−1(1.5/2.5) = 2 × sin−1(0.6)
= 2 × 36.87 = 73.74°

(9.32)
(9.33)
(9.34)
(9.35)

		 Among the three semiconductors used, AlGaInN gives the largest apex angle and AlGaAs the smallest apex angle. Since only
the photons emitted in directions contained in the cone with the
calculated apex angles will reach the epoxy dome, whereas the
remaining photons will bounce back inside the chip, the LED
with the largest apex angle, that is, AlGaInN will be able to push
out the highest fraction of generated photons, and the one with
the smallest apex angle the least.
ii. Since the solid angle of the escape cone in the semiconductor
chip of refractive index nS is
2

ΩC (nS , nE ) = 2π 1 − 1 − (nE /nS ) 



(9.36)

		 the fraction of trapped photons is expressed as
ηtrap =

=

=
=

2

4π − 12π 1 − 1 − (nE /nS ) 
4π − 6ΩC

 × 100%
× 100% =
4π
4π
2 


4π 1 − 3 1 − 1 − (nE /nS ) 



× 100%
4π
2

4π 1 − 3 + 3 1 − (nE /nS ) 

 × 100%
4π
2


(9.37)
3 1 − (nE /nS ) − 2  × 100%



For AlGaAs, the fraction of trapped photons is
2


(ηtrap ) AlGaAs = 3 1 − (1.5/ 3.5) − 2  × 100% = 71.0523%



(9.38)

Similarly
2


(ηtrap ) AlGaInP = 3 1 − (1.5/ 3.4 ) − 2  × 100% = 69.2261%



(9.39)
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2


(ηtrap ) AlGaInN = 3 1 − (1.5/ 2.5) − 2  × 100% = 40%



(9.40)

Thus, the percentage of trapped photons is minimum in AlInGaN
among the three cases considered because it has the largest apex angle
of the escape cone, allowing more photons to be utilized.
Example 9.5
Three LEDs are made of AlGaAs (n S = 3.5), AlGaInP (n S = 3.4), and
AlGaInN (n S = 2.5), respectively. All the LEDs have single, fully
opened escape cone, and use the same epoxy (nE = 1.5). Compare the
light extraction efficiencies of the three LEDs made with an absorbing substrate. Which of these three LEDs has the highest efficiency
and why?
For all the LEDs
TEA =

4 × 1.5
= 0.96
(1.5 + 1)2

(9.41)

Also, in all the cases
TSE = 1

(9.42)

as the escape cone is fully opened and utilized.
The light extraction efficiency of AlGaAs LED is
(ηextr )AlGaAs = 0.96 ×

1 − 1 − (1.5/ 3.5)

2

× 1 × 100% = 4.63%

2

(9.43)

Similarly, for the other LEDs
(ηextr )AlGaInP = 0.96 ×

(ηextr )AlGaInN = 0.96 ×

1 − 1 − (1.5/ 3.4 )

2

× 1 × 100% = 4.92% (9.44)

2

1 − 1 − (1.5/ 2.5)
2

2

× 1 × 100% = 9.6%

(9.45)

AlGaInN has the highest light extraction efficiency, and the reason
is that the fractional solid angle for a single escape cone is largest for this
material when interfaced with epoxy. This happens because AlGaInN
gives the largest apex angle of the escape cone among the three materials in question.
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Example 9.6
AlGaInN LED is fabricated using a transparent sapphire (Al 2O3)
substrate with refractive index 1.78. Calculate its light extraction
efficiency.
The two escape cones in the vertical direction are: (i) an upwarddirected cone whose apex angle is determined by the refractive indices
of semiconductor (2.5) and epoxy (1.5), and given by
( 2θ C )Upward = 2 × sin −1 (1.5/ 2.5) = 73.7398

(9.46)

(ii) a downward-directed cone with apex angle dictated by refractive
indices of the transparent substrate (1.78) and epoxy (1.5), and
( 2θ C )Downward = 2 × sin −1 (1.78/ 2.5) = 90.796

(9.47)

In addition, the given structure has four additional lateral semicones,
and each cone has an apex angle dependent on the refractive indices of
the transparent substrate and the epoxy
( 2θ C )Lateral = 2 × sin −1 (1.5/1.75) = 117.9946

(9.48)

Photons that are totally internally reflected from the upper surface within the range of angles (θC)Downward < θC < (θC)Upward escape to
the transparent substrate through a subconical structure having an
outer apex angle = (2 θC)Upward and inner apex angle = (2 θC)Downward.
The upward-directed cone and the subconical structure together have
the same effect as a cone with apex angle = (2 θC)Downward. Thus, the
combined effect of the upward-directed cone with subconical structure and the downward-directed cone is equivalent to that of two full
escape cones with apex angle = (2 θC)Downward. Lee (1998) showed that
the coupling between the upward and downward cones results in widening of the solid angle of the upward cone from ΩC(n S, nE) to ΩC(n S,
nI), where nI is the refractive index of the sapphire substrate. As a consequence, the fractional solid angle term in the extraction efficiency
equation becomes
ωC =

1 − 1 − (nI /nS )
2

2

(9.49)

The aforesaid two full escape cones are supported in action by the
four lateral semicones so that the effect of two pairs of lossless coupled
escape cones is observed. Thus, to calculate the light extraction efficiency, the first multiplier for fractional solid angle is concerned with
the apex angle of semiconductor/transparent substrate; the second multiplier is that for transmittance = unity for each of two pairs of coupled
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lossless escape cones; and the third multiplier is for transmittance from
epoxy to air of refractive index = 1, giving
ηextr = ω C × TSI × TEA =
=

1 − 1 − (nI /nS )

2

× (1 + 1) ×

2

1 − 1 − (1.78/ 2.5)

2

2

× (1 + 1) ×

4 × 1.5

(1.5 + 1)

2

4nE

(nE + 1)

2

× 100%

× 100%

= 0.14891 × 2 × 0.96 × 100% = 28.591%

(9.50)



Alternative (approximate) method: The mean refractive index of the
s emiconductor and transparent sapphire substrate = (2.5 + 1.78)/2 =
2.14. Hence

ηe xtr =

1 − 1 − (1.5/ 2.14 )

2

2

×2×

4 × 1.5
× 100%
(1.5 + 1)2

= (1 − 0.713) × 0.96 × 100% = 27.552%

(9.51)

Example 9.7
AlGaInN LED is fabricated using 6H-SiC transparent substrate. If
the refractive index of 6H-SiC is 2.7, what is the extraction efficiency
of this LED?
Average refractive index of GaN and 6H-SiC is (2.5 + 2.7)/2 = 2.6.
Therefore
1 − 1 − (1.5/ 2.6)

2

4 × 1.5
× 100%
2
(1.5 + 1)2
= (1 − 0.817) × 0.96 × 100% = 17.568%

ηe xtr =

×2×

(9.52)

9.4 Efficiency Enhancement by Making Nonplanar, Nonrectangular LEDs
Easy processing of chips in rectangular and square geometries is the main
cause for preferring these shapes (Choi et al. 2011). As sawing makes only
continuous linear cuts, rectangular chips seem to be most logical. But these
symmetric geometries are unfavorable for light extraction. In these structures, a light ray that undergoes total internal reflection at one interface will
also suffer reflection at subsequent interfaces because all interfaces or facets
of such chips are either parallel or perpendicular to each other. As a result,
the incident angle of a light ray remains unchanged after successive reflections unless scattering occurs. Hence, such confined photons are ultimately
reabsorbed. Beyond 30%, further increase in light extraction efficiency up
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to 40%–60% is achieved by
taking recourse to nonN-Contact
planar and nonrectanguN-GaP
lar geometrical structures.
Laser
micromachining
AlGaInP
is the enabling technolactive
P-GaP
layer
ogy for fabricating the
LEDs of unconventional
P-Contact
geometries.
LEDs are frequently
(b)
shaped by cutting the edges
N-Contact
of the parallelepiped structure to create pyramidal
N-GaP
truncated edges (Krames
et al. 1999). The aim is to
P-GaP
reduce the mean free path
AlGaInP
of light traveling inside the
active
P-Contact
layer
chip and extract the light
from the side walls (Figure
Figure 9.9 Light extraction from LED with (a) vertical side 9.9), in accordance with
walls and (b) truncated pyramidal edges. Lateral light emergence
Krames et al. (1999). The
in (b) enhances extraction.
light ejected from the walls
is then reflected by suitable
metallic reflectors made of Ag, Au, or Al. By following this method, the
extraction is augmented by as much as a factor of 2.
(a)

9.5 Discussion and Conclusions
LEDs are inherently inefficient because photons generated by the emission
process are emitted randomly in all directions, for example, in a surfaceemitting LED, a large fraction of light emitted downwards toward the substrate and laterally toward the sides does not succeed in coming out of the
LED and does not contribute to usable light output. Pondering over the state
of affairs closely, in an LED, the photons are created inside a chip material,
not in air, where they ultimately have to go. This causes a serious problem
because the refractive index of the chip material is high compared to that
of air. If the chip is immersed in any medium of lower refractive index such
as air, silicone, or other material, the rays of light striking the interface
between the chip and the air are totally internally reflected if the angle of
incidence exceeds the critical angle. Such internal reflections within the
LED can be reduced and hence more light can be collected by shaping the
semiconductor into a dome so that the angles of incidence at the semiconductor–air surface are smaller than the critical angle. Being expensive and
impractical to shape P–N junction with dome-like structure, an economical
method of allowing more light to escape from the LED is encapsulation
of the semiconductor junction within a dome-shaped transparent plastic
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medium, such as an epoxy, having a higher refractive index than air. The
efficiency of a typical LED increases by a factor of 2–3 upon encapsulation
with an epoxy of refractive index 1.5. The dome shape of the epoxy implies
that light is incident at an angle of 90° at the epoxy–air interface avoiding
total internal reflection. The angle of total internal reflection defines the
light escape cone through Snell’s law: sin ϕC = nA /nS. Obviously, the number
of escape cones of an LED structure must be maximized for achieving high
extraction efficiency.
Various strategies have been put forward to reduce the impact of the interface reflections. In one proposed method, a reflector with a three-dimensional (3-D) structure, explicitly, a pyramid-shaped reflector comprising an
array of SiO pyramids and an Ag layer, is used to boost the extraction efficiency of GaInN LEDs.
By using a distributed Bragg reflector between the active layer and substrate, the absorbed light can be decreased. Effectively, the light that is
generated in the active layer and incident on the substrate is reflected by
distributed Bragg reflector and transmitted out from the top surface, which
greatly improves the light extraction efficiency. A distributed Bragg reflector
usually consists of periodic quarter-wavelength layers of two kinds of materials having different refraction indices. Therefore, it has a high reflectivity for
light with a particular wavelength.
Resonant-cavity LED (RCLED), based on multiple-beam constructive
spatial interference in a cavity, uses photon quantization in a microcavity
to enhance spontaneous emission properties, directionality, and intensity of
light. In these devices, the active layer is embedded in a cavity with at least
one dimension comparable to the wavelength of the emitted light. Then, the
spontaneous emission process is modified, such that the internal emission is
no longer isotropic emission. Instead, the light is emitted mainly through the
lower reflectivity mirror allowing the useful electroluminescence to be doubled. The optical cavity enhances the spontaneous emission at its resonant
wavelength by as high as a factor of 10, channeling more electroluminescence into a narrow spectral band. Thus, a greater amount of the spontaneous radiation is apportioned to a narrow wavelength band whose width is
exclusively a function of the cavity finesse. The improvement brought about
in spectral purity and directivity permits more efficient coupling of the light
into an optical fiber.
Surface-plasmon-related enhancements to luminescence occur when the
metal film supporting surface plasmons is located in close vicinity (<75 nm)
to an emitter. Since the field from a surface plasmon mode decays exponentially from a metal–dielectric interface, the emitter must be placed as close
as possible to this interface, for example, the quantum well is grown very
near the surface of a sample such that metal deposition is possible in close
proximity to the well.
Another method for reducing the impact of the interface reflections
includes designing the LED to reabsorb and reemit the reflected light. It is
called photon recycling. Light extraction is also improved by manipulating the
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microscopic structure of the surface to reduce the reflectance to introduce
random roughness. A rougher semiconductor surface disrupts internal reflection, allowing more light to escape. GaN surface is roughened using alkaline
etchants such as KOH. Use of photonic crystals to minimize back-reflections
will be discussed in the chapter on high-brightness LEDs.
Photon Outcoupling
Only 4% photons of a primitive LED can come out,
Remaining photons rebound inside and wander about
Escape cones and distributed Bragg reflectors
Are good photon extractors.
Surface-plasmon LED, resonant-cavity LED and shaped chip
structures
Too are efficient photon outcouplers.
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Review Exercises
9.1

What typically is the light extraction efficiency of the planar LED
having an absorbing substrate and encapsulated in an epoxy dome?
(a) <5% or (b) >25%? What is the main use of such an LED? (a)
General illumination or (b) as an indicator?
9.2 Which of the two choices is desirable for achieving a high injection
efficiency? (a) A large ratio of the refractive index of the LED semiconductor to that of air; or (b) a small ratio of the refractive index of
the LED semiconductor to that of air?
9.3 What is meant by escape cone? Express the apex angle of the escape
cone at the epoxy–semiconductor interface in terms of refractive
indices of the epoxy and the semiconductor.
9.4 With the help of ray diagrams, illustrate the following rectangular
LED chips: (a) the chip having three escape cones, and (b) a chip
with five escape cones.
9.5 Describe the distributed Bragg reflector scheme for reflecting back
the received light. Give one example of two multilayer stacks.
9.6 How does placing the active region of an LED in a microcavity
enhance its performance? Explain the operation of a resonant cavity
LED by drawing its schematic illustration.
9.7 How does roughening of an LED surface help in increasing the photon extraction efficiency? How is this effect utilized in practical LEDs?
9.8 What are surface plasmons? How do they increase luminescence,
and how is this effect exploited in an LED structure?
9.9 What are the solutions used for reducing the losses taking place in
the contact regions of the LED?
9.10 What are the three multiplying factors involved in the extraction
efficiency formula of a single escape cone LED structure? Derive
the equations for these multiplying factors and explain the symbols
used. Clearly put forward the assumptions made for this derivation.
9.11 What are coupled and uncoupled escape cones? Write the equations
for epoxy–air transmittance (TEA) factor for coupled opposite escape
cones and uncoupled cones.

Chap ter

10

Semiconductor Materials
for Inorganic LEDs
Learning Objectives
After completing this chapter, the reader will be able to
Know the principal families of inorganic materials used in LED
fabrication
◾◾ Get acquaintance with the tuning of wavelengths and colors of light
emitted by changing the compositions of the alloys
◾◾ Understand the roles of different elements in the alloys
◾◾ Appreciate the useful properties of gallium nitride that make it the
favorite material for manufacturing LEDs
◾◾

10.1 Material Requirements for LED Fabrication
While selecting materials for use in LED fabrication, compliance with the
following qualities should be verified (Figure 10.1):
1. Capability for emission in visible range: The first step toward qualifying
a semiconductor material for solid-state lighting applications involves
ascertaining whether the material has a bandgap that is able to give
photons having near-visible and UV wavelengths. The fulfillment of
this requirement is assessed by applying the following equation relating
the wavelength λ of light emitted with the bandgap Eg:
λ (nm) = 1239.5/Eg (eV )

(10.1)

2. Direct bandgap nature: The material chosen should have a direct bandgap because such materials give a high rate of radiative recombination.
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Qualities to look for while selecting materials for LED fabrication

1. Emission within visible spectrum range
2. Direct energy band gap
3. Robustness of lattice
4. Ease of fabrication/availability of substrate for
growth
5. Ability to vary bandgap by alloying
6. Reliability for high temperature/high power operation
7. Desirable electrical and thermal properties like high
electron mobility, wide band gap, and high thermal
conductivity
8. Benign nature

Figure 10.1

Material qualification for LED fabrication.

Judging from this criterion, group IV elemental semiconductors, such
as silicon, germanium, diamond, and so on, being of indirect nature,
are discarded. Also, inappropriate are group IV–IV compound materials such as silicon carbide polytypes. SiC blue LEDs have a brightness
of 10–20 mcd. Nonetheless, 6H-SiC blue LEDs were commercialized
for a protracted time in nonappearance of alternatives. Incompatible
also are some III–V compound semiconductors, for example, AlAs,
AlSb, and AlP, which despite the fact that they emit visible light, do
not conform to the direct bandgap quality.
3. Lattice robustness and resistance to nonradiative recombination center formation: Many II–VI compounds are able to emit in the visible range,
notably, CdSe (red), ZnTe and CdO (green), ZnSe (blue), and ZnO and
ZnS (near UV). But all these are easily susceptible to defect formation.
Hence, the quest for methods to improve lattice rigidity is perpetual.
4. Ease of fabrication/availability of growth substrate: The fabrication of
active layer/quantum wells for various emission wavelengths typically
requires the incorporation of elements such as indium/aluminum in
the matrix (bandgap engineering). The introduction of these species
leads to the creation of lattice defects. Thus, the selections of process
and semiconductor material decide the solubility of these species and
growth of high-quality active region where light is generated.
		  Moreover, LED fabrication depends on the availability of a latticematched high-quality substrate material upon which the epitaxial layers
of the semiconductor material can be grown. The quality of substrate
material and minimal lattice mismatch between the semiconductor and
substrate material are crucial for high-efficiency LEDs. The maximum
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substrate wafer size commercially available is one of the vital factors
to determine the cost of the fabrication process. Further, transparent
substrates have a predilection for ease of light extraction from the LED
chip.
5. Ability to tailor bandgaps by alloying and fabricate heterojunctions of desired
potential profiles: Under materials compliant with these qualities fall
the binary III–V compounds, for example, InP, GaAs, InN, GaN,
and AlN. Also included in this category are ternary and quaternary
alloys of the elements Al, Ga, In, as cations with As, P, or N as anions,
yielding compounds such as AlGaAs, AlGaInP, AlInGaN, and so on.
Technologies of material growth and processes of LED fabrication are
amply well established using these materials. They, therefore, constitute
the most approved inorganic materials used in LED fabrication.
6. Reliability for high-temperature or high-power operation: The thermal
coefficient of expansion of lattice and substrate needs to be matched
in order to prevent breakage upon heating during the high-power
operation.
7. Desirable electrical and thermal properties: These include the bandgap of
the semiconductor to yield preferred emission wavelength, high electron mobility for integration with high-frequency circuits, and high
thermal conductivity for facilitating heat flow from the junction. Also,
wide bandgap semiconductors (high dielectric breakdown voltage) are
preferable since they can withstand high-power operation without risk
of dielectric breakdown.
8. Toxicity of the material: The material should be environment-friendly
because the concerned manufacturing industries, the consumers, and
disposability methods should be innocuous to the living world. Human
health and safety cannot be least compromised with. Group II–VI and
III–V compound semiconductors are toxic but III–V nitride semiconductors are not harmful.

10.2 Common LED Materials
Three classes of materials are used in LED fabrication. These are AlGaAs,
AlGaInP, and AlInGaN (Figures 10.2 and 10.3). Their main properties are
presented compendiously in Table 10.1. A discussion of specific materialrelated properties follows.
10.2.1 AlGaAs Materials
The formula “AlGaAs” has the sole purpose of displaying the abbreviated
form of aluminum gallium arsenide, like an acronym. This acronym should
not be misunderstood to suggest any particular ratio of these elements.
Aluminum gallium arsenide or gallium aluminum arsenide is a semiconductor material with the formula AlxGa1−x As, where the suffix x is a number
between 0 and 1 (0 < x < 1), indicative of the fact that the material is an
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AlGaInP
Material
AlP
GaP
InP

Eg (eV)
2.5
2.3
1.4

AlInGaN
λ(nm)
500
520
900

Material
AlN
GaN
InN

Eg (eV) λ(nm)
6.2
200
3.5
370
0.9
1400

AlGaAs
Material Eg (eV) λ(nm)
2.16
AlAs
582
1.42
GaAs
888

Inorganic LED materials

Figure 10.2

The inorganic LED materials tree.

arbitrary alloy of GaAs and AlAs. Readers may note that aluminum gallium arsenide and gallium aluminum arsenide basically represent the same
material.
AlxGa1−x As has practically the same lattice constant as GaAs, but it has a
larger bandgap, varying between the bandgaps of GaAs (1.42 eV) and AlAs
(2.16 eV). The AlxGa1−x As system is a direct gap system (Steranka 1997,
Levinhstein et al. 1999) for 0 < xc < 0.45. The energy bandgap of AlxGa1−x As
alloys depends on the aluminum content x. For x > xc = 0.45, the bandgap
becomes indirect. The dependence of the direct gap of AlxGa1−x As alloy on
its aluminum content x at room temperature (300 K) is given by the formula
(Adachi 1994)
Eg,dir (x ) = 1.424 + 1.247x eV

(10.2)

where Eg,dir is the direct energy bandgap of AlxGa1−x As for x < 0.45 and x is
a fraction showing the aluminum content of the Al xGa1−x As alloy.
Owing to lattice matching of the alloys of different compositions from
x = 0 to x = 1 to GaAs, it is well suited for the fabrication of semiconductor
heterostructures. Low defect density AlxGa1−x As layers of varied compositions are grown epitaxially on GaAs substrates. This material illustrates a
good heterostructure system for LEDs because any AlxGa1−x As alloy composition can be directly grown on any other composition, producing abrupt
compositional and bandgap transitions without introducing intermediate
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Figure 10.3 U
 nit cells of inorganic materials used in LED fabrication: (a) gallium arsenide (zinc
blende), (b) gallium phosphide (zinc blende), and (c) gallium nitride (wurzite).

layers. It may be recalled that carrier containment in heterostructures
coerces the movement of injected carriers in a direction at right angles to
the junction. The AlGaAs layer restrains the electrons within the demarcations of gallium arsenide region. This increases the carrier density beyond
the diffusion-limited concentration in that region, with consequential rise in
internal quantum efficiency and speed.
The widely used growth process is liquid-phase epitaxy (LPE). This process is economical and heterostructures covering the range of wavelengths
from 870 nm (x = 0) to 624 nm (x = 0.45) are grown.
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Table 10.1
Sl. No.

Features of AlGaAs, AlGaInP, and AlInGaN
Property

AlGaAs

1.
2.

Composition
Constituents of
the alloy and
their structures

3.

Lattice matching

Ternary
GaAs, AlAs,
crystallizing in
cubic (zinc
blende)
structure
Ideal in the full
range of Al
mole fraction

4.

Bandgap
nature

Direct for
x < 0.45,
indirect for
x > 0.45 in
AlxGa1−xAs

5.

Donor
impurities for
doping
Acceptor
impurities for
doping
Refractive index

Tin (Sn),
tellurium (Te)

6.

7.
8.

Production
technology

9.

Resultant LED
color

Zinc (Zn),
magnesium
(Mg)
3.6 for
x = 0.3–0.4
Liquid-phase
epitaxy

Red, infrared

AlGaInP

AlInGaN

Quaternary
AlP, GaP, InP, all
having zinc blende
cubic lattice

Quaternary
InN, GaN, AlN;
wurtzite structure

(AlxGa1−x)In1−yP alloy is
nearly perfectly lattice
matched to GaAs at
y ~ 0.5

Grown on latticemismatched
substrates by
epitaxy using AlN
and AlGaN buffer
layers. Sapphire
(Al2O3) is also
widely used. ZnO
is a potential
substrate
Direct in the
complete range of
molar fraction

Direct; although AlP
and GaP have indirect
bandgaps, the
compound AlGaInP
obtained by their
alloying with direct
bandgap InP has a
direct bandgap. By
changing x, the direct
gap energy is
alterable within red to
green
Te, Si

Si

Zn, Mg

Mg

3.6 for
(AlGa1−x)0.5In0.5P
MOCVD (metal
organic chemical
vapor deposition),
also called OMVPE
(organometallic
vapor-phase epitaxy)
Orange, amber
(yellowish orange),
yellow, green

2.4(GaN),
2.1(AlN), 2.8(InN)
MOCVD

Blue, bluish-green,
violet, ultraviolet
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The x = 0.06 alloy, an excellent double heterostructure arrangement
between efficiency and speed, is the dependable material for infrared applications demanding power and speed. These LED devices show efficiencies of
5%–20% and rise/fall times of 20–50 ns, depending on layer thickness, the
substrate employed, and the contact area.
The most appropriate material for the active layer of double-heterostructure 730 nm LEDs is the alloy with the Al molar fraction x of about 0.2.
The 730 nm LEDs fabricated from this heterostructure are commercially
available with radiant efficiencies ~20%. On decreasing the wavelength to
<700 nm, the efficiency of radiative recombination in AlGaAs decreases.
This happens because of the vicinity of the direct-to-indirect band crossover.
The crossover energy of AlxGa1−x As from direct bandgap material to indirect bandgap nature is 1.985 eV and the corresponding wavelength is 624 nm.
After crossing the direct-to-indirect point, the internal efficiency of LED
decreases. Optimum luminous efficiency is obtained for λ = 640–650 nm at
x = 0.35–0.4 with an internal quantum efficiency of 0.5.
Remembering that the sensitivity of human vision in the red region
increases with decreasing wavelength, the peak of luminous efficacy occurs
at ~660 nm. Hence, 660 nm LEDs are manufactured for visual signal applications. But radiant efficiency of 660 nm AlGaAs LEDs is limited to ~21%
and is <15% in commercially available devices.
The x = 0.38 alloy composition, in both single and double heterojunction
variants, is perfected for applications in the visible spectrum. The double
heterojunction offers 1.5–2.0 times advantage in efficiency and speed over
the single heterojunction, with the highest product of quantum efficiency
and eye response occurring at x = 0.38 and λ = 650 nm. On an absorbing
substrate, the single heterostructure has an efficacy ~4 lm/A, and the corresponding double heterostructure efficacy ~6–8 lm/A, whereas on a transparent GaAlAs substrate, the efficacy is ~15–20 lm/A, and even as high as
30 lm/A. These red LEDs are extensively used in light-ﬂux-intensive applications, such as information panels and stoplights of automobiles, with a
variant effective for speed useful in optical communication through plastic
ﬁber.
Although LPE is a relatively inexpensive process, it gives inadequate oxygen decontamination. AlGaAs alloy with a high content of Al suffers from
enhanced deterioration of the material. Such degradation is aggravated during high-temperature, high ambient moisture operation. It imposes restrictions on the thermal regime of the LEDs. At high temperatures and high
humidity levels, AlGaAs LEDs suffer from degradation caused by hydrolysis
of aluminum to form oxygen-rich compounds.
Example 10.1
Apply the relation
Eg,dir (x ) = 1.424 + 1.247x eV, for x < 0.45

(10.3)
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to explore the color of radiation emitted by the LED if fractional aluminum content x = 0.05 and x = 0.39.
When x = 0.05
Eg,dir (x ) = 1.424 + 1.247 × 0.05 eV = 1.424 + 0.06235 eV = 1.48635 eV


(10.4)
Hence

λ(nm ) = 1239.5/Eg (eV ) = 1239.5/1.48635 (eV ) = 833.922 nm (10.5)
which is in the infrared region and hence invisible.
When x = 0.39
Eg,dir (x ) = 1.424 + 1.247 × 0.39 eV = 1.424 + 0.48633 eV = 1.91033 eV


(10.6)
Therefore

λ(nm ) = 1239.5/Eg (eV ) = 1239.5/1.91033 (eV ) = 648.841 nm (10.7)
which is visible red light.

10.2.2 AlGaInP Materials
AlGaInP, also AlInGaP, InGaAlP, and so on, is a semiconducting alloy of
AlP, GaP, and InP, used in fabricating LEDs of red, orange, green, and yellow colors, to form the light-emitting heterostructure (Aliyu et al. 1995). In
this alloy, about half of the group III atomic sites are occupied by indium.
The Al/Ga ratio is variable without upsetting the lattice matching, similar
to the AlGaAs material system. This is feasible because AlP and GaP have
almost the same lattice spacing. The growth of heterostructures is thus rendered possible. Not only is lattice matching of Al xGa1−xIn1−yP with GaAs
gratifying, the coefficients of thermal expansion of these materials are also
identical. Changing the x value, the bandgap energy is variable within limits. Many of the advantages of the AlGaAs system are available with the
AlInGaP system. Additionally, it has a higher-energy direct energy gap of
2.3 eV that helps in producing green emission at 540 nm.
Needless to say that the top layer of the LED must be transparent to the
light produced. Commonly used window layers on top of the AlInGaP heterostructure are either AlGaAs or GaP. Considering AlGaAs, the AlGaAs
material has the advantage that it is lattice-matched to AlInGaP, and introduces the smallest number of AlInGaP/AlGaAs interfacial defects, but it
has the encumbrance that it absorbs yellow and green lights produced by
high-aluminum compositions, although to a limited extent. Now, speaking
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about GaP, the peak AlInGaP device efficiencies have been possible using
GaP window layers. The GaP has the agreeability of being transparent to
shorter wavelengths than AlGaAs and ease in growth of thick GaP layers,
using either VPE or LPE, on top of the AlInGaP DH grown by MOVPE.
Significantly higher growth rates are achieved by both VPE and LPE than
through metal organic chemical vapor deposition (MOCVD).
Irrespective of the Al molar fraction x, direct gap (AlxGa1–x)0.5In0.5P alloy
is lattice matched to GaP. This property makes it a suitable material for
the active layers of LEDs emitting in the range of 652 nm (x = 0) to about
580 nm (x = 0.4). A disadvantageous characteristic is that the efficiency of
radiative recombination in this material has to endure the presence of an
indirect band. At wavelengths <590 nm, the efficiency of AlInGaP LEDs
diminishes because of the impending transition of the material from direct
to indirect bandgap nature. Presupposing that the eye response strengthens
stridently from 660 to 540 nm, the reduction in AlInGaP LED efficiency
is compensated to some extent. The overall effect is less important and temperature sensitive in AlGaInP alloy having low Al content than in AlGaAs
emitting at 660 nm.
The 45-μm-thick GaP window layer AlInGaP LEDs have reached external quantum efficiencies beyond 5% in the red and yellow regions of the
emission spectrum, which is more than double as bright as LEDs having
slender AlGaAs window layers.
P-type doping poses problems in these materials, especially at high Al
percentages. For acceptor impurities having a larger ionization energy than
donors, higher hole concentrations are not readily attainable because ionization tends to be arduous. Associated with this problem is the compensation
issue. Oxygen-containing compounds produce deep levels that compensate acceptors; any hydrogen introduced during growth has the same effect.
Minimization of oxygen content during growth and subsequently by annealing is obliging to a considerable extent.
The AlGaInP structures are fabricated using MOCVD, which is a more
advanced technique for abating materials contamination as compared to LPE
used for AlGaAs growth. Besides being a contamination-free process, the
MOCVD method provides flexibility and control over compositional changes.
The aforementioned advantages of the AlGaInP system enable operation
of the LEDs in high-power regime. 1-W single-chip 652 nm (GaInP) LEDs
have already been reported. These LEDs have shown quantum efficiency
>50% (Krames et al. 1999).
Owing to their highest luminous efficiency in the red region, for visual signal applications, high-power LEDs with peak wavelengths of about 640 nm
are being manufactured. Changing the peak wavelength to 652 nm is encouraging because a higher radiant efficiency and reduced temperature sensitivity
of these AlGaInP LEDs facilitate operation in high-power regime.
AlInGaP offers higher luminous efficacy than other technologies in different color regions excluding the red further than 640 nm. LEDs made from
AlInGaP are >10-fold brighter in the orange and yellow regions than other
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LEDs, and collate satisfactorily with the topmost AlGaAs red LEDs. Their
quantum efficiency is also superior to that available from other technologies,
apart from the highest-performance 650 nm AlGaAs LEDs. Notably, the
620 nm (red/orange) AlInGaP LEDs have a better luminous efficacy than
650 nm AlGaAs LEDs due to the eye sensitivity disparity.
10.2.3 AlInGaN Materials
Aluminum indium gallium nitride (AlInGaN), also called indium gallium aluminum nitride (InGaAlN) or aluminum gallium indium nitride (AlGaInN)
is a GaN-based compound semiconductor. Gallium nitride (GaN) is a binary
III/V direct bandgap semiconductor. AlInGaN alloy is made of a mixture of
gallium nitride (GaN), indium nitride (InN), and aluminum nitride (AlN).
Tunability of material bandgap is afforded by modulating the amount of
indium in the alloy. Usually, the In/Ga ratio is kept between 0.02/0.98 and
0.3/0.7. By modifying the relative InN–GaN fraction in the InGaN quantum
wells, the color of emitted light can be changed from violet to amber.
AlGaN aluminum gallium nitride of varying AlN fraction can be used to
manufacture the cladding and quantum well layers for ultraviolet LEDs. The
incorporation of a few % In into AlGaN causes significant smoothening of the
band-bottom potential profile in AlInGaN layers owing to improved crystal
quality. An abrupt optical bandgap manifests that a nearly lattice-matched
AlInGaN/GaN heterostructure with large energy band offsets can be grown
for high-efficiency LEDs (Tamulaitis et al. 2000).
Group III-nitride semiconductors, including GaN, crystallize in either
hexagonal wurtzite or zinc blende structure, both of which are grown by epitaxial thin film methods. The wurtzite structure being thermodynamically
more stable, finds greater utilization in LED fabrication.
Unavailability of suitable substrates and P-type material stalled the progress of group III nitride semiconductors for a long time. It was only during the
1990s that there was a rapid development in this field, resulting in the production of blue, green, yellow, and near UV LEDs (Adivarahan et al. 2001).
AlInGaN is usually prepared by epitaxial growth techniques, for example, MOCVD, molecular beam epitaxy (MBE), and pulsed laser deposition
(PLD). Growth of high-quality GaN films on sapphire substrates was not
possible because of large lattice mismatching between GaN and sapphire.
This could be done using a sequence of buffer layers that were grown at different substrate temperatures.
Amano in 1989 demonstrated P-type GaN material using Mg doping followed by low-energy electron beam irradiation to enable Mg atoms to occupy
Ga sites. The highest hole concentration in GaN films was 1017 cm−3 and the
lowest resistivity was 12 Ω-cm. These values of concentration and resistivity
were insufficient for LEDs. Nakamura et al. (1992) showed that lower resistivities could be reached with P-type doping using a thermal annealing conversion process in a nitrogen atmosphere. This process of thermal annealing
of Mg-doped GaN after crystal growth was a breakthrough because it was
easy, reliable, and adoptable for large-scale production. Previous researchers
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had attempted annealing in an ammonia atmosphere up to 1000°C but had
failed to achieve success because hydrogen liberated from ammonia passivated the acceptors, imparting insulating property to the material.
AlInGaN is used in specialist optoelectronics applications for making
blue LEDs. The most remarkable characteristic of AlInGaN materials is
that even when grown with lattice mismatching and with dislocations, high
internal quantum efficiency is obtained in LEDs. In fact, the superiority
of blue/green GaN-based LEDs compared to red AlGaAs and AlGaInP
LEDs, despite the presence of a large number of crystal defects, is a major
benefit favoring III–V nitride semiconductors.
Briefly, III–V nitride LED structures are deposited over lattice-mismatched sapphire using MOCVD. They have exhibited radiant efficiencies
>40% (Shibata et al. 2003). They have a low-temperature sensitivity. Also,
they do not have to forebear the occupation of the indirect band. This makes
the AlInGaN materials system conducive to application in high-power LEDs,
which are presently marketed with the electric power up to 5 W (Wierer
et al. 2001). In reality, the wavelengths produced with AlInGaN compounds
encompass the broad range from 200 nm (AlN) to ~1500 nm (InN). But surprisingly, commercially available high-power nitride LEDs emit only in the
spectral region ranging from near UV to green, which is primarily attributed
to materials quality issues. Blue nitride LEDs promise further increase in
power and lowering of price. Research on these LEDs is being pursued intensively because they constitute the groundwork for white-LED technology.
Another vital property of AlInGaN heterostructures is that the built-in
polarization electric field affects the potential profile.
Typical values of carrier lifetimes are as under: In GaN grown over sapphire, the carrier lifetime is ~250 ps while in GaN films on bulk GaN, it is
890 ps. In thick InGaN epilayers, the lifetime is ~100 ps.
Headways in AlInGaN materials and device quality have facilitated
AlInGaN material system-based visible blue and green LEDs to attain
power conversion efficiencies outperforming those of conventional light
sources, and advancing nearer to the efficiencies of present halogen and compact fluorescent lamps. Along with yellow and red AlInGaP-based LEDs,
having luminous efficacies >100 lm/W (~610 nm), AlInGaN LEDs are capturing low-energy consumption and long-life applications. This has led to
the insurgence of general illumination technology using white LEDs that
employ either AlInGaN LED-based phosphor conversion or a grouping of
red, green, and blue LEDs (Kim 2001).
Example 10.2
Piprek et al. (2007) proposed that the room temperature bandgap Eg
of Al xInyGa zN layers is calculated from the nonlinear interpolation
formula (z = 1 − x − y)

(

)

Eg Al x In y Ga z N = xE AlN + yEInN + zEGaN + xybAlInN
+ yzbInGaN + zxbAlGaN + xyzbAlInGaN

(10.8)
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where the binary bandgaps EAlN = 6.28 eV, EInN = 0.77 eV, and EGaN =
3.42 eV and the ternary bowing parameters are bAlInN = −3.4 eV,
bInGaN = −1.43 eV, and bAlGaN = −0.7 eV. The unavailable quaternary
bowing parameter bAlInGaN may be taken as zero.
i. Using this formula, calculate the wavelengths of light emitted
when aluminum mole fraction x is kept constant at 0.06 but two
different values of indium mole fraction y are taken, namely,
0.01 and 0.1. Which colors do they signify?
ii. If y = 0.2 and 0.3, what wavelengths and colors of light result?
i. When y = 0.01
{ Eg ( Al x In y Ga z N)} In = 0.01
= 0.06 × E AlN + 0.01 × EInN + (1 − 0.06 − 0.01) × EGaN + 0.6
× 0.01 × bAlInN + 0.01 × (1 − 0.06 − 0.01) × bInGaN + (1 − 0.06 − 0.001)
× 0.06 × bAlGaN + 0.6 × 0.01 × (1 − 0.06 − 0.01) × bAlInGaN
= 0.06 × 6.28 + 0.01 × 0.77 + (0.93) × 3.42 + 0.06 × 0.01 × ( −3.4)
+ 0.01 × (0.93) × ( −1.43)
+ (0.93) × 0.06 × ( −0.7) + 0.6 × 0.01 × (0.93) × 0
= 0.3768 + 0.0077 + 3.1806 − 0.00204 − 0.013299 − 0.03906
= 3.56510 − 0.054399 = 3.5107 ≈ 3.51eV



(10.9)
So

{λ(nm)}In =0.01 = 1239.5 /Eg (eV ) = 1239.5/3.51(eV ) = 353.134 nm


(10.10)

which is UV light, known as long wave (LW) or black light (380–315 nm).
Similarly, for y = 0.1
{ Eg ( Al x In y Ga z N)}In = 0.1
= 0.06 × E AlN + 0.1 × EInN + (1 − 0.06 − 0.1) × EGaN + 0.6 × 0.1 × bAlInN
+ 0.1 × (1 − 0.06 − 0.1) × bInGaN
+ (1 − 0.06 − 0.1) × 0.06 × bAlGaN + 0.6 × 0.1 × (1 − 0.06 − 0.1) × bAlInGaN
= 0.3768 + 0.077 + 2.8728 − 0.204 − 0.12012 − 0.03528
= 3.3266 − 0.3594 ≈ 2.9672 eV ≈ 2.97 eV



(10.11)
Hence

{ λ (nm )}In = 0.1 = 1239.5/Eg (eV ) = 1239.5/ 2.97(eV )
= 417.34 nm
which is violet light (380–450 nm).

(10.12)
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ii. For y = 0.2
{ Eg ( Al x In y Ga z N)}In = 0.2
= 0.06 × E AlN + 0.2 × EInN + (1 − 0.06 − 0.2) × EGaN + 0.6 × 0.2 × bAlInN
+ 0.2 × (1 − 0.06 − 0.2) × bInGaN + (1 − 0.06 − 0.2) × 0.06 × bAlGaN
+ 0.6 × 0.2 × (1 − 0.06 − 0.2) × bAlInGaN
= 0.3768 + 0.154 + 2.5308 − 0.0408 − 0.21164 − 0.03108
= 3.0616 − 0.28352 ≈ 2.77808 eV ≈ 2.78 eV


(10.13)

and
{ λ (nm )}In = 0.2 = 1239.5/Eg (eV ) = 1239.5/ 2.78(eV ) = 445.8633 nm


(10.14)
This is visible violet light wavelength (380–450 nm).
For y = 0.3

{ Eg ( Al x In y Ga z N)}In = 0.3

= 0.06 × E AlN + 0.3 × EInN + (1 − 0.06 − 0.3) × EGaN + 0.6 × 0.3 × bAlInN

+ 0.3 × (1 − 0.06 − 0.3) × bInGaN + (1 − 0.06 − 0.3) × 0.06 × bAlGaN
+ 0.6 × 0.3 × (1 − 0.06 − 0.3) × bAlInGaN
= 0.3768 + 0.231 + 2.1888 − 0.612 − 0.27456 − 0.02688
= 2.7966 − 0.91344 ≈ 1.88316 eV ≈ 1.88 eV


(10.15)

and
{ λ (nm )}In = 0.3 = 1239.5/Eg (eV ) = 1239.5/1.88(eV ) = 659.31 nm

(10.16)

This is red light wavelength (620–750 nm).

10.3 Discussion and Conclusions
Various direct bandgap semiconductor materials are used to make LEDs
emitting lights of different colors because the color or wavelength of light is
decided by the energy bandgap of the material. AlGaAs is a high-efficiency
material suitable for fabricating LEDs emitting at infrared and red wavelengths. Although its bandgap lies between 1.424 eV (GaAs) and 2.16 eV
(AlAs), it is inappropriate for orange and shorter wavelengths. This happens
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owing to the direct–indirect transition of the AlxGa1−x As bandgap at x ~ 45%
related to a wavelength of 624 nm.
Bandgaps of AlP, GaP, and InP at 300 K are 2.45, 2.25, and 1.27 eV,
respectively. AlGaInP is the preferred material for the long wavelength portion of the visible spectrum, namely, red, orange, yellow, and yellow–green
wavelengths. The direct–indirect transition of the bandgap at the energy of
2.23–2.33 eV corresponding to 556–532 nm is responsible for this behavior.
Because AlN, GaN, and InN have direct bandgap energies of 6.2, 3.4, and
0.7 eV, respectively, III-nitride family of materials offers a wide variation of
bandgap (0.7–6.2 eV) with nominal changes in the lattice constant. Hence,
bandgaps of ternary alloys of III-nitrides are easily tunable over the complete
visible spectrum by manipulating their compositions. Another advantage of
III-nitrides over other wide-bandgap semiconductors is the staunch chemical bonding and hence stability, which makes them resistant to degradation
caused by high electric currents and temperatures. These are the reasons for
the gigantic involvement internationally in III-nitrides for LED fabrication.
Versatile LED M aterials
AlGaAs, AlInP and AlInGaN families of semiconductors,
Make us gasp and wonder!
At their interesting alloying combinations
Permitting wide compositional variations,
Helping to make LEDs for different applications.
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Review Exercises
10.1

Write the equation connecting the wavelength of light emitted with
energy bandgap of a material. What is the main property that a
material must possess in order to be usable for LED fabrication?
10.2 Which type of material will you use for LED fabrication: (a) Direct
bandgap or (b) indirect bandgap, and why? State with reason which
of the following materials is suitable for use in LEDs: (a) AlAs, (b)
GaAs, (c) AlInGaN, (d) AlSb, (e) AlP, and (f) SiC.
10.3 What are the most popular inorganic materials used in LED fabrication? Prepare a comparative chart of their main properties.
10.4 Lay down the criteria that will help in deciding the suitability of a
material for constructing light-emitting diodes.
10.5 Which growth process is commonly used in the fabrication of LEDs
using AlGaAs? What is the notable advantage of this process?
What problem is faced for AlGaAs alloy with high Al content?
10.6 What is the crossover energy of Al xGa1−x As from direct to indirect
bandgap nature? What happens when the indirect bandgap region
is reached?
10.7 Comment on the lattice matching of gap (AlxGa1–x)0.5In0.5P alloy with
GaP. Does the material suffer from the presence of indirect band?
10.8 What kind of equipment is used for growing AlGaInP structures?
Indicate the main advantages of this method.
10.9 Is it possible to grow high-quality GaN films on sapphire substrates?
Do buffer layers help in overcoming this problem?
10.10 How is GaN material made P-type? What is the effect of thermal
annealing on material properties?
10.11 What is the range of wavelengths that is theoretically possible to be
generated from AlInGaN compounds? What colors are emitted by
commercial high-power nitride semiconductor LEDs? What is the
reason for such a narrow range of colors being achieved practically?

Chap ter

11

Fabrication of Inorganic LEDs
Learning Objectives
After completing this chapter, the reader will be able to
◾◾

◾◾
◾◾
◾◾
◾◾

Know the constructional features and operation of the main equipments used in LED fabrication: liquid-phase epitaxy (LPE) and metal
organic chemical vapor deposition (MOCVD)
Get familiar with the substrate materials for fabrication of LEDs
Describe the unit process steps in LED manufacturing
Integrate the unit process steps to sketch an LED process sequence
Discuss LED fabrication processes on sapphire and silicon substrates

LED manufacturing involves several processes starting from semiconductor wafers, then adding epitaxial layers and metal layers, dicing, mounting,
and packaging. These packaged LEDs are then assembled to form different
consumer products (Figure 11.1). This chapter treats the processes that have
to be performed from the wafer stage to the LED die stage. Special laboratories called semiconductor clean rooms are constructed for keeping the air
pure and free from dust particles up to one part in 10,000, and maintaining specific temperature and humidity levels. The general cleanliness of the
laboratories and incoming wafers is checked closely. Often, many fabrication
steps are automated for consistency. All these measures are taken to improve
the manufacturing yield, that is, the number of successful LED chips per
wafer.

11.1 Heterostructure Growth Methods: LPE and MOCVD
AlGaAs LEDs are fabricated by the low-cost LPE technique, whereas
AlGaInP and AlInGaN LEDs require complex MOCVD equipment
(DenBaars and Keller 2000, Weimar 2011, Ranjan 2013).

191

192   ■   Fundamentals of Solid-State Lighting

LED lamp assembly

LED die packaging

LED die separation

LED fabrication on substrate

LED substrate preparation

Figure 11.1

Climbing up the LED lamp manufacturing ladder.

11.1.1 Liquid-Phase Epitaxy
Starting solutions are prepared by mixing Al, GaAs, and dopants in purified Ga melt. The necessary compositions are acquired from the Al–Ga–As
phase diagrams. The reactions take place in a horizontal slider consisting of
an outer quartz tube filled with H 2, in which, there is a slider and a baseplate,
both made of graphite (Figure 11.2). The substrate is kept on the baseplate of
the slider and the solutions (Ga, Al, GaAs, and Te) and (Ga, Al, GaAs, and
Zn) are placed in cavities of the slider (Chen et al. 1997); the reader is guided
to this reference for more details.
Furnace coil
H2 out
Thermocouple
Seed

Molten solutions with dopants
1
2
3

Seed holding base plate of graphite
Quartz tube

Figure 11.2

Set up for LPE.

Graphite slider containing solutions

Push rod
H2 in
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For growing the heterostructure, the cavities are successively positioned
over the substrate. Initially, the solution is maintained at a higher temperature
(800–900°C). When the solution is brought in contact with the substrate,
the temperature is decreased to allow the solution to become supersaturated,
resulting in AlGaAs growth. Then, the next solution is contacted with the
substrate and the furnace is slowly cooled, as before.
Besides its inherent simplicity, LPE offers purity of the grown layer and
the ability to grow thick layers. But when LPE is used for AlGaInP growth,
the difference in thermodynamic stability of AlP and InP makes it difficult to
control the composition; also, a problem arises from aluminum segregation.
In case of AlGaInN, a difficulty is faced in handling the melt at high melting
temperature of the nitrides and because of the high equilibrium pressure of N2.
11.1.2 Metal Organic Chemical Vapor Deposition
MOCVD is a nonequilibrium growth process utilizing vapor transport of
source materials, reaction of these materials in a hot zone, and deposition of the
crystalline form of the required material on the substrate (Chen et al. 1997).
Figure 11.3 shows an MOCVD reactor (Semiconductor Device
Technology 2002). As explained in the cited article, the substrate wafer is
placed on a graphite plate called the susceptor inside a reaction vessel known
as the reactor, and heated by a radio frequency (RF) induction heater, usually between 500°C and 800°C. Growth takes place in an atmosphere of
hydrogen at a pressure between 100 and 700 Torr by decomposition of the
Graphite susceptor
Quartz tube

Reaction zone
Wafer

RF induction heater coils

Valve

H2
Trimethylaluminum
(TMA)
H2
Trimethylgallium (TMG)

AsH3
SiH4
(arsine) (silane)

H2
Trimethylindium (TMI)
H2
Diethylzinc (DEZ)

Figure 11.3

Schematic diagram of an MOCVD reactor.

Valve

194   ■   Fundamentals of Solid-State Lighting
Nitrogen + hydrogen
Infrared thermometer

Conical quartz tube

Quartz
nozzle

Exhaust

Hydrogen +
ammonia+
trimethylgallium
Wafer
Rotating susceptor
Heater

Stainless steel chamber

Figure 11.4

AlInGaN two-flow MOCVD reactor for group III nitride semiconductors.

growth precursors in contact with the hot substrate forming epitaxial layers.
Group V precursors are hydrides such as PH3 (phosphine) for phosphide and
NH3 (ammonia) for nitride while group III precursors are Ga(CH3)3: trimethylgallium (TMG) for gallium, Al(CH3)3: trimethylaluminum (TMA)
for aluminum, In(CH3)3: trimethylindium (TMI) for indium, SiH4: silane
for silicon, AsH3: arsine for arsenic, and Zn(C2H5)2: diethylzinc (DEZ) for
zinc. The precursors are carried into the gas stream by bubbling the carrier
gas, N2 or H 2 through them. The typical growth rate value is 2 μm/h at
group V/group III precursor ratio of 250. As consistent pick up has been a
problem under normal conditions with solid phase TMI, solution TMITM
has been used for this purpose (Ravetz et al. 2000).
The MOCVD reactor developed by Nakamura (1991a) is shown in Figure
11.4. Nakamura’s chamber is made of stainless steel. It has a rotating susceptor. The precursors are supplied by horizontal gas flow through a quartz
nozzle, and brought into contact with the substrate by vertically downwarddirected gas flow. First, a nucleating nitride layer is grown at a lower temperature (400–600°C). Then, the actual nitride layer is grown at a temperature
higher than 1000°C; the typical growth rate is 4 μm/h. Table 11.1 presents
the gases used in MOCVD (Tolia 2011) and Table 11.2 the advantages and
drawbacks of MOCVD.

11.2 LED Substrates
Desirable properties looked for in the substrates for LED fabrication must
be laid out. Minimal power loss, light loss, and defect generation are desired
to be associated with the substrates. To minimize power loss, the substrate
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Table 11.1

Gases Used in MOCVD Reactions

Group III Precursors
Trimethylaluminum,
Al(CH3)3
Trimethylgallium,
Ga(CH3)3
Trimethylindium,
In(CH3)3

Table 11.2
Sl. No.
1.

2.

Group V
Precursors
PH3
NH3

Dopant Precursors
Diethylzinc: DEZn
Dimethylzinc: DMZn
Bis(cyclopentadienyl)
magnesium: Cp2Mg
Diethyltellurium: DETe
Silane: SiH4
Disilane:Si2H6

Basic Growth Reaction
(R=P or N for PH3 or NH3)
xAl(CH3)3 + yGa(CH3)3
+ zIn(CH3)3 + RH3 ↔
AlxGayInzR + RH4

Pros and Cons of MOCVD
Pros

Cons

Reproducible growth of heterostructures
containing thin layers and abrupt
interfaces.
Precision in composition and doping
profile control.

Nonavailability of thick window
layers required for high efficiency in
light extraction.
Hazardous nature of precursors
used.

should have high electrical and thermal conductivities. For small light loss,
the substrate ought to be preferably transparent to the light created by the
LED structure; this will increase the external quantum efficiency. To minimize defects, not only the defect density of the substrate itself should be low
but the substrate material should closely match the epitaxially grown layers,
both in atomic lattice spacing and thermal expansion coefficient.
For the AlGaAs and AlInGaP material systems, GaAs substrate is used
because of its lattice matching with these material systems. As is the custom, GaAs substrates are N-doped with Te, S, or Si, and sometimes with Se
and Sn. In some AlGaAs LEDs structures, P-type substrates are prescribed.
These substrates use Zn as the doping impurity. To maximize electrical conductivity, the substrates must be as heavily doped as possible, remembering that the doping density must be kept below the solubility limit to avoid
precipitates and other structural defects. The doping concentrations in the
substrates are ~1018 cm−3.
Phosphide materials are grown on either GaAs or GaP substrates. But
GaN is commonly deposited by epitaxial growth on foreign substrates such
as SiC, sapphire (Al 2O3), or silicon (Dadgar et al. 2006, Lee et al. 2011,
Cooke 2011, Virey 2012). The argument for this choice is the lack of feasible bulk growth methods. However, it must be acknowledged that these
substrate materials do not match well with GaN with respect to their lattice
constant and the thermal expansion coefficients. Additionally, the epitaxially
deposited atoms have a high mobility on the substrate, causing difficulties in
homogeneously wetting the substrate. A comparison of different substrates
used for GaN LEDs is given in Table 11.3.
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Table 11.3 Comparison of Substrates for GaN LEDs

Sl.
No.
1.
2.
3.
4.

Substrate

Lattice
Parameter
(nm)

a = 0.478 nm,
c = 1.2991
Silicon carbide a = 0.3073,
(4H-SiC)
c = 1.0053
Silicon
a = 0.543 nm
Bulk gallium
a = 0.319,
nitride
c = 0.518
Sapphire

TD
Available
Thermal
Density
Wafer
Conductivity
(cm−2)
Size
(W-m−1K−1)

Thermal
Expansion
Coefficient
(K−1)

Cost

109

6″

20–40

4–9 × 10−6

108

6″

490

2.77 × 10−6 High

>109
106

12″
2″

150
250

2.6 × 10−6
3–5 × 10−6

Low

Lowest
Highest

To overcome the substrate problem, an AlN or GaN buffer layer, also
known as the nucleating layer, needs to be deposited at a comparatively
low temperature (LT) before initiating the growth of the main layer at a
higher temperature (Lee et al. 2002). The buffer layer serves to accommodate
the large lattice mismatch of 16.1% between c-sapphire and GaN epilayer
(Nakamura et al. 1991a). By incorporating this buffer layer, the growth of the
device quality GaN layers becomes possible. The lower deposition temperature of the buffer layer markedly impacts the ad atom mobility. The decrease
in ad atom mobility leads to three-dimensional (3-D) growth of GaN completely covering the substrate with crystallites. The main layer growth entails
an evolutionary two-dimensional (2-D) layer-by-layer growth of GaN.
Accordingly, the structural quality of the main layer, notably, the density of
threading dislocations (TDs), is comprehensively related to the buffer layer
properties. Nonetheless, the dislocation density in GaN layers grown on
LT buffer layer remains unacceptably high (108–1010 cm−2). Moreover, the
already-mentioned sizeable difference in thermal expansion coefficients of
sapphire and GaN causes bending of the grown layers.
Lee et al. (2004) examined the growth of an Al0.3Ga0.7 N/GaN superlattice as an intermediate layer between an N-GaN layer and AlN buﬀer layer,
and noted that the main hindrance to the growth of high-quality LEDs on
Si(111) is the presence of cracks. Hence, the performance of the LED on
GaN/Si (111) grown by epitaxy was poorer than that of the LED on GaN/
sapphire grown by epitaxy. The cracks act as current-scattering centers for
light propagation.

11.3 GaN Diode Processing Steps
11.3.1 GaN Growth Using GaN Buffer Layer
MOCVD is a mass production method for GaN growth. The layer grown
without intentional doping is generally N-type. In Figure 11.4, a two-flow
MOCVD (TF-MOCVD) reactor was shown (Nakamura 1991a, Nakamura
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et al. 1993). Referring to this reactor, the main flow carries the gas flow
parallel to the substrate; gallium and nitrogen sources used are TMG and
NH3. The subflow is a gaseous (N2 + H 2) mixture transporting the inert gas
perpendicular to the substrate. Without the subflow, the grown film consists
of islands showing discontinuity.
The substrate is heated to 1050°C in H 2 stream and then the temperature
is decreased to the value between 450°C and 600°C. GaN buffer layer (thickness 100–1000 A°) is grown using H 2, NH3, and TMG in the main flow,
and H 2 and N2 in the subflow at defined flow rates. The typical flow rates for
the main flow are H 2, NH3, and TMG: 1.0 L/min, 5.0 L/min, and 54 μmol/
min, and flow rates for the subflow are H 2 and N2:10 L/min and 10 L/min.
The thickness is controlled by varying the growth time.
Next, the temperature is raised to 1000–1030°C to grow the 3–4-μm-thick
GaN layer; the growth time is typically 40–60 min. High Hall mobility values (600 cm 2/V-s at 300 K and 1500 cm 2/V-s at 77 K) are obtained, which
indicate the quality of the GaN film. The optimum buffer layer thickness is
200 A°.
11.3.2 N-Type Doping of GaN
N-doping by silicon is done using SiH4 at controlled flow rate. Carrier concentration is 1 × 1017 − 1 × 1019 cm−3; the maximum concentration is obtained at
SiH4 flow rate of 10 nmol/min. The temperature is GaN growth temperature
as above. N-doping by germanium is done with GeH4. Carrier concentration
is 7 × 1016 − 1 × 1019 cm−3 with the maximum at 100 nmol/min of GeH4 flow
rate. Doping efficiency of germanium is an order of magnitude lower than
that of silicon (Nakamura et al. 2000).
11.3.3 P-Type Doping of GaN
Mg-doped GaN is grown in TF-MOCVD reactor. For P-doping with
magnesium, the magnesium source is bis-cyclopentadienyl magnesium
(Cp2Mg). The typical gas flow rate is 3.6 µmol/min and time is 60 min at
1035°C for 4 μm thick P-type GaN; the temperature of GaN growth is the
same as given above. Thermal annealing is performed in N2 at 1000°C for
20 min.
11.3.4 Ohmic Contact on N-Type GaN
Linear, symmetric, and temperature-independent current–voltage characteristics are the essential properties expected from a good contact. Moreover,
the potential dropped in the contact electrode must be negligible than that
in the active area of the LED. A contact is evaluated in terms of the specific contact resistance, measured in ohm-centimeter. A popular metallization scheme for N-type GaN is Ti/Al/Ni/Au with layer thicknesses
100/200/40/50 nm. Titanium has the work function φTi = 4.33 eV while for
aluminum, φAl = 4.28 eV. Titanium film provides strong adhesion with GaN;
Al is a good conductor but both are prone to oxidation in the atmosphere.
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Therefore, they must be protected by a gold layer. However, gold diffuses fast
into the semiconductor. So, nickel must be included as a diffusion barrier
prior to gold deposition. After thermal annealing at 600°C for 2 min, the
specific contact resistance is around 10 −6 Ω-cm.
11.3.5 Ohmic Contact on P-Type GaN
Making an ohmic contact on P-type GaN is difficult because of the low
carrier concentration possible with magnesium doping, which is ~1017 cm−3
at room temperature. This low carrier concentration is the outcome of the
small activation energy of magnesium due to which only 1% of the Mg
atoms are electrically active. As the contact metal to be used on P-type GaN
must have a high work function, suitable metals are Ni (φNi = 5.15 eV), Au
(φAu = 5.1 eV), Pt (φ Pt = 5.65 eV), Pd (φPd = 5.12 eV), and so on. The Ni/Au
scheme with film thicknesses 20/100 nm provides ohmic contact with low
specific contact resistance in the range of 10 −6 Ω-cm.
11.3.6 GaN Etching and Substrate Removal
Owing to high chemical inertia of GaN to etching solutions, only boiling
acidic (H3PO4, H 2SO4, etc.) or alkaline (NaOH and KOH) solutions serve
as etchants for this material, producing a jagged surface by virtue of their
preferential action on defects such as dislocations. Dry etching of GaN too
is difficult because of its high bond energy (8.92 eV per atom) compared
to the 6.52 eV per atom bond energy of GaAs. Anisotropic etching with
vertical sidewalls at typical etching rates of 1 μm/min is obtained from
halogen-based (Cl 2, BCl3, BBr3, BI3, etc.) chemistries using inert gases such
as argon or nitrogen. Both chemical reactions and the mechanical impact of
ion-induced bombardment are responsible for etching.
As sapphire is a hard material, it is not easily removed by polishing.
Hence, the backside of the processed wafer is irradiated with excimer laser
beam of 248 nm wavelength. A split zone is created with the formation of
gallium droplets and evolution of nitrogen bubbles. This is brought about by
the intense local heating effect. By thermal annealing, the active layer is disentangled from the substrate and the remnant gallium droplets are etched in
HCl. The method is difficult to control and also time consuming. The surface
is roughened by photoenhanced electrochemical etching to improve the light
outcoupling capability.

11.4 Representative Process Sequences of GaN LED Fabrication
11.4.1 On Sapphire Substrate
The LED structure consists of a MQW sandwiched between N-type
(1 × 1018 cm−3) and P-type (2 × 1017 cm−3) GaN layers (Nakamura et al.
1991b, Suihkonen 2008). Starting with c-sapphire substrate, first, a 30-nm
thick GaN buffer or nucleation layer is grown at 500°C using TMGa and
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NH3, followed by ramping up the temperature to 1010–1020°C to grow the
2-μm thick undoped GaN layer. Again, the temperature is lowered to 730–
780°C to grow the undoped InGaN or InGaN/GaN MQWs using TMIn,
TMGa, and nitrogen sources. Several doublets of MQWs are grown with
InGaN well and GaN barrier layer. Hydrogen is used as the ambient and
alkyl compound as the carrier gas. Nitrogen is the carrier gas for growing
indium-containing InGaN and InGaN/GaN MQWs. Finally, a heavily
doped P-GaN:Mg capping layer is grown at 1020°C. P-type dopants are
activated by rapid thermal annealing at 950°C for 1 min.
After the growth of the LED structure, the sample is partially etched
until the N-GaN layer is unveiled. Reactive ion etching (RIE) is used to
reach the N-GaN layer. A transparent current-spreading electrode made of
Ni/Au (5/6 nm) is formed on the P-GaN:Mg layer by electron-beam evaporation, to act as the P-type contact. Ti/Al/Ni/Au (25 /150 /25 /150 nm)
ohmic contact is evaporated on the top for N-type contact. Eventually, an
Ni/Au (30/80 nm) layer is deposited on the transparent current-spreading
electrode. All the contacts are annealed at 500°C for 30 s in N2 atmosphere.
Current–voltage characterization and light output measurements are then
carried out.
Figure 11.5 depicts the process sequence for fabrication of a gallium
nitride LED using a sapphire substrate (Nguyen et al. 2010). In Figure 11.6,
the cross-sectional diagrams at each stage of the process are sketched in
accordance with Nguyen et al. (2010).
11.4.2 On Silicon Substrate
The process steps followed to realize a gallium nitride LED using a silicon
substrate are shown in Figure 11.7, after Lee et al. (2011), Cook (2011), and
Virey (2012). The quality of GaN on silicon has to endure the larger lattice
mismatch as compared to the more costly substrates of free-standing GaN,
sapphire, or silicon carbide (SiC). In fact, silicon, being grossly mismatched
both mechanically and thermally with GaN, can cause severely bowed wafer
growth and poor-quality crystalline material, manifested as wafer cracking
and high TD density issues. Nevertheless, the ubiquitous large diameter >6″
diameter silicon wafers offer impressive substrate cost reduction, jointly with
the ability to process in automatic integrated circuit (IC) fabrication lines
commonly used in the electronics industry. To avoid “melt-back” etching, the
growth of gallium nitride on silicon is preceded by an AlN buffer.
11.4.3 On Silicon-on-Insulator Wafer
In lieu of the silicon substrate, InGaN/GaN LED may be realized using
silicon-on-insulator (SOI) wafers as the base material. The process sequence
followed for InGaN/GaN MQW LED fabrication using SOI wafers is
shown in Figure 11.8, after Dolmanan et al. (2011). The approach developed
by them uses a layer transfer technique including the deposition of P-contact
metal and electroplating, a substrate expatriation process, and top N-contact
arrangement on LED chips.
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(0001)-orientation c-plane sapphire substrate
Chemical cleaning in H2SO4 : H2O2 (3:1) solution for 10 min, etching in 2% HF solution,
rinsing in deionized water and N2 blow-drying
Thermal cleaning (in situ) for 10 min at 1080°C under H2 ambient to remove native
oxide
GaN nucleation layer (30 nm) MOCVD: 500–525°C, 100–300 Torr in TMGa, NH3
with H2 ambient gas and alkyl carrier gas
Undoped GaN layer (2 µm) MOCVD: 1020°C, 100–300 Torr in TMGa, NH3 with H2
ambient gas and alkyl carrier gas
N-GaN (2 µm), 1×1018 cm–3, MOCVD: 1020°C, 100–300 Torr in TMGa, NH3 with
H2 ambient gas and alkyl carrier gas, Dopant: disilane (Si2H6)
lnGaN well layer (3 nm), MOCVD: 750°C, 100–300 Torr in TMGa, NH3 with N2
ambient gas and alkyl carrier gas
GaN barrier layer (10 nm), MOCVD: 750°C, 100–300 Torr in TMGa, NH3
with H2 ambient gas and alkyl carrier gas
P+-GaN, MOCVD: 250 nm, MOCVD: 1020°C, 100–300 Torr in TMGa, NH3 with H2
ambient gas and alkyl carrier gas, Dopant: Biscyclopentadienyl magnesium (CP2Mg)
Photolithography for mesa etching
Mesa etching using CH4/Cl2/ H2/Ar ICP plasma (rate: 4 nm/s) until n-GaN layer exposed

Ni/Au(5 nm/7 nm) by electron beam evaporation
Photolithography for Ni/Au pad delineation and etching
Passivation layer deposition
Annealing at 500°C for 30 s in N2 ambient
Photolithography for passivation layer patterning to expose N and P contacts
Wafer bonding on Si submount
Sapphire substrate removal
GaN surface roughening
Dicing and testing
Packaging

Figure 11.5

GaN LED fabrication flowchart.
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Figure 11.6 Cross-sectional diagrams explaining the stages of process steps in GaN-on-sapphire
LED fabrication (continued).
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Figure 11.6 (Continued) Cross-sectional diagrams explaining the stages of process steps in GaNon-sapphire LED fabrication.

11.5 Discussion and Conclusions
LEDs fabrication involves manifold standard microfabrication techniques,
including MOCVD, photolithography, mesa etching, metal deposition,
liftoff, and annealing. MOCVD also known as metal organic vapor-phase
epitaxy (MOVPE), organo-metallic vapor phase epitaxy (OMVPE), or
organo-metallic chemical vapor deposition (OMCVD), produces compound
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GaN-on-silicon LED process (continued).
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(Continued) GaN-on-silicon LED process.

semiconductors by vaporizing chemical compounds and transporting them
into the reactor together with other gases. The precursors for III-group elements are TMGa, TMAl, and TMIn, and that for V-group elements is NH3.
Hydrogen is used as the carrier gas at 25–760 Torr pressure. The growth of
GaN is carried out at temperatures ~1000–1100°C when the critical chemical reaction takes place forming the desired crystal of the compound semiconductor. The thinnest films required in an LED structure are <1 nm thick.
They are deposited on substrates of 100 mm diameter.
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GaN LED fabrication using SOI wafers.

Fast etching of III-nitrides having relatively strong bond energies (InN:
7.72 eV, GaN: 8.92 eV, and AlN: 11.52 eV), is not possible using a conventional RIE system with a capacitively coupled plasma source. It is achieved with
high-density plasmas, such as inductively coupled plasmas (ICPs) in which the
plasma density (or the ion flux) and the ion energy are controlled independently.
The etch characteristics of the III-nitrides by using high-density plasmas for
epitaxially grown films have been studied, and it is now common knowledge
that a high-density plasma etcher can readily produce etch rates >6000 A°/min
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for single-layer films of the III-nitrides, utilizing high ion flux and ion energy.
Park et al. (2003) investigated the effects of the etch gas concentration, the
pressure, the RF chuck power, and the ICP source on the etch rates, using
Cl2/Ar in an ICP discharge. They found that the etch rate increased with Cl 2
concentration up to 60% but at higher Cl2 percentages, it remained relatively
unwavering. It also monotonically increased with the ICP source and the RF
chuck powers. According to them, under moderate ICP conditions, the attainable etch rate for the InGaN/GaN MQW structures was about 4500 A°/min:
700 W ICP source power, 100 W chuck power, 10 mTorr, and 50% Cl2.
Die-back metallization for LED substrates is almost always done by metal
evaporation, a proven technology for LED wafers from 1- to 4-inch diameter, offering high throughput. In the evaporation method, a metal film is
deposited by the evaporation and condensation of the vapor on the substrate
maintained at a lower temperature than that of the vapor. All metals vaporize
when subjected to sufficiently high temperatures by resistive, inductive (RF),
electron-gun bombardment, or laser heating. Alternatively, in the sputtering
method, the target material is showered by energetic ions to release some
atoms, which are then condensed on the substrate to form a film. Unlike
evaporation, sputtering is a very well-controlled process.
After the thin-film metallization has been done, the film is patterned to
produce the required interconnection and bonding pad configuration, by a
photolithographic process. The lift-off process is an alternative metallization-
patterning technique, in which a positive photoresist is spin coated on the
wafer and patterned by the standard photolithography. Then, the metal thin
film is deposited on top of the wafer. By immersing in a suitable solvent such
as acetone and carrying out ultrasonic agitation, the photoresist swells and
dissolves, lifting off the metallization on top of it. The metal film thickness
must be less than the photoresist thickness for successful lift-off process.
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Review Exercises
11.1
11.2
11.3

What fabrication techniques are used for AlGaAs, AlGaInP, and
AlInGaN LEDs? What problems are experienced in using LPE for
AlGaInP growth?
Explain the working of an MOCVD reactor for AlGaInP. Draw
the MOCVD reactor developed by Nakamura (1991a) and describe
its features.
What group III and group V precursors are used in MOCVD reactors? What are the main advantages and disadvantages of MOCVD
technique?

Chap ter

12

Packaging of LEDs
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾

Get a critical appreciation of the role of packaging in reliable LED
operation
Understand the primeval through-hole LED packaging
Get acquaintance with surface-mount LED packaging
Understand leadform and leadless surface-mount LED packaging
Know about chip-on-board (COB) LED packaging
Describe MEMS-technology-based LED packaging
Discuss heat withdrawal from LED in the context of plastic packaging

The package into which the LED chip is assembled provides electrical
connections between the chip and the exterior world, besides pledging its
mechanical stability and shielding from ecological dilapidation (Mottier
2009, Karlicek 2012, Ron Bonné 2013). After packaging, the LEDs are
tested electrically to determine whether specified levels of current produce
the required brightness. By optical testing, the output light color and spectra are measured for LEDs from each batch of wafers. Package integrity is
evaluated by stress tests such as temperature cycling, besides thermal and
mechanical shock, moisture, and vibration resistances. These tests establish
the worst-case predicament under which an LED device is able to survive.
Thus, apart from electrical connections, packaging imparts mechanical
strength, environmental stability, and reliability to the LED. But while
emphasizing its responsibility in guaranteeing electrical and optical functions, its role in taking care of heat dissipation must not be overlooked. As
80% of the supplied power to LED is expended in the form of heat, temperature management is a critical prerequisite that must be secured by packaging.
The normalized size of a 350 mA LED is 350 × 350 μm, whereas that of a 1
A LED is 1000 × 1000 μm. The corresponding current densities are found
to be 285.71 and 100 A/cm 2, respectively. Considering the forward voltage
209
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as 3 V, the power density for 350 mA LED is 857.13 W/cm 2 and that for 1 A
LED is 300 W/cm 2. Assuming 50% external efficiency, the standards are
857.13/2 = 428.6 W/cm 2 and 300/2 = 150 W/cm 2. In comparison, the power
density of microprocessors is ~80–100 W/cm 2, showing that LEDs operate
at greatly elevated power densities than microprocessors, calling for urgent
attention to heat dissipation methods. In practice, the temperature problem is not less ruthless than encountered in a power semiconductor device
because it affects the lifetime and performance deterioration of the LED. If
more heat is engendered when the circuit is operating, than can be conducted
efficiently away from the LED die, then the die will overheat, its performance will be corrupted, phosphor material on LED will also be affected,
and as a final point, the LED is likely to go into thermal runaway. Different
techniques to be described in this chapter are (i) through-hole packaging, (ii)
surface-mount packaging, (iii) COB packaging, and (iv) silicon packaging.

12.1 Through-Hole Packaging
The earlier LEDs were packaged using two connection pins and surrounded
by a transparent or colored epoxy casing (Figure 12.1). This packaged LED
version comes under “through-hole mounting,” in which the LED fits into
holes drilled through the board and the leads emerge on the other side. In
this way, the installation of LED is done by inserting it in the board, then
bending its leads protruding on the backside of the board in opposing directions to improve the mechanical strength, and finally, firmly fixing the leads
by soldering such that the solder seeps through to both sides of the board. It
has been the most universal way of setting up a component for generations.
Through-hole mounting provides strong mechanical attachment. However,
the supplementary drilling required makes the boards expensive. The holes
also limit the available routing area for signal traces on layers immediately
below the top layer on multilayer boards. This is because the holes have to
pass through all layers to the opposite side. Owing to this reason, throughhole mounting techniques are usually reserved for bulkier components.
Besides this conventional packaging method elaborated in Chapter 4,
Section 4.4, surface-mount technology (SMT)-based packaging schemes
have gained popularity.

12.2 SMT-Based Packaging
SMT is a technology that uses surface-mounted devices, which require
diminutive space, tolerating high-speed component mounting and reducing
PCB size. In SMT assemblies, the LEDs are directly mounted on the surface of the printed circuit boards. As a replacement for having leads placed
through holes, the LEDs and other components are soldered onto pads on
the board. Solder reflow is the accustomed way adopted. SMT also saves
creating the lead holes in the boards that append expenses to the production of the bare PCBs. The idea for SMT found widespread usage because
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Epoxy lens

Cathode
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Figure 12.1 LED packaging by injection and molding: (a) chip mounting on the reflector cup and
wire bonding, (b) preparing for molding, (c) putting in the mold, and (d) after taking out from the mold.

it enabled greater levels of mechanization to be used, and considerably saved
the manufacturing costs. SMT assemblies include both packaging with leads
and leadless packaging.
12.2.1 SMT LED Packaging
The generic plan of this method is illustrated in Figure 12.2. The package
consists of the following parts: (i) The platform or base not only provides an
electrical contact but also serves to remove the heat to the surroundings. It
consists of a copper or aluminum heat sink with a polymer coating on some
portions for insulation, as shown in the diagram. The upper surface of the
platform is made reflective by silver coating to enable it to return the light
falling on it. The lower surface is plated with gold or silver for easy soldering or gluing with silver epoxy. (ii) The phosphor material for producing
light of desired wavelength is composed of an inorganic powder mixed in
a polymeric binder such as silicone gel. Depending on the viscosity of the
liquid mixture, the thickness of the phosphor layer ranges from a few tens
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Figure 12.2

Main components of the SMT LED package.

to hundred microns. (iii) Encapsulating material for protecting the chip is
applied by injection molding. (iv) The lens jacketing the encapsulant is a hollow hemisphere.
Metallic wires are connected from the LED pads to the interconnection
pins on the PCB but as these connections vary according to the LED chip
configuration used, vertical or lateral, they will be indicated with reference
to the concerned chips.
12.2.2 SMT Leadform Packaging
1. Vertical LED chip packaging: Figure 12.3 shows the cross-sectional view
of the vertical LED chip. In Figure 12.4, the packaging of this LED
structure is shown. A wire is bonded connecting the metal grid on the
Light

Cathode contact
(metal grid)
N-GaN
Active region
P-GaN
Host silicon
substrate
Anode contact
(full metal sheet)

Figure 12.3

Vertical LED structure.
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Interconnection
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Packaging of the vertical LED chip.

top surface of the LED chip to interconnection pin 1; this is the cathode. The bottom surface of the LED chip is soldered to the heat sink,
and a wire from the heat sink is bonded to the interconnection pin 2;
this is the anode.
		  By applying a polarity to the heat sink, the latter is polarized. This
may be unacceptable in some applications although it provides efficient
heat dissipation. An alternative is to insert an electrically insulating but
thermally conducting interposer between the chip and the heat sink.
The interposer has a conducting film on its top surface and the wire
bonded to this conducting film is joined securely at the other end to
interconnection pin 2 for providing the anode contact. For ESD protection, Zener diodes are connected in parallel with the LED.
2. Lateral LED chip packaging: Figures 12.5 and 12.6, respectively, show
the structure and packaging of a lateral LED chip. Here, both anode
and cathode connections are taken from the upper surface of the LED
chip. The substrate is not removed and it electrically insulates the chip
from the heat sink. A disadvantage of this method is that the shadowing effect of the wires decreases the light output.
Light
Anode contact
Cathode contact
N-GaN
Active region
P-GaN
Sapphire
substrate

Figure 12.5

Lateral LED structure.
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Packaging of the lateral LED structure.
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Flipped chip LED structure.

3. Flipped LED chip packaging: The structural disposition of the flipped
LED chip is shown in Figure 12.7. Flip chip assembly is the direct electrical connection of face-down (flipped) LED die onto organic or ceramic
circuit boards by means of
Light
conductive bumps on the
chip bond pads. Instead of
facing up and bonded to the
package leads with wires, the
lateral LED chip is mounted
LED chip
upside down on an interWire bond
poser fixed on the package
substrate or the circuit board
itself (Figure 12.8).
The solder bumps on the
Platform (Cu or Al)
interposer are aligned with
contact pads of the chip, followed by thermal treatment
Figure 12.8 Packaging of the flipped chip LED structure.
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SMT leadless LED packaging with a ceramic base.

in an oven for reflowing the solder. After the bonds have formed, the underfill insulating epoxy is applied by dispensing along one or two sides of the
LED chip. From here, the low-viscosity epoxy is sucked by capillary forces,
filling the intervening gaps between the bumps. This seals the stand-off gap
between the LED and interposer. Finally, the underfill is cured by heat at a
lower temperature.
Both anode and cathode connections are taken from the contact pads on
the upper surface of the chip that are touching the bumps on the interposer.
Sometimes, the substrate is amputated to minimize light losses.
12.2.3 SMT Leadless Packaging
As the name indicates, leadless packages have no leads (Figure 12.9). Leadless
packages have no contact and assembly terminals extending from the side.
In place of the sides, the terminals have been shifted to the underside of
the package. The major benefit of this configuration is cost-effectiveness. It
requires reduced area for a given electrical function on the board because the
space taken up by the terminals is eliminated. It utilizes board space more
economically. It also enables the use of very flat lead frames with large outer
contact faces acting as the heat sink and is thermally more efficient.
The interconnections are made through vias in a ceramic or AlN substrate. 50–100-μm-thick copper is used for interconnections. Besides the
polarity pins 1 and 2, a copper layer on the backside of the chip improves
heat dissipation.

12.3 COB LED Packaging
In addition to the methods given above, COB methods have been pursued
for LEDs. Although LED illuminators built from through-hole or SMTs
are less expensive and also easy to assemble, they do not provide sufficiently
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uniform or intense output, nor do they furnish satisfactory thermal properties.
They are often large due to the size of each LED device. Nevertheless, for
some applications, these standard LED packages do prove to be the most
legitimate and money-saving solutions.
For cases in which through-hole and SMD LEDs are ineffectual to
arrive at the required performance level, COB custom LED-packagingbased solutions are availed. The advantages of COB LED arrays are (i) more
compactness and miniaturization due to the petite size of the LED chip;
(ii) high intensity of light, particularly at small distances, due to the closepacked LED chip density possible; (iii) increased uniformity of light, even at
small working distances, due to the tight LED chip density achievable; (iv)
improved thermal performance for better lifetime, stability, and reliability;
and (v) superior heat sinking during continuous, modest power operation.
A far-reaching consideration in getting the desired light output is to ensure
that LED temperatures are as low as possible. This is required to realize
the long-life LEDs. While the heat from a through-hole LED can only be
directed away from the junction via the electrodes, on using COB, the chips
are placed in direct contact with a substrate structure that has been custom
designed for high thermal efficiency, thereby enabling better heat removal.

12.4 Silicon LED Packaging

Silicon

Silicon

MEMS-based silicon packaging is another method that has been ventured
into (Zhang et al. 2011). Here, a silicon carrier is fabricated by etching a cavity using anisotropic etching process (Figure 12.10). The walls of the cavity
are camouflaged by aluminum metallization so that light is reflected from
them. Solder bumps are arranged on the bottom of the cavity for mounting
the chip with its upper surface facing downward. The contacts are established through metallic vias. After
flip chip mounting has been done, the
Light
phosphor material and encapsulant are
successively filled followed by the lens.
There are two distinct advantages of
this
method. First, a large number of
Protective cover and lens
silicon carriers are fabricated on a single
Cavity containing
silicon wafer; these are subsequently
phosphor and encapsulant
separated by dicing the wafer. This
makes manufacturing of these carriers easy. Second, there is good thermal
Flipped LED
chip
conductivity matching because both the
LED chip and the package are made of
the same material (silicon).
The emerging trend in the siliconVia
Bump
Via
Bump
integrated circuit industry to migrate
from chip-based packaging to waferFigure 12.10 Silicon carrier LED packaging
scheme.
level packaging has persuaded LED
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manufacturers to follow this path using the key enabling processes such as
submount wafer preparation, interconnect deposition and patterning, phosphor coating, and wafer-level encapsulation (Esashi 2008, Lee et al. 2012).
Their method involves mounting LED chips on a patterned silicon submount
wafer through silicon vias (TSVs) for vertical interconnections, followed by
device integration. Pan et al. (2009) have described a new packaging method
for LEDs using a gapless dual-curvature microlens array (GDMLA). In
the method reported by Tseng and Tsou (2013), the carrier substrate for the
LED submount and a photosensitive element are directly fabricated on a
silicon wafer.

12.5 Heat Produced during LED Operation, and Reliability
of LED Plastic Packages
LEDs are commonly packaged using plastic materials. Only 20%–25% of the
input power in the LED is transformed into light and the remaining 80%–
75% produces heat. Power densities reached by the current passing through
the LED during its functioning are in the range ~100–200 W/cm2. Thermal
fatigue is a limiting factor in plastic-packaged LEDs. The heat generated
adversely affects the LED performance. Mainly, the temperature variations
build internal stresses because of the variety of materials used in LEDs, such
as epoxy plastic, copper lead frame, gold wire, III–V LED, and so on, having different coefficients of expansion. Thus, at the locations where there are
any two components of unequal thermal expansion coefficients, thermomechanical stresses are set up. Through these internal stresses, thermal changes
initiate microcracking, delaminations, and chip-attach failure, or failure of
the wire bond causing open circuits in an improperly designed and assembled
package. As a result, the useful lifetime of the LED becomes shorter through
accelerated ageing of the constituent materials. The optical component of the
LED, namely, the lens becomes increasingly translucent and then opaque. As
the junction temperature rises, the internal quantum efficiency of the LED
falls. By interdiffusion of materials, defects are created in the crystal structure. In phosphor-converted LEDs (pc-LEDs), the characteristics of the
phosphor decline. On the whole, the LED may either continue to operate
with reduced efficiency over a shorter life span, or if the temperature rise is
excessively large, it may be damaged completely. By cautious design endeavors, it is possible to mitigate these problems to negligible levels over broad
temperature ranges, so that high-quality plastic lamps can withstand thermal
cycling from −55°C to +100°C for 100 cycles without failure.
Another vital parameter is the thermal stability of plastic packaging materials themselves. In run-of-the-mill service conditions, the thermal expansion coefficient of plastic is reasonably constant but when the glass transition
temperature Tg is exceeded, it rises sharply. Therefore, plastic-packaged
LEDs must be operated at ambient temperatures below the glass transition
temperature to secure reliable performance. Too high a soldering temperature or too long a soldering time are both undesirable and may cause package
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failures. For similar reasons, very high storage temperatures are not safe and
should be avoided.
On long-term exposure to moisture, water vapors penetrate through the
plastic and manage to enter the package, subjecting the chips to humidity,
and causing chip corrosion, plastic delamination, or surface leakage problems. Under normal usage conditions, plastic-packaged LEDs work satisfactorily. LED package reliability is ascertained by accelerated moisture
resistance testing. Through relentless research efforts, plastic materials have
been improved to the level that LED products can successfully forebear
1000 h of 85°C and 85% RH environmental testing.

12.6 Discussion and Conclusions
For packaging vertical LED structure on a conducting substrate or standard
mesa structure LED, metal leadframe, ceramic, glass–ceramic, silicon, and
COB (on metal-core PCB) are employed as substrates. For flip chip LED
packaging, metal leadframe, ceramic, glass–ceramic, and silicon substrates
are used. The substrate is mounted on the package using solder paste. No
sooner than the package reaches its maximum power, the natural and forced
convection cooling of air cannot restrict the junction temperature below the
invulnerability limit of 125°C. Then, the heat sink comes to the rescue. An
adhesion thermal tape is stuck to the backside of the heat sink, which is
placed on the bottom of the LED substrate.
Most commercial LEDs today are packaged in plastic-leaded chip carriers (PLCCs) and four-sided plastic packages, square or rectangular in shape,
have “J” leads around their periphery with the lower section of the J folding
back under the package. Lead counts vary from 20 up to 84. Another common package is alumina ceramic holder.
PCB is one of the standard components to manufacture an LED product.
PCB designing is the starting step of each new LED product. The design
directly influences the implementation of the packaging process and quality
of the resulting product. FR-4 is a familiarly used PCB material, which is a
flame- retardant, fiberglass-reinforced epoxy laminate. Owing to such construction, FR-4 has very low thermal conductivity. A low-priced method to
improve heat transference through FR-4 PCBs is to add thermal vias, that
is, plated through holes (PTHs) between conductive layers. Vias are made
by drilling holes and copper plating them. Metal-core printed circuit board is
a simple one-layer PCB composed of the following components: (i) a solder
mask, (ii) copper circuit stratum, (iii) thermally conductive dielectric film,
and (iv) metal-core base level, laminated and bonded together, and serving
as a path for heat dissipation. Frequently, the metal substrate is aluminum,
although steel and copper are also eligible materials.
For qualification of LED packages for outdoor lighting applications, they
are subjected to environmental stress, such as temperature, humidity, and
salt corrosion. In the thermal shock test, the LEDs are transferred from very
hot environments (85–150°C) to very cold environments (−40°C to −65°C)
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within 20 s. Mechanical stress capability comprises two tests, the mechanical
shock and variable-frequency vibration tests. Assembly process stress test
characterizes LEDs for moisture or reflow sensitivity as well as solder heat
resistance.
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Review Exercises
12.1
12.2
12.3
12.4

12.5
12.6

Write five functions performed by LED packaging. Mention four
types of LED packaging.
What is through-hole LED packaging? What are its limitations?
Point out the main encouraging features that led to the popularization of SMT packaging. What are the three parts of an SMT LED
package?
With the help of diagrams, describe the vertical and lateral SMT
LED packaging methods. In flipped chip LED packaging, how
are the electrical connections made between the LED die and
the ceramic board? How are the gaps between the solder bumps
filled?
Where are the assembly terminals located in leadless SMT packages? What are the advantages of this configuration? How are the
interconnections made?
In what way is the COB LED package useful for LEDs?
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12.7

Describe MEMS-based silicon packaging of LEDs. Give two
advantages of this packaging scheme.
12.8 What are the typical power densities during LED operation? How
are cracking and delamination failures triggered in plastic-packaged
LEDs?
12.9 What are the adverse effects of humidity and temperature on
plastic-packaged LED performance?
12.10 Comment on the statement, “The temperature-induced issues in
LED operation are no less severe than encountered during power
semiconductor device operation” (p. 210).

Chap ter

13

LED Performance Parameters
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾

Know the main parameters to evaluate the quality of LEDs
Define the efficiency parameters of LEDs and those associated with
their internal functioning
Draw the current–voltage characteristics of LEDs and discuss their
current-controlled behavior
Understand the electrical specifications such as forward voltage drop
and breakdown voltage of LEDs
Demarcate between the terms “efficiency” and “efficacy”
Define the optical parameters of LEDs such as their output spectrum,
full-width at half-maximum, CCT and CRI, beam angle, and others

13.1 Characteristic Parameters of LEDs
13.1.1 Feeding Efficiency (ηfeed)
It is the quotient of average energy of photons released to the total energy
acquired by an electron–hole pair from the power supply when the LED is
in operation (Chrobak-Kando 2011, Terminology: LED efficiency 2004).
If h denotes the Planck’s constant, for photons of mean frequency ν , we
have
ηfeed = h ν /qVF

(13.1)

where q is the elementary charge and VF is the forward voltage drop across
the light-emitting diode. In an LED operating at small driving currents,
VF < hν /q. This happens for the reason that high-energy electrons are existing in the thermal distribution. Photons emitted with energy hν > qVF cool
221
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the crystal so that a perfect LED having unity value of external quantum
efficiency ηext (defined below), and with negligibly small series resistance
acts as a refrigerator, transforming a portion of energy into light. Then the
feeding efficiency value exceeds unity. But in real crystals, a different situation is prevalent. Because ηext < 1, the cooling outcome is annulled by internally produced heat. Also, there is a trivial heating effect resultant from
the finite series resistance of the semiconductor and the contact regions of
the LED. Generally, at petite driving currents, the lost voltage (VF-hν /q) is
~0.05–1.0 V; hence ηfeed ~0.75–0.97.
13.1.2 External Quantum Efficiency (ηext)
ηext = Number of photons emitted out of the LED/Number of
electrons passed in the device
= (Number of electron–hole pairs that recombined radiatively in
the active region of the LED/Total number of electron–hole
pairs that combined, either radiatively or nonradiatively in the
active region of the device)
× (Number of electrons injected in the active region of the
LED/Total number of electrons flown through the device)
× (Number of photons emitted out of the LED/Total
number of photons generated, i.e., the number of electron–
hole pairs that recombined radiatively in the active
(13.2)
region of the device)
The first factor of this product representing the ratio of internally generated photons to the total number of electrons input to the LED is called its
internal quantum efficiency (ηint); it is also termed radiative efficiency (ηrad).
The second factor is the injection efficiency of the LED (ηinj). The third factor
giving the fraction of the photon emission escaping out of the LED from the
internally produced photons is known as the light extraction efficiency (ηextr) or
optical efficiency (ηopt) of the LED. Thus, we can write
ηext = ηint × ηinj × ηextr

(13.3)

ηext = ηirad × ηinj × ηopt

(13.4)

which is the same as

13.1.3 Radiant Efficiency or Wall-Plug Efficiency (ηe)
Radiant efficiency (ηe) of an LED is defined as the product of external quantum efficiency (ηext) and feeding efficiency (ηfeed) of the LED:
ηe = ηext × ηfeed

(13.5)

It is related to the luminous efficiency of LED through the luminous
efficacy.
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13.2 Current–Voltage Characteristics of LEDs
For a resistor, the voltage (V) applied to it and the current (I) flowing through
it are linearly related in accordance with Ohm’s law as
V = IR

(13.6)

This means that if the voltage is reduced to V/2, the current decreases to
I/2; if the voltage is increased to 2V, the current is also raised to 2I. In both
cases, the ratio of voltage-to-current called the resistance of the resistor is same
because
R=

V
V / 2 2V
=
=
I
I /2
2I

(13.7)

Such a proportionality relationship does not hold for a semiconductor
diode and hence an LED (Figure 13.1). Instead, the voltage and current
are exponentially related (Hartberger 2011). Thus, the forward voltage drop
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Current–voltage characteristics of LEDs.
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VF across an LED and the forward current IF flowing through it obey the
equation
 1  I 
VF ( I F ) =   ln  
 k  I0 

(13.8)

where k, I0 are constants that set the scales, respectively, for voltage and current, having typical values for commercial white LEDs at room temperature:
k = 3.64 V−1 and I0 = 3.2 × 10−6 A.
Conversely, the current IF is expressed in terms of the voltage VF by the
relation
I F (VF ) = I 0 exp( kVF )

(13.9)

Example 13.1
A forward voltage drop of 3.0 V is recorded across an LED. What is
the forward current flowing through the LED? What will be forward
current in the LED if the forward voltage drop is 3.5 V. Explain your
results.
For VF = 3.0 V, the required forward current IF is given by
I F (VF ) = I 0 exp( kVF ) = 3.2 × 10 −6 A × exp(3.64 V −1 × 3.0 V )
= 3.2 × 10 −6 × 55270.7989 = 0.176866 A
= 176.87 mA
		
For VF = 3.5 V, the forward current IF is

(13.10)
		

I F (VF ) = I 0 exp( kVF ) = 3.5 × 10 −6 A × exp(3.64 V −1 × 3.5 V )
= 3.2 × 10 −6 × 341123.5475 = 1.0916 A = 1091.6 mA (13.11)
These calculations show that when the forward voltage drop increases
by a factor 3.5/3.0 = 1.167, the forward current rises by the factor 1091.6/
176.87 = 6.172. The corresponding percentage changes are
3.5 − 3.0
× 100% = 16.67% and
3.0
1091.6 − 176.87
∆I =
× 100% = 517.18%
176.87

∆V =

(13.12)

Thus, a small increase in forward voltage is accompanied by a much
larger increase in forward current.
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13.3 Current-Controlled Behavior of LEDs
The simple calculation presented in Example 13.1 showed that although
voltage is the cause and current is its effect, the reason that forward current
increases by several fold larger factor than forward voltage compels us to
have an opinion that LEDs are current-controlled or current-driven devices
and it is more reasonable to think about current as a target parameter than
voltage when dealing with LEDs. Practically speaking, the forward voltage
remains almost the same irrespective of a wide forward current variation. In
other words, the forward current flowing through the LED is decisive, not
the forward voltage.
Since power = voltage × current, it is the power that must be paid attention to. To achieve a prescribed optical output in lumens, the experimenter
sets the power level from the “lumens per watt” rating of the LED. Since
power is proportional to the current, the experimenter ultimately fixes the
current value to obtain the desired light output in lumens. Therefore, constant
current power supplies are used for driving the LEDs.

13.4 Forward Voltage Drop (VF) across an LED
Recalling N+ –P silicon rectifier diodes, they generally have forward voltages
in the range VF = 0.5–1.2 V. Schottky contact diodes have different properties and they are not declaimed here. The forward voltage VF depends on
the energy bandgap E G of the semiconductor material from which the diode
is made as well as the series resistance R S of the material, here the resistance of the P-region. At high-level injection, conductivity modulation of
the P-region takes place and decreases this voltage drop. But for routine lowinjection operations, the series resistance plays a meaningful role, and so a
diode having a low forward voltage drop at the rated forward current IF has
a larger area.
Apart from the chip dimensions, the forward voltage drop across a diode
is also dependent on its temperature. This drop is smaller at higher temperatures. Therefore, a diode having a larger package with better heat sink will
have a lower temperature and hence a higher forward voltage. Effectively,
the forward voltage is determined by: (i) the bandgap of the material, (ii) the
chip dimensions, and (iii) the package dimensions and heat sink used. To
minimize the power dissipation, a circuit designer will always prefer a diode
with a lower forward drop, provided other essential conditions are appeased.
The aforesaid forward voltage concepts for silicon rectifier diodes are
applicable to LEDs. But the main differences are the following: (i) LEDs are
not made of indirect bandgap silicon. Hence, due to the dependence of forward drop on material bandgap, it is easy to hypothecate that their forward
voltages will be different from that of silicon diodes. (ii) LEDs are made for
a variety of colors. LED for each color is made of a different material and
since bandgap varies with material, the forward voltage drops of LEDs too
change with the material. Forward voltage drop is not the same for LEDs
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emitting light of different colors. Red LEDs have a forward voltage around
2.2 V, whereas the forward voltages of white and blue LEDs range from 3.1
to 3.8 V. A major area of LED research is to achieve forward drop minimization to reduce power losses during operation.
Example 13.2
An LED delivers 1.25 mW power at a forward current of 100 mA.
What is the power conversion efficiency of the LED if the forward
voltage drop is 2.5 V?
The power conversion efficiency η is defined as the ratio of output power Pout delivered by the LED to the input electrical power P in
supplied to it. Here, P in = V × I = 2.5 V × 100 × 10 −3 A = 0.25 W. As
Pout = 1.25 × 10−3 W,

η = (Pout /P in) × 100% = (1.25 × 10−3 W/0.25 W)

        × 100% = 0.5%

(13.13)

13.5 Reverse Breakdown Voltage (VR) of an LED
During reverse bias, the current flowing through the diode is insignificantly small. But diodes are operated in reverse breakdown mode, either
intentionally or accidentally. Zener diodes belong to the class of diodes that
are intentionally biased in the breakdown region. But rectifying diodes and
LEDs fall into this mode unpremeditatedly. It is always scatheless to operate these diodes at a remote point on their V–I curves from the breakdown
region to thwart any damage resulting from voltage spikes in the supply
line. For rectifying diodes, diodes having a wide range of reverse breakdown voltages are available, for example, if a diode with VR = 1000 V fails,
it is more reliable to replace it with another diode with VR = 1500 V or
2000 V. Thus, it is easy to overcome the breakdown voltage problem. But
LEDs generally have breakdown voltages around 5 V. Series connection of
several LEDs is a way to increase the breakdown voltage. But even on placing a large number of LEDs in series, the total breakdown voltage adds up
to become only a few tens of volts, for example, for 20 LEDs of VR = 5 V,
it will be 20 × 5 = 100 V only. Therefore, the situation is more labyrinthian
for LEDs than for rectifying junctions, and other safer solutions must be
resorted to. The LEDs are damaged by voltage spikes lasting for a few
microseconds only.
Two possible solutions to protect LEDs during reverse-bias operation are
suggested (Figure 13.2). The first solution is to place a regular rectifier diode
in series with the LED. This regular rectifier diode is connected in such a
way that it is reverse biased when the LED is reverse biased. Then, the reverse
current flowing through the regular diode will pass through the LED. When
the reverse voltage will momentarily increase to reach an unsafe value, the
regular diode will block this reverse voltage and prevent the high-voltage
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(a) LED2
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LED4
LED5
LED3
across the LED. Thus,
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connection. This LED
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LED2
LED3
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tage over an unprotected
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rent flow generates voltage
drops across the LED as
well as across the regular
diode. The total voltage Figure 13.2 Reverse-biased LED operation using
(a) series connected diode and (b) antiparallel condrop across the connection nected diode.
is therefore the sum of the
two voltage drops and is larger than if the LED were connected alone. This
additional voltage drop represents a power loss and hence a disadvantage,
for example, if an LED with forward voltage = 2.0 V and passing 500 mA
current is connected with a regular diode of VF = 1 V, the power dissipated
by the LED = 2 V × 500 mA = 1000 mW and that dissipated by the regular
diode = 1 V × 500 mA = 500 mW. The latter is in no way to be ignored in
relation to the former so that a less lossy solution is demanded.
The second proposed solution consists of placing a regular diode in antiparallel with the LED. By stating that the regular diode is connected in
“antiparallel” with the LED, one means that (i) the regular diode and LED
are connected in parallel, and (ii) they are connected in such a way that when
the LED is forward biased, the regular diode is reverse biased, and contrarily, during reverse-bias operation of the LED, the regular diode is forward biased.
Now, let us enquire how the LED and regular diode will behave during
forward and reverse biasing modes. During forward bias, the same forward
voltage is applied across the regular diode and the LED. But the LED is forward biased and the regular diode is reverse biased. Therefore, all the current
will flow through the LED. The regular diode will conduct only a small current, the leakage current. Since no current flows through the regular diode,
there is no power loss associated with it. So, the power loss taking place in
the previous connection is not a cause of concern here.
On applying a reverse bias, the LED is reverse biased but the rectifier
diode is forward biased. Now if the reverse voltage increases to an unacceptably large value, its effect will be partaken by the LED and the regular
diode in accordance with their resistances. The current will divide in the
two branches containing the regular diode and the LED according to their
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resistances. The current will follow the low resistance path. A large current
will flow through the forward-biased regular diode but a smaller current
through the reverse-biased LED. The regular diode being made of silicon
has generally a lower forward voltage, 1 V (suppose). Then, the voltage across
the LED will be clamped at 1 V. Thus, the LED will not be exposed to the
dangerous voltage and will remain protected.
For obvious reasons, the diode placed antiparallel to the LED is called a
“free-wheeling diode.” During reverse bias, it provides an easy path for current flow avoiding breakdown of the LED. But in forward-bias operation, it
does not add to (or adds negligibly to) power consumption.

13.6 Efficacy of an LED and the Difference between Efficacy
and Efficiency
For an infrared LED emitting invisible radiation, it is expedient to talk about
the efficiency parameter defined as the ratio of output power to input power,
and write
Efficiency =

Output infrared power
Intput electrical power

(13.14)

Its value is generally specified as a fraction or a percentage.
But for a colored or white LED, the output is visible light. This form
of radiation is perceived by human beings through the eye. Hence, optical
power emitted is not the parameter of interest. On the contrary, it is important to know the perception or brightness of light by observers, expressed in
lumens. At the same time, the input electrical power is in watts. Therefore,
output is appropriately a light perception parameter, and the term “efficiency”
is incorrect. A new parameter termed efficacy is defined as light output in
lumens divided by the electrical input in watts, and given in lumens per watt
(Lm/W). This new parameter representing the visually perceived light for a
given input power enables us to compare different sources of light.
When the perception of lights of different colors by human beings was
studied, it was found to be maximum in the green part of the visible spectrum at a wavelength around 555 nm. Thus, the human eye responds more
to the green color than to other colors. This means that brown and green
lights of the same optical power will be perceived differently by the eye.
Green will appear stronger than brown light. Stated in another way, if
brown and green lights have the same efficacy, the brown light must actually have been appreciably intense than the green. Thus in order to make
a relative estimation between LEDs on the basis of efficacy, they need to
be of the same color. Apparently similar colors such as yellowish blue and
bluish yellow are also not comparable in terms of efficacy. The gist of this
discussion is that lights of the same color can be expressively distinguished
by their efficacy values.
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Accepting that an efficacy comparison is possible only for lights of the
same color, it is easy to realize that application of efficacy concept to LEDs
is complicated by the presence of a large number of wavelengths in an LED
emission, for example, a red LED output is a mixture of lights with wavelengths spread around the red region. This is because, unlike a laser diode, an
LED is not a monochromatic source of light.
As another example, let us consider a green LED emitting predominantly
between 520 and 540 nm, with a spectral half-width of 20 nm. The spectral
half-width is the range of frequencies or wavelengths emitted by an LED
on both sides of the center frequency or wavelength at a power level equal
to half the maximum power level. This LED will be emitting light components having wavelengths from 500 to 560 nm. Thus, when a group of these
LEDs are purchased, their emission wavelengths will be broadly scattered
and naturally also the efficacies.
The above thoughts on light of a single color such as red or green can be
extended to composite light signals which are mixtures of several colors.
Applying the arguments to white light, which is a mixture of seven colors, the
situation becomes sevenfold disheveled. The efficacy of a white LED is a function of the accurate mixture of colors, the exact brightness of each color component and the correct wavelength of emission of each color in its spectrum.
Because of the greater perception of green color by the human eye, the
efficacy of white light is increased by raising the magnitude of the green
component. This is one way of increasing the efficacy.
But efficacy also depends on the drive current of the LED. Generally, the
efficacy value for an LED is quoted at the nominal drive current of 350 mA.
On increasing the drive current, the luminous output of the LED increases but
the efficacy decreases because more power is consumed. Likewise, a decrease
in drive current reduces the input power and thereby increases the efficacy.
Overdriving of LEDs has several effects. The LED temperature rises
due to heating. This decreases the forward voltage drop across the LED
through the heating effect. At the same time, the forward voltage drop of
LED increases through resistive effect. Overall, the lifetime of the LED
is syncopated by overdriving. But the heating of a white LED causes the
phosphor to saturate so that it does not convert the blue light into white and
the unconverted blue light is emitted from the LED. This bluish emission
degrades the efficacy of the LED because the blue color is perceived very
poorly by the human eye.

13.7 Optical Parameters of the LED
13.7.1 Optical Spectrum
The optical spectrum of an LED is a graph obtained by plotting the relative
spectral power on the Y-axis and wavelength of light on the X-axis (White
LED Tips 2009, Photon Systems Instruments 2013). It only enables a relative
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comparison of the light emitted at different wavelengths.
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this portion of blue light was also converted into white light, the efficacy of
LED will improve.
Apart from the blue portion, the broad area spanning the visible spectrum, is the useful light output of the LED and the larger this area stretches
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tails off around the red color meaning that the light of relatively low power
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with increasing temperature. Further, the spectral width increases with rising temperature.
13.7.2 Spectral Line Half-Width or Full Width at Half-Maximum
A measure of the purity or monochromaticity of the color is the width of the
spectral power–wavelength or intensity–color curve at 50% spectral power or
intensity. It is a measure of the extent of the wavelength given by the difference between the two extreme values of the same on either side of the peak
wavelength for which the spectral power or intensity is one half of its maximum value. The wavelength λ corresponding to the peak spectral density is
given by
λ = hc /E

(13.15)

where E is the energy of the photon emitted, h is Planck’s constant, and λ
the velocity of light.
Rearranging this equation as
E = hc /λ

(13.16)

and differentiating with respect to λ we get
dE
0 × λ − 1 × hc
hc
=
=− 2
2
dλ
λ
λ

(13.17)

from which
dλ = −

λ2
dE
hc

(13.18)

∆λ = −

λ2
∆E
hc

(13.19)

or

In this equation, Δλ represents the spread of wavelengths around the
peak value and ΔE the associated spread in carrier energies responsible
for the same. ΔE is the spread of available energies of electrons or holes
in their respective bands. The quantity ΔE is obtained from semiconductor theory from the equations for electron concentration in the conduction
band and that for hole concentration in the valence band. The most probable value of electron energy in the conduction being (E C + k BT/2) and that
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of hole energy in the valence band being (EV − k BT/2), the difference in
these energies
EC + kBT / 2 − ( EV − kBT / 2) = ( EC − E V ) + kBT = EG + kBT

(13.20)

deviates from the material bandgap E = hc/ λ = EG by an amount kBT which
is ΔE, that is,
∆E = kBT

(13.21)

Substituting for ΔE from Equation 13.21 into Equation 13.19 for Δλ , it
follows that
∆λ = −

λ2
λ2
∆E = −
kBT
hc
hc

(13.22)

Taking into account that the wavelength band extends on both sides of
the peak wavelength, the spectral half-width is given by
2∆λ =

2λ 2
kBT
hc

(13.23)

Experimental observations have shown that the following expression provides a more faithful replication of the data:
2∆λ =

2N λ 2
kBT
hc

(13.24)

where N is an ideality factor such that 0.75 ≤ N ≤ 1.75 depending on the
material and doping density.
Example 13.3
Calculate the room-temperature (27°C) spectral line half-width
of a silicon carbide LED emitting at 460 nm. Take N as unity,
h = 6.62617 × 10 −34 J-s, kB = 8.63 × 10 −5 eV/K, c = 2.9979 × 1010 cm/s.
2N λ 2
kBT
hc
2 × 1 × ( 460 × 10 −9 )2 m 2
=
× 8.63 × 10 −5
6.62617 × 10 −34 J-s × 2.9979 × 108 ms −1
× 1.6 × 10 −19 Js −1K −1 × 300K

2∆λ =

= 8.8251 × 10 −9 m = 8.8251 nm

(13.25)
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13.7.3 CCT and CRI
Besides the optical spectrum, other parameters of interest are the CCT
and CRI of the LED. The concepts of CCT and CRI have already been
explained in Chapter 2 of this book. The former tells us how cold the emitted
light is while the latter gives us an idea about how scrupulously the original
colors are reproduced in the light given off by the LED.
13.7.4 Color Coordinates
The color coordinates x and y of the LED are important because their variation with drive current enables us to know the likely appearance of the LED.
13.7.5 Light Distributions
No light is emitted from the back of the LED as this side is used for mounting the chip on the package. Light is emitted from the front side of the LED
perpendicular to the chip surface. It is also emitted from chip sides (Rix
2011). The emitted light undergoes various optical processes in the silicone
sealant and epoxy lens before it is ejected from the LED. Three types of light
distribution from the LED are commonly seen (Figure 13.5): (i) Lambertian:
it is the most popular distribution consisting of forwardly directed light.
(ii) Batwing: This too is forward-directed distribution but is shaped like an
annulus having maxima at the edges and dip toward the middle. (iii) Side
emitting: It consists of light emitted toward the sides of the LED chip, not
in the forward direction.
13.7.6 Included Angle of an LED
A measure of the angular emission, it is the circular angle in which 90% of
the light is emitted.
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Figure 13.5

Shapes of three types of output light intensity distributions.
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13.7.7 Viewing or Beam Angle of an LED
LEDs are directional, that is, the light is directed in a pattern usually a cone.
Viewing angle is the angle at which the light is distributed and is related to
brightness of the LED
(Figure 13.6). It is the angle
at which the brightness
decreases to 50% of the maximum value. In other words,
it is the angle between those
2θ
points on either side of the
2φ
0.1 Imax
beam where the intensity of
light decreases to about 50%.
More scientifically, if θ is the
angle measured from the cen0.5 Imax
ter (0°) where the brightness
0.1 Imax
of LED is half, then 2θ is the
full viewing or beam angle.
0.5 Imax
Imax
Many LEDs come with
only
one beam angle, but
Figure 13.6 Beam angle 2θ and field angle 2ϕ; field angle is
in
some
cases there is the
the angle at which the maximum intensity Imax falls off to 10%.
option of choosing beam
angle. Narrow beam angles create a spot light in a smaller area and a broader
beam angle floods a larger area with light.
Example 13.4
How many lumens of light does a 50 candelas LED with a 30° viewing angle deliver at a distance of 1 m?
Candela is a unit of luminous intensity = 1 lumen per steradian

(13.26)

or
Lumen = candela × steradian

(13.27)

To obtain the lumens output of the LED for 30° viewing angle, the
number of candelas must be multiplied by the solid angle (in steradians)
produced by a cone having an apex angle of 30° with its apex at the centre of a sphere. This solid angle
= 2π(1 − cos ϕ) = 2 × 3.14 × (1 − cos 15°)
= 6.28 × (1 – 0.9659) = 0.214148

(13.28)

Hence, the number of lumens
	 = 50 × 0.214148 = 10.7074 lm

(13.29)
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or the LED supplies 50 candelas on a spherical cap of surface area
S = 2πRh where R is the radius of the sphere and h is the height of the
center of the cap. For a sphere of radius 1 m, the height
h = 1 − cos (15°) = 1–0.9659 = 0.0341

(13.30)

S = 2 × 3.14 × 1 m × 0.0341 m = 0.214148 m 2

(13.31)

Hence,

Multiplying this surface area by candelas gives the number of lumens
delivered
= 50 candelas × 0.214148 m 2 = 10.7074 lm

(13.32)

Example 13.5
An LED with a viewing angle of 90° has a luminous intensity of 140
cd while a 100 W incandescent light bulb has the intensity of 95 cd.
Is the LED brighter than the 100 W light bulb or vice versa?
cd units are usually expressed as a value with respect to the viewing angle. Incandescent bulb has a viewing angle of 360°. The larger
the viewing angle, the more light streams, prearranging the same
intensity. Stated in other words, 1 cd over 130° viewing angle is a
lot brighter (more lumens) than 1 cd over 20° viewing angle because
lumens refer to the total light output of the device at the rated current. They represent the sum of all the light emitted by the bulb in all
directions.
Let us calculate and compare the lumen outputs of the LED and the
incandescent bulb. For the LED, lumen output
= candelas × steradian = 140 × 2π(1 − cos ϕ)
= 140 × 2 × 3.14 × (1 − cos 90°/2)
= 140 × 6.28 × (1 − 0.7071) = 140 × 1.839412 lm
= 257.51768 lm
(13.33)
For the incandescent bulb, lumens
= 95 × 2π(1 − cos ϕ) = 2 × 3.14 × (1 − cos 360°/2)
= 95 × 6.28 × (1 + 1) = 95 × 12.56 = 1193.2 lm
(13.34)
Thus, the lumen output of incandescent lamp being much higher
than that of LEDs, the incandescent bulb is far brighter. As many as
1193.2/257.52 = 4.633 ~ 5 LEDs will be required to generate the same
luminous flux as a single incandescent bulb.
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Example 13.6
An LED with a viewing angle of 180° emits a total luminous flux of
300 lm. Find the illuminance and the luminous intensity at a distance of 1 m and at 3 m.
180° beam angle means that the luminous flux of the LED is distributed over a hemisphere. For 1 m distance, the area of a hemisphere
of radius 1 m is
= (4πr 2)/2 = 2πr 2 = 2 × 3.14 × (1 m) 2 = 6.28 m 2

(13.35)

Hence, illuminance is
(300 lm/6.28 m 2) = 47.771 lm/m 2

(13.36)

Number of steradians
= 2π(1 − cos 90°) = 2π = 2 × 3.14 = 6.28

(13.37)

Therefore, luminous intensity
	 = 300 lm ÷ 6.28 sr = 47.7707 lm/sr = 47.77 cd

(13.38)

For 3 m distance, the area of a hemisphere of radius 3 m is
	 = (4πr 2)/2 = 2πr 2 = 2 × 3.14 × (3 m)2 = 56.52 m 2

(13.39)

Hence, illuminance is
(300 lm/56.52) m 2 = 5.3079 lm/m 2

(13.40)

Number of steradians
	 = 2π(1 − cos 90°) = 2π = 2 × 3.14 = 6.28

(13.41)

which is the same as in previous case. Therefore, luminous intensity = 47.77 cd, the same as before. It is independent of distance.
It may be noted that the ratio of (luminous flux at 3 m distance/
luminous flux at 1 m distance)
	 = 5.3078 lm/m 2 ÷ 47.77 lm/m 2 = 1/8.99996 ~ 1/9

(13.42)

which is expected because the square of the ratio of distances is
(1 m/3 m)2 = 1/9
meaning that illuminance follows the inverse square law.

(13.43)
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13.7.8 Binning
Variations are observed among LEDs manufactured in the same batch
and also from batch to batch. Narendran et al. (2004) conducted a laboratory experiment to study such variations in commercial LEDs, and noticed
that white LEDs exhibited significant color differences among individual
LEDs, although the color shift with time was small. Since manufacturing
variations cannot be avoided, the manufacturers want to sell all the chips and
customers also yearn to purchase LEDs within selected ranges of parameters, LEDs are often separated into bins. This binning is the distribution of
LEDs into separate baskets, each basket distinguished by a particular range
of LED parameters. The binned parameters include color, forward voltage,
and brightness. LEDs found in a bin of particular color will be perceptibly
similar in color.
13.7.9 Tolerance of Parameters
The values of LED parameters are generally specified with measurement
tolerances, for example, the specification that “the light output of an LED
is 90–100 lumens ±10%” means that the output lies between 81 and 110 lm.

13.8 Discussion and Conclusions
To choose LEDs for particular appliances, an essential prerequisite is to
understand the contrasting LED specifications or parameters. No consistency in defining specifications exists over the full range of usage of LEDs
from near-ultraviolet (360 nm) to near infrared (950 nm). Among the different LED specifications, each one influences the choice of the particular
LED to be selected.
Electrically, the current–voltage characteristics, forward voltage drop,
reverse breakdown voltage, and power consumption are the main parameters.
LEDs being current-driven devices, not voltage driven, the required forward
current to obtain the desired light output is important and so also the maximum limiting current that should not be exceeded. The forward drop is a
function of the LED material. To avoid demolishment of the device, the
reverse voltage, which is usually small for an LED ~5 V, represents the safety
limit during reverse bias.
Optical performance is mainly related to the spectra, photometric and
colorimetric performance requirements, beam angle, and so on. The color
of the LED is described in terms of its peak wavelength, which depends
mainly on the material used in LED fabrication. Colored LEDs are characterized by their dominant wavelength and are available in wavelengths from
UV to infrared. Chromaticity diagram and chromaticity coordinate values
of the LED may be referred to. White LEDs are specified by their color
temperature with warm white LEDs, often used for room lighting, in the
2800–3500 K range.
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The luminous intensity is given with respect to the operating current
because the light output increases with current. To describe the luminous
intensity, terms such as “super-bright” or “ultra-bright” are used. Light from
an LED is emitted within a certain angle called the angle of view. The total
light output from an LED is not represented by its luminous intensity alone.
The viewing angle must also be known. This angle giving the spatial radiation pattern depends on the epoxy lens that distributes the light. For diffused
encapsulation, the light is more dispersed but for nondiffused or water-clear
encapsulation, the light is more intense with a narrower viewing angle.
Operational life is defined in terms of time in hours to reach 70% or 50%
illumination. It is around 50,000 h or more. In applications where light output is not critical, 50% lumen maintenance is applicable.
Other notable features include the device outline, for example, 5 mm
round and lens type, for example, water clear.
No consistency exists in defining LED specifications over the entire range
of commercial LEDs (360–950 nm) from near-ultraviolet to near-infrared
(OptoDiodeCorporation 2008).
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Review Exercises
13.1
13.2

How do external and internal quantum efficiencies of an LED
differ?
What is the feeding efficiency of an LED and what is its typical
value at low driving currents?
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13.3
13.4
13.5
13.6

13.7
13.8
13.9
13.10
13.11
13.12
13.13
13.14

How do the current–voltage characteristics of an LED differ from
that of a resistor? Write the equation expressing the forward current
of an LED in terms of its forward voltage.
Elucidate the current-controlled behavior of LED. Hence, justify
the statement that LEDs are current-driven devices. Why are constant current sources used for LED driving?
What are the critical determining factors of the forward voltage of
a diode? Why do LEDs of different colors differ in their forward
voltage drops?
Why is reverse breakdown problem more complex for LEDs than
for rectifying diodes? What are the possible solutions for LEDs to
prevent breakdown? How do these solutions compare with each
other?
How is premature LED reverse breakdown prevented by inserting
a regular rectifier diode in series with it? Write one advantage and
one disadvantage of this connection.
Which of the following methods is preferable for LED protection
from reverse breakdown and why: (a) a regular diode in series with
LED, or (b) a regular diode connected antiparallel with LED?
Why can the term “efficiency” not describe the effectiveness of light
sources as seen by human beings? What new parameter is introduced to more correctly describe the effectiveness?
Is it correct to say, “If brown and green lights have the same efficacy,
the brown light must actually have been much more intense than
the green light”? Why is it so?
How does efficacy of an LED vary with its drive current? What are
the effects of overdriving an LED?
What information is provided by the optical spectrum of an LED?
How does the blue peak originate in the spectrum of a white LED?
What are the three common light distributions from an LED referred
to? What is meant by the following terms for an LED: (a) included
angle and (b) viewing angle?
What does the term “binning” mean in reference to LEDs? What
parameters are binned?

Chap ter

14

Thermal Management of LEDs
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾

Understand the immediate thermal effects on LED working as well as
the degradation of LEDs on high-temperature operation for long periods
Know about the dependence of LED lifetime on temperature
Define thermal resistance and capacitance terms for simulating LED
behavior
Perform analytical calculations about thermal effects on LEDs
Get familiar with protecting LED drive circuits against temperature
effects

An inherent physical contradiction in the LED lighting system is that on
the one hand, the LED current should be high to generate the desired lumen
outputs, but on the other hand, the LED current should be low to reduce losses
and heat (Luger 2007). The high electrical currents used in LED driving introduce thermal issues (Huaiyu et al. 2011). Temperature produces both interim
or short-term and durable or long-term effects on LEDs (Lenk and Lenk
2011). Short-term effects embrace those reversible processes that take place
during routine LED operation while long-term effects expatiate the thermal
ageing mechanisms causing everlasting reallocation of LED characteristics.

14.1 Short-Term Effects of Temperature on LED Performance
14.1.1 Effect of Temperature on Electrical Behavior of LED
Figure 14.1 shows the variation of temperature of an LED with forward current and the resultant change of forward voltage of the LED with temperature.
As the forward current flowing in an LED increases, its temperature increases
(Figure 14.1a). The forward voltage drop VF of an LED decreases as the temperature rises and the decrement varies from 2 to 4 mV/°C (Figure 14.1b).
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Figure 14.1 LED forward current, voltage and temperature: (a) effect of forward current of an
LED on its temperature, and (b) effect of temperature of an LED on its forward voltage drop.

This means that assuming an average VF decrement rate of 3 mV/°C, an LED
having a VF = 3.0 V at 25°C will be having a lower VF at 125°C. This value is
VF = 3.0 − 3 × (125 – 25) × 10−3 = 3.0 – 0.3 = 2.7 V

(14.1)

If the LED is run at a constant current, for example, 300 mA, the associated power at 125°C is
300 × 10−3 × 2.7 V = 0.81 W

(14.2)

slumping from the 25°C value of
300 × 10−3 × 3 = 0.9 W by 0.09 W

(14.3)

that is, by 10%. As a consequence, the light output will decrease because the
input power has abated.
For maintaining the light output of the LED constant, the input power
has to be kept unvarying by measuring the diminished voltage drop across
the LED and increasing the forward current by the required amount, thus
bringing the voltage drop to its original pristine value. In this way, by constant power operation, the light output of the LED is prevented from declining. In the above example, when the power falls to 0.81 W from 0.9 W in
the ratio, 0.81/0.9, the current must be raised in the inverse ratio, that is,
0.9/0.81; hence, the new current is
(0.9/0.81) × 300 × 10−3 A = 333.33 mA

(14.4)
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The current increases by
{(333.33 – 300)/300} × 100% = 11.11%

(14.5)

The power will revert to 0.9 W by this adjustment.

% Luminous flux

14.1.2 Effect of Temperature on Optical Characteristics of LED
The brightness of the LED and its efficacy subside as the temperature rises
(Figure 14.2). The color of emitted light of a white LED is also perturbed
because of thermally induced
shifts in phosphor emission. Red
100
color is most susceptible to these
80
effects. Consequently, both the
60
CCT and CRI of the LED are
40
expected to be upset with increas20
ing temperature. Thermal man0
agement is a key design parameter
25
75
100
125
150
50
at both package and system levels
Temperature (ºC)
for the solid-state lighting applications (Petroski 2002, Arik et al.
Figure 14.2 Dependence of brightness of an LED on
its temperature.
2002, 2003, 2004).

14.2 LED Lifetime Concept
An incandescent bulb stops functioning when its filament is charred, or
when it falls down and the glass bulb breaks. A fluorescent tube starts flickering toward the end of its life producing a jerky irritating light. Its filaments are broken or the vacuum in the tube ceases to prevail. Thus, with
the passage of time, a bulb or tubelight stops emitting light and becomes
dead. When it was working, it emitted light at its full glory and when it is
dead, there is complete termination of its activity. There is no state of partial
working, that is, emitting less light than before. Its lifetime is defined as
the time in which 50% of a sample of incandescent bulbs/tubelights will
breakdown.
Unlike the conventional light sources such as bulbs and tubelights, an
LED may not fail in entirety over an inordinately long time but its emission
may decrease or decay with time. So, the traditional definition of lifetime as
the time taken for half a population of devices to breakdown, does not apply
to LED (ASSIST 2005, Jiao 2011, Parker 2011). Instead of such a definition,
a new definition is introduced for the LED lifetime as the time in which the
brightness of 50% of a sampling of LEDs decreases by 30% of its incipient
value, that is, drops down to 70% of the brightness in the beginning. LED
lifetime is defined in Figure 14.3a. In Figure 14.3b, the downfall in LED
efficiency with the period of operation is shown.
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LED lifetime: (a) definition and (b) characteristic curve for an LED with a lifetime

LED lifetime depends in a complicated comportment on a multiplicity of
derogatory factors, some of which are indicated in Figure 14.4.

14.3 Long-Term Influence of Temperature on Different Parts of the LED
Temperature affects various components of an LED differently, all of which
act together to decrease the lifetime of the LED, as shown in Figure 14.5.
14.3.1 White LED Die
Owing to prolonged operation at elevated temperatures, the emission wavelength of the LED chip changes. The change is generally very small but LED
phosphors have a narrow absorption band in which they are able to absorb
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temperature at which some
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parts of the LED become
hotter than others due to
Figure 14.5 Reduction of mean lifetime of an LED with
current constrictions arising
temperature.
from nonuniform current
distribution. The nonuniformity of current flow is caused by material heterogeneity, defects as well as by faulty chip design. The current constrictions lead
to localized heating, resulting in hot spots where the temperature rises excessively. Ultimately, the device is burnt and devastated. This irreversible failure
mode is called thermal runaway and must be avoided for safe operation.
14.3.2 Phosphor
Phosphor is tuned to absorb the radiation at a certain wavelength. When it
is subjected to high temperatures for extended periods of time, its absorption wavelength changes. Such degradation of phosphor material by thermal
exposure adversely affects the LED performance. Particularly, red phosphors
have become infamous due to such controversies.
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14.3.3 Encapsulant
Both thermal epoxy and silicone turn yellowish with heat and time
whereby the color of the output light changes causing a decrease in LED
efficacy. Material scientists face an interesting research problem of synthesizing newer chemical formulations for LED encapsulation, which are
not overwhelmed and damaged by the heat generated in the device during
its use.
14.3.4 Package
Quite logically, the package has to survive the thousands of hours of LED
lifetime, most of which is at much higher temperatures than ambient.
Some packages become yellowish with time affecting the color of emitted
light, which is undesirable. Moreover, the package must be ideally reflecting. Ageing may cause it to absorb light reducing the efficacy. More reliable
packages are expensive so that performance has to be compromised with the
price paid.

14.4 Effect of Thermal Cycling on LED Performance
In a hot tropical country, LED may be required to operate at a temperature
as high as 50°C during summer, whereas in a cold polar region, the minimum temperature may fall below −40°C during winter. Although devices
such as electrolytic capacitors will not work, the LED is a semiconductor
device that is able to forebear these extremes of temperature. The problem is
more aggravated in a cold zone when the LED is operating in the evening
and some hours of night and its temperature rises to 70–80°C but thereafter
at late night up to next evening, the LED remains off and its temperature
falls as low as −40°C. Thus, the LED is subjected to the extreme limits of
temperature day after day throughout the year. This kind of thermal cycling
leading to expansion of LED parts during heating and their contraction on
cooling undoubtedly shortens the life span of the LED. Thermal cycling
weakens even the resilient components because it produces microcracks and
triggers adhesion and delamination issues. Plastic materials crack under
thermal stress, solder joints become loose and bond wires are broken, resulting in failure of LED and drive circuit components.
The above problems become more severe when the thermal cycling passes
from positive temperature through 0°C to negative temperature because of
moisture condensation from the surroundings, forming frost. Below 0°C,
the water vapor in the ambient air condenses to form water droplets. These
droplets vaporize later when the LED is operating. Thus, temperature and
humidity unite to hinder the function of the LED. Temperature effect
alone is difficult to manage. The combined onslaught of temperature and
humidity is definitely repugnant and more troublesome for the LED and
the drive circuit. Electrical shorting is a frequently faced problem. The drive
circuit is easily protected by providing a conformal coating but the same is
not possible for the LED because any coating will affect light emission and
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lower its light output. So, the LED must be either left exposed or covered
with a suitable transparent material. The quest for proper coating materials
on LED is an interesting area of research.

14.5 Correlation of LED Lifetime with Thermally Related Parameters
14.5.1 Temperature Rating and LED Lifetime
LEDs are usually rated at 150°C or 85°C. Lower temperature rating is primarily done in view of phosphor degradation at higher temperature. Running
an LED at lower temperature appreciably slows down phosphor degradation
and delays the worsening of LED characteristics. LED can then emit light
at its rated brightness over a longer period.
14.5.2 Pulsed Current Flow and LED Lifetime
LED-driving circuits commonly utilize pulse-width modulation (PWM)
technique for light dimming. In PWM, the duty cycle of the current giving
the fractional time of the cycle for which the LED is on, up to the total cycle
duration (on-time + off-time) is varied to control the drive current through
the LED. During the on-time of the LED, it heats up but during the subsequent off-time, it loses heat to the surroundings.
An LED has a thermal time constant, typically ~10 ms, implying that
its temperature increases to 63% of the final steady-state value during this
period. Similarly, the LED takes time to cool down and the cooling also
takes time. During pulsed operation of LED, a large portion of the duty
cycle is occupied by rising and falling LED temperatures. Thus, if continuous current flow heats up an LED to 125°C, a pulsating current flow will
produce a lower LED temperature due to the inbuilt off-state cooling in such
driving current. Consequently, the LED lifetime will be lengthened in comparison to its lifetime when the current flow was uninterrupted.
14.5.3 Thermal Analysis of LEDs
Electrical components have their counterparts in thermal analysis of devices.
Analogous quantities to electrical resistance, capacitance, and others exist in
the theory of heat, making it possible to aggrandize the electrical concepts to
heat theory and enabling considerable simplification of problems in thermal
analysis.
14.5.4 Electrical and Thermal Analogies
Electrical resistors and capacitors are linear devices. Equivalent components
encountered in heat theory are
Electrical resistance → Thermal resistance

(14.6)

Electrical capacitance → Thermal capacitance

(14.7)
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Thermal resistance opposes the flow of heat in a thermally conducting material synonymously as the electrical resistance hinders current flowing in an
electrical conductor. Similar to the electrical resistance defined as the potential difference across a conductor in volts per unit current in amperes flowing
in it, that is, volts/amperes or ohms, thermal resistance is the temperature
rise (°C) produced by unit thermal power (watts), having the unit °C/W.
From this definition, it is evident that temperature is the analog of voltage and
thermal power is the analog of current.
Thermal capacitance measures the ability of a thermal conductor to store
heat in it and increase its voltage much like electrical capacitance expresses
the dexterity of an electrical conductor to accumulate charge in it and thereby
raise its voltage. It is well known that the capacitance of an electrical conductor is the charge stored in coulombs on it per unit potential difference
applied to it with respect to ground, in volts; its unit is coulombs/volt. On
identical thinking, thermal capacitance of a thermally conducting material
is the heat energy stored in joules (or kilocalories) divided by its temperature
difference from the environment. The unit of thermal capacitance is J/°C. As
mentioned above, temperature is the analog of voltage because the thermal
behavior of increase of temperature by storing heat resembles the electrical
behavior of increase of charge by increasing voltage. Further, heat energy is
the analog of charge. This means that (heat energy/time) or thermal power is
the analog of (charge/time) or electrical current.
Example 14.1
Supposing that thermal analog of current is unknown, applying
Ohm’s law in electricity establish the thermal analog of current by
considering electrical and thermal units.
Ohm’s law in electricity is
Voltage = Current × Resistance

(14.8)

In heat, the equivalent relation is
Temperature = Thermal analog of current × Thermal resistance (14.9)
from which
Thermal analog of current = Temperature/Thermal resistance (14.10)
The unit of thermal analog of current is
Unit of temperature/Unit of thermal resistance
=°C/(°C/W) =°C × (W/°C) = W

(14.11)

Hence, the thermal analog of current has the unit watt and is therefore thermal power.
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Example 14.2
The familiar RC time constant (R= resistance and C = capacitance) in
electricity has the unit seconds = ohms × farads. Likewise, a similar
relation must hold in thermal analysis. Verify the same.
   Unit of thermal resistance × Unit of thermal capacitance
	  = (°C/W) × (J/°C) = J/W = J/(J/s) = J × s/J = s

(14.12)

Hence true.
Example 14.3
When an LED is turned on, it gradually warms up and reaches a final
temperature in equilibrium with its surroundings. A 5 W packaged
LED acquires a steady temperature of 75°C starting from an ambient temperature of 25°C. Also, the LED reaches a temperature of
52.5°C in 200 s. Find the thermal resistance and capacitance of the
LED. Determine the time in which the LED reaches the steady-state
temperature.
The temperature difference = (75°C – 25°C) = 50°C is produced by a
thermal power of 5 W, so that
Thermal resistance of the LED = Temperature/Thermal power
= 50°C/5 W = 10°C/W

(14.13)

To calculate its thermal capacitance, it is noted that 63% of the
observed temperature rise (50°C) is 0.63 × 50 = 31.5°C. Adding the
ambient temperature (25°C), the total 63% of temperature increase =
25°C + 31.5°C = 52.5°C. Recalling electrical theory, the time taken by
the capacitor current to reach 63% of its final steady-state value is its
electrical time constant (τelectrical). Similarly, in heat, we have a thermal
time constant τthermal, the time in which the temperature reaches 63% of
its steady-state value. From the given values, the LED reaches 52.5°C,
which has been found to be 63% of the steady-state value, in 200 s. So,
thermal time constant of the LED = 200 s.
Now
Thermal time constant = Thermal resistance × Thermal capacitance
		
Hence

(14.14)

Thermal capacitance = Thermal time constant/Thermal resistance
= 200 s/(10°C/W) = (200/10) × (s × W/°C)
= 20 s × (J/s)/°C = 20 J/°C
(14.15)
From electronics, it generally takes five electrical time constants for
the capacitor current to attain its steady-state value. Similarly, for heat
flow, the time taken by LED to achieve the steady-state temperature
= 5 × Thermal time constant = 5 × 200 s = 1000 s
= 1000/60 min = 16.67 min

(14.16)

250   ■   Fundamentals of Solid-State Lighting

Table 14.1

Analogous Electrical and Thermal Quantities
Analogous Quantities

Electrical

Units

Thermal

Electrical resistance
Electrical capacitance
Electrical voltage
Electrical current

Thermal resistance
Thermal capacitance
Temperature
Thermal power

Electrical

Thermal

Ohm
Farad
Volt
Ampere

°C/W
J/°C
°C
W

Electrical and thermal analogs are listed in Table 14.1 along with
their units.

14.5.5 Series and Parallel Combinations of Thermal Resistors
The equivalent resistance R series of two thermal resistors R1 and R 2 connected
in series is given by
R series = R1 + R 2

(14.17)

In heat, the same thermal power acts on both the resistors while in electricity the same current flows through them.
The equivalent resistance R|| of two thermal resistors R1 and R 2 connected
in parallel is expressed as
R || =

R1R2
R1 + R2

(14.18)

In heat, both the thermal resistors are located inside the same environment and are, therefore, at the same temperature. Similarly, in electricity, the
two parallel-connected resistors have the same potential difference applied
across their terminals and are therefore subjected to the same voltage.
Figure 14.6 shows the various components involved in calculating the
thermal resistance from junction to ambience of an LED for LEDs in packages and Figure 14.7 for LEDs mounted on metal core printed circuit board.
For LEDs in packages, these components are grouped under two major
heads, namely, resistance from junction to case and that from case to ambient
(Figure 14.8a). For LEDs on metal core printed circuit boards (MCPCBs),
they are clustered under three heads, viz., that from junction to heat slug,
from heat slug to board, and finally from board to ambient (Figure 14.8b).
These three groups comprise the thermal management system for the LED,
and we shall elaborate on them in the sequel. Minimization of the thermal
resistance components is always desirable for efficient heat loss.
Example 14.4
What is the actual temperature of a 5-W LED chip at an ambient
temperature of 25°C, if the thermal resistances of junction to case
and case to ambient are 10°C/W and 15°C/W, respectively.
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Components of thermal resistance for LED chip-on-board assembly.
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Rjunction-ambient

(a)

Not part of the package

J

Rjunction-case

Rcase-ambient

C

A

Rjunction-ambient

(b)

J

Rjunction-slug

Rslug-board

B

Rboard-ambient

A

Not part of the package

Figure 14.8 Thermal resistance from junction to ambient for (a) chip-in-package and (b) chip-onboard assemblies.

Here, we can imagine two thermal resistors, one from junction to case
(Rjunction-case) and another from case to ambient (Rcase-ambient). These resistors are connected in series as they are under the influence of the same
thermal power resulting from the heat produced during LED operation
and raising the LED temperature. Therefore, the total thermal resistance from junction to ambient (Rjunction-ambient) is
R junction-ambient = R junction-case + Rcase-ambient
= 10°C/W + 15°C/W = 25°C/W

(14.19)

In electricity
Voltage = Current × Resistance

(14.20)

In heat, the similar equation is
Temperature = Thermal power × Thermal resistance

(14.21)

Since the LED is dissipating 5 W power, the above equation yields
Temperature of the LED chip with respect to ambient
	  = 5 W × 25°C/W = 125°C
(14.22)
The value calculated above represents the rise in temperature of the
LED chip relative to its environment. Adding the ambient temperature
(25°C), the required temperature of LED chip is
= 125°C + 25°C = 150°C

(14.23)
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Example 14.5
Two packaged LEDs mounted on the flanges of a heat sink are dissipating 8 W power. One flange F1 has a length L1 = 2 cm while the
other flange F2 has a length L2 = 4 cm. Both the flanges have the same
thermal resistivity of 80°C/W-m. If the flanges reach a temperature
of 40°C, what is the temperature of LEDs? How much of the total 8 W
thermal power is carried by flanges F1 and F2?
Thermal resistance of a flange = Thermal resistivity
× Length of the flange

(14.24)

∴ Thermal resistance (RF1) of flange F1 = 80°C/W-m (ρF1) × 0.02 m (L1)
= 1.6°C/W
(14.25)
and
Thermal resistance (R F2) of flange F 2 = 80°C/W-m (ρF2) × 0.04 m (L2)
= 3.2°C/W
(14.26)
The two flanges are subjected to the same ambient temperature,
implying that they are connected in parallel much in the same way as
two resistors on whose terminals the same voltage acts. Therefore, the
equivalent resistance of the flange is obtained from the formula of parallel-connected thermal resistors as
R || =

1.6°C/W × 3.2°C/W
RF 1RF 2
=
= 1.067°C/W
1.6°C/W + 3.2°C/W
RF 1 + RF 2

(14.27)

Now
Temperature of LEDs with respect to flanges = Thermal power
× Thermal resistance
= 8 W × 1.067°C/W = 8.536°C

(14.28)

Hence, the temperature of LEDs with respect to ambient is
	 = 40°C + 8.54°C = 48.54°C

(14.29)

Power carried by flange F1
= Temperature/Thermal resistance of F1 = 8.536°C/1.6°C/W
= (8.536/1.6) × (°C × W/°C) = 5.335 W

(14.30)

and that carried by flange F 2
= Temperature/Thermal resistance of F 2 = 8.536°C/3.2°C/W

= (8.54/3.2) × (°C × W/°C) = 2.6675 W

(14.31)
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with the two powers adding up to 5.335 W + 2.6675 W = 8.0025 ~
8 W, as expected. Obviously, the lower thermal resistance flange carries (5.335/8.0) × 100% = 66.69% of the share while the higher thermal
resistance flange carries the remaining (2.6675/8.0) × 100% = 33.34%
of the total power.

14.5.6 Thermal Paths to the Ambient and Mechanisms of Heat Removal
through Air
When an LED is placed on a lab bench, heat is carried by the bench if it
is made of metal. Then the LED is connected by current-carrying wires to
the power supply. These wires also take away some fraction of heat from
the LED, although slender. Thus, there exist a variety of parallel thermal
paths of heat transference from the LED to the ambient air. As these paths
are connected in parallel, their equivalent thermal resistance is decided by
the path that has the lowest resistance. Although it may not be possible to
precisely calculate the resistances offered by the different paths, it is easy to
bring down sufficiently the resistance of any one of them so that the equivalent resistance is dominated by this low-resistance component. Then, the
total resistance to ambient air comes within the realms of uncomplicated
assessment.
As in any medium, so also in air, there are three modes of transmission of
heat: conduction, convection, and radiation. While conduction and convection require air, radiation does not impose the exigency of a medium and can
take place in vacuum. Heat transfer through radiation takes place in the form
of electromagnetic waves in the infrared region.
Air is a poor conductor of heat with a thermal conductivity ~0.02 W/m-K,
which is 1/10th that of plastics. Therefore, thinking about conduction as a
way to expunge heat from LED through air appears illogical.
Convection in air depends on the shape and size of the object and its
properties as well as on those of the surrounding objects, and is an extremely
complex process. Convection currents can be produced in the vicinity of the
LED by external means to keep it cool.
Radiation of heat is governed by Stefan–Boltzmann law, which states that
heat transfer through radiation is proportional to the fourth power of the
temperature difference in K between LED and the surroundings. For a hot
LED radiating energy to its cooler surroundings, the net radiation heat loss
rate is expressed as

(

)

q = σ TLED 4 − TC 4 ALED

(14.32)

where σ is the Stefan–Boltzmann constant = 5.6703 × 10−8 (W/m 2K4), TLED
is absolute temperature of the hot LED (K), TC is absolute temperature of
cold surroundings (K), and ALED is the area of the LED (m 2). This means that
an LED at room temperature will not radiate any heat to its surroundings.
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14.6 Maximizing Heat Loss from LED
14.6.1 Conduction Enhancement
As conduction losses through air are very small, one must resort to other
methods. As already mentioned, one way is to mount the LED on a heat
sink, which is a piece of metal
(a)
(b)
possessing high thermal conductivity (Figure 14.9). A
heat sink usually has a large
number of fins to increase the
cooling by convection. The
LED must be mounted on the
heat sink in such a way that
there is minimal interfacial
(c)
(d)
thermal resistance between
the LED and the heat sink.
The more the area of contact
between the heat sink and the
LED, the less the thermal
resistance between them. This
Figure 14.9 LED heat sinks: (a) for star LED, (b)
resistance is also affected by
for LED bulb, (c) fin-shaped sink, and (d) flat circularshaped sink.
the contact material between
the LED and the heat sink. A
high-conductivity thermal epoxy ensures a low-resistance contact, and if
the epoxy layer is thin, the resistance is even less.
Metal-core PCBs consisting of a regular PCB bonded to a metallic piece
such as that of aluminum show improved thermal performance for mounting
LEDs. The bonding is usually isolated.
Example 14.6
A 10 W LED of area 5 cm 2 is glued to a heat sink having a thermal
resistance of 2 K/W using a thermal epoxy of thermal conductivity
0.5 W/m-°C and thickness 500 mm. What is the rise in temperature
of the LED during its operation?
Thermal conductivity of the epoxy is 0.5 W/m-°C. Hence, its
thermal resistivity, that is, the reciprocal of thermal conductivity is
(1/0.5) = 2 m-°C/W and thermal resistance
	 = 2 m-°C/W × 500 × 10−6m/5 × 10 −4 m 2 = 2°C/W

(14.33)

This is in series with the thermal resistance of the heat sink.
Therefore, the thermal resistance of heat sink including the epoxy
film = 2 + 2°C/W = 4°C/W. Operating at 10 W, the temperature of the
LED rises to 10 × 4 = 40°C.
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14.6.2 Convection Enhancement
Heat loss by convection is promoted by placing a small fan near the LED.
The air currents generated by the fan help in taking the heat away from the
LED. The warm air above the LED is driven away by the fan and replaced by
fresh cooler air, which transfers heat faster leading to more efficient heat loss.
A small-size, low-cost, low-power, noise-free fan is essential for this purpose.
The acoustic noise from the fan is very disturbing and irritating. Both the initial
purchasing cost as well as running and maintenance costs of the fan contribute
to the total expenditure on the LED system; they must all be kept as low as possible. When using fans, it must be noted that the fan should not circulate air in
an enclosed space, otherwise the space will attain an equilibrium temperature
that will be warmer than the ambient and not very effectual in cooling. Hence,
both an inlet and outlet must be provided for the fan-driven air.
14.6.3 Radiation Enhancement
The surface area of the LED plays a key role in deciding the radiation loss.
The more the surface area, the greater the radiation loss. This means that the
surface area must be increased within permissible limits that are predetermined by the constraints of space. Heat sinks are best suited to this purpose.
Many heat sinks are adorned with a black anodized coating to increase thermal radiation.
14.6.4 Heat Removal from LED Driving Circuitry
The main components of the drive circuitry that produce heat are the power
semiconductor devices such as the power transistor and the diode. Generally,
these are rated for operation up to 125°C. Proper heat sinks are also attached
with them for required heat dissipation capability. Hence, they are not much
cause of concern. The component most liable to failure is the electrolytic capacitor, which must be carefully protected or substituted by alternative options.
On the whole, the drive circuit itself is mounted on a heat sink and air-cooled
by fans and blowers to keep the temperature within prescribed safe limits.
The drive circuit can also be made larger in area for efficient cooling. This also
helps in placing the power devices far apart from heat-sensitive components.
Example 14.7
A drive circuit working at 80% efficiency supplies 20 W power to the
LED. How much of the input power is lost in the drive circuit?
Since the efficiency of the drive circuit is 80%, the actual input power
supplied to it was 20 W/0.8 = 25 W. Hence, power dissipated by the
drive circuit = 25 – 20 = 5 W, which is (5/25) × 100% of the total input
power = 20% of the input power.

14.7 Discussion and Conclusions
Incandescent lamps produce heat that is radiated in the form of infrared rays.
The LED should convert all the electrical energy into light, but in reality
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heat is produced within the LED chip due to the inefficiency of the semiconductor processes that generate light. As this heat is not a part of the radiated
LED spectrum, it must be withdrawn from the system through conduction and convection. Allowing the LEDs to get warm poses unnecessary
botheration. The brightness of LEDs declines strikingly with temperature.
Also, the color of emitted light changes with temperature, creating problems
in applications demanding color integrity such as RGB (Red–Green–Blue)generated white light, where both color stability and quality are impaired.
Electrical parameters, such as the forward voltage of the LEDs, alter with
temperature that must be compensated by proper driver circuit design. This
becomes a serious issue when the LEDs are sharing current in parallel configurations. Constant exposure to high junction temperatures accelerates the
degradation of LEDs and reduces their life and reliability. Overheating of
LEDs accelerates their degradation and reduces their lifetime as measured
by the fall of LED’s output below a threshold level, instead of a sudden catastrophic failure.
The more efficient the thermal management of LED, the higher the forward current allowed through it. The higher the forward current, the more
the light emitted by the LED. The more the light emitted, the less the number of LEDs required for a given light output. Thus, the heat produced by the
LED must be accurately thermally managed to restrict its temperature below
the maximum specified limit.
The thermal resistance of an LED assembly including the package and the
heat sink is the sum total of the thermal resistances of the different heat paths
from the junction to the surroundings. The thermal resistance Rth (junction
to case) is given in the LED manufacturer’s data sheet, but Rth (case to ambient) is calculated by measuring the temperature change from case to ambient
using a thermocouple, ideally in a hole drilled in the board under the device.
Using materials with a high thermal conductivity, heat should be conducted
away from the LED to a heat sink, such as large copper areas on the printed
circuit board, attached finned heat sinks with a large surface area, and/or
thermally enhanced/metal PCBs to mount the LEDs. From the heat sink,
heat removal may require active convection by forced airflow cooling with a
fan or water cooling. To minimize interfacial resistances, thermally conductive materials should be used for joining any two surfaces. The size and shape
of the heat sink or heat sink/cooling fan combination depends on the LED
wattage, the number of LEDs in the circuit, the temperature of the environment, and whether the LEDs are mounted in an enclosed or open space. To
design an effective cooling system, one must execute detailed thermal analysis by the germane software package.
For Satisfactory LED Operation
LED life span is cut down by high temperature
Causing premature device failure
LED optical behavior shifts
Quality parameters drift
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Heat removal techniques must be experimented
And rigorously implemented
For efficient heat dissipation
To ensure satisfactory LED operation
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Review Exercises
14.1
14.2

How does temperature affect the LED working in short-term and
long-term operations?
If an LED is operated at constant current, how will its performance
deteriorate through thermal shift of forward voltage?
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14.3
14.4
14.5
14.6
14.7
14.8
14.9

How will you define the lifetime of an LED? How does this definition differ from our long-appreciated definition of lifetime for an
incandescent bulb or fluorescent tube light?
What are the long-term effects on the different parts of a white
LED? Discuss the effects of thermal cycling on LED performance.
How are LEDs rated for temperature and lifetime? What is the
impact of using a pulsating current for LED driving on its lifetime?
What are the thermal analogs of electric current, voltage, resistance, and capacitance? How are thermal resistance and capacitance
related?
What is the thermal analog of charge? Write the units of thermal
resistance, capacitance, and power.
What is the Stefan–Boltzmann law of heat transfer by radiation?
Will an LED at room temperature radiate heat to its neighborhood?
What are the main considerations for enhancing the heat lost from
LED by conduction, convection, and radiation? Which components
of the driving circuit need attention for quick heat removal?

Chap ter

15

White Inorganic LEDs
Learning Objectives
After completing this chapter, the reader will be able to
Get an idea about the trichromatic nature of human vision
Understand the wavelength conversion and color mixing techniques to
produce white light
◾◾ Become familiar with the implementation schemes of the above two
approaches using LEDs and phosphors
◾◾ Judge the quality of white light by defining measurement protocols for
parameter evaluation
◾◾ Acquire knowledge about the light quality measuring instruments
◾◾
◾◾

White light is essential for general lighting purposes because human eyesight is complacent, comfortable, and serene with white light. True whitelight-emitting LEDs represent an unreachable and elusive idealistic goal
(Maxim 2004). This is because LEDs typically emit one wavelength and
“white” does not appear in the spectrum of colors. Since “white” does not
have a single wavelength but is a potpourri of wavelengths, perception of
“white” is made possible by assimilation of different wavelengths.

15.1 Primary, Secondary, and Complementary Colors
White light is made up of seven colors (Figure 15.1), which are memorized
through the memory-aid VIBGYOR (violet, indigo, blue, green, yellow,
orange, and red). This means that by lighting seven LEDs corresponding
to these seven colors in white light, one can synthesize white light from its
constituent colors.
Additive color mixing is a method for the creation of almost all visible
colors. It is based on three colors located in widely spaced regions of the
visible spectrum. These three colors are colors in their own right and they
themselves cannot be produced by commingling other colors. Hence, they
261

262   ■   Fundamentals of Solid-State Lighting

VIBGYOR

are called primary colors. Beware!
Primary colors are not a fundamental property of light. Instead,
(a)
Screen
they are related to the physiological response of the eye to light,
Red
Orange
an assertion made by stating that
Yellow
White light
Green
human color vision is trichroBlue
Prism
Indigo
matic. The standard additive
Violet
primary colors are red, green,
and blue. These colors enable us
(b)
White light
Approximate
Approximate
to produce white light by interconstituents
wavelength (nm) frequency (THz*)
mixing them in appropriate
Red
600–800
500–370
proportions.
Orange
575–600
520–500
The perception of “white” may
Yellow
565–575
530–520
be approximately accomplished
Green
490–565
610–530
using only two colors. Such a duo
Blue
475–490
630–610
of colors that produce white when
Indigo
460–475
650–630
added together is said to constiViolet
400–460
750–650
tute a complementary pair because
*1 × 1012 Hz
together these colors are able to
complete the visible spectrum.
Figure 15.1 Composition of white light. (a) Dispersion A complementary color is either
by prism and (b) wavelengths and frequencies of different
one of the two colors whose mixcolors.
ture in the candid percentages
produces white. It may be noted
that generating white light with two colors, in place of three, is seemingly
achieved by forfeiting color quality.
The blue color, which is used as an additive primary color, encloses light
from one-third morsel of the spectrum while yellow color contains the light
from the remaining two-third chunk of the spectrum representing the sum
of red and green. Consequently, adding together blue and yellow light begets
white light. Thus, blue and yellow colors constitute a pair of complementary
colors. Another such pair consists of the green and magenta colors. Red and
cyan comprise one more complementary pair. A color that is complementary
to a primary color is known as a secondary color. The secondary colors for
red, green, and blue are cyan, magenta, and yellow, respectively. These latter
three colors, viz., cyan, magenta, and yellow, are given the name of “subtractive primary colors.”

15.2 Wavelength Conversion and Color Mixing Techniques
The discussion in the preceding section suggests the measures to be adopted
to obtain white light using LEDs (Nayfeh and Alrokayan 2008). Figure 15.2
classifies the available methods for producing white light.
The pertinent question is the number of LEDs to be used for this mission.
If a single LED is to be used, then this LED will provide one wavelength of
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White light
production
methods
I. Single LED
(phosphor-converted)

II. Multiple LEDs

Wavelength conversion

(iia) Blue LED + several
phosphors
(iib) Blue LED + quantum
dots
(iii) UV LED + RGB
phosphors

Figure 15.2

High CRI

(i) Blue LED + yellow
phosphor

High luminous efficacy

Color mixing
(i) Tricolor LEDs

(ii) Tetracolor LEDs
(iii) Multicolor LEDs

Classification of white light synthesizing techniques.

light or a narrow band of wavelengths. The remaining wavelengths in light
must be generated by converting a portion of light from the LED into the
residual portion of the white light spectrum. To bring about this conversion, light is passed through a phosphor material, which absorbs light of one
wavelength and emits light of a different wavelength. The wavelength of
the emitted photon is typically down-converted (longer wavelength or lower
frequency/energy) by the phosphor material. This shift in the excitation and
emission wavelengths/frequencies is known as the Stokes shift and thus, the
light conversion process entails an energy loss.
Following the wavelength conversion, the original light from the LED
in combination with the converted wavelength portion is employed to produce white light. Essentially, this method involves conversion of wavelength
of a portion of light from the LED into a wavelength range not provided
by the LED, followed by addition of the original ingredient with the converted part. Hence, it is called wavelength conversion technique, in which a
phosphor is necessary for the change of wavelength. Wavelength conversion
entails modification of some or all of the output of LED into visible wavelengths. There are several ways of implementation of this basic process.
Besides the above approaches utilizing phosphor(s), there is an alternative
method that does not use any phosphor material. Several LEDs producing
emissions of different colors, such as two or three LEDs for simultaneously
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producing the three primary colors, can be used to generate white light. This
method naturally follows from the concepts of primary colors and trichromatic vision. Here, no wavelength conversion takes place. Only additive
mixing of colors is done; hence, it is referred to as color mixing technique.
Wavelength conversion ails from loss of energy during absorption of light
by the phosphor. Absence of phosphors in color mixing reduces the losses
of light incurred through absorption in the phosphor material. Color mixing technique is therefore more energy efficient and has the potential for
the highest efficiency. Also, direct emission LEDs in the blue, green, and
red wavelength ranges exhibit emission spectra with FWHM~20–40 nm,
which is substantially narrower than the emission of a majority of phosphor
materials (FWHM~70–100 nm) giving rise to superior color saturation and
luminous efficacy of radiation. Nevertheless, the wavelength conversion is a
true realization of white light LED because, regardless of vast research, there
is still lack of deep green LEDs, due to which it has not been possible to produce high-quality white light by color mixing. Production of “whiter white
light” needs “greener green light.” The inability of present LEDs to produce
light in the wavelength range of 530–570 nm is called the “Green Gap.”
National Renewable Energy Laboratory (NREL) of the U.S. Department of
Energy has reported a 562-nm LED capable of producing a deep green light
close to the peak of the spectral sensitivity of the human eye to overcome
the Green Gap deficiency (Innovation 2010). Moreover, in the color mixing method, degradation of different LEDs by different amounts at various
times results in a nonuniform color output.
Additional problems with wavelength conversion method using
phosphor(s) include the following: (i) Absorption and emission cannot be
tuned. Inflexibility of form results from the need for the phosphor to be
placed in the emission path of the LED and the phosphor emission must
be guided in the desired direction. (ii) Significant reflectivity of phosphor
films causes a nonnegligible percentage of the LED light to be reflected back
toward the LED, producing heating that renders the LED driving knotty,
necessitating more complex and rigorous heat dissipation designs. (ii) Since
phosphors respond more strongly to the blue portion of the LED light, the
transmitted UV portion is hazardous to human vision. For high-intensity
systems, UV blockers must be abidingly incorporated.
The current two major white LED systems, single LED and multichip
LED classes, will be addressed in minutiae in the following sections.

15.3 Wavelength Conversion Examples
There are a variety of ways to produce white light by wavelength conversion,
but the following three methods are common:
1. Blue LED with yellow phosphor: This method is based on mixing a
longer-wavelength component of light with a shorter-wavelength component. It involves mixing two colors and is a bicolor system. Generally,
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Blue light from LED
Yellow light from phosphor
a layer of YAG:Ce3+
phosphor ((Y1−aGda)3(Al1−b
Gab)5O12:Ce3+) is applied
over a blue InGaN LED
Lens
Phosphor
(Figure 15.3), integrated
into the LED package
LED chip
(Nakamura et al. 2000).
Some of the blue light
emitted by the LED is
absorbed by the phosphor
and refurbished into yellow light. Blue light that
manages to move out
of the phosphor withCathode
out interaction with the
phosphor remains blue as
Anode
before. Actually, the LED
is designed to leak some of Figure 15.3 White LED using blue LED and
the blue light beyond the yellow phosphor.
phosphor to generate the
blue portion of the spectrum, while phosphor converts the remainder of
the blue light into the yellow portion of the spectrum. In order to leak
a predetermined fraction of the blue light, the phosphor density and
thickness are carefully selected. The emerging blue and yellow components combine together, and this balanced mixing yields the appearance of white light. Establishing the correct blue/yellow proportion
depends on using the exact quantity, density, and particle size of phosphor, dispersed uniformly around the blue-emitting chip. Variations in
any of these parameters will cause color or correlated color temperature
(CCT) variations at different viewing angles from a single LED, or
between neighboring LEDs. Many factors restrain process uniformity,
for example, the difficulty of precisely measuring small amounts of a
viscous fluid, slurry settling both before and after dispensing, distribution of the mixture within the cup, and phosphor powder grain size
variations.
		  The spectrum of light produced contains a narrow blue peak and
a broad yellow peak, and is well covered (Figure 15.4a and b). But it
lacks the red component. Owing to the deficiency of red color, the single phosphor converted white LED does not allow tuning of its color
temperature. At high driving currents, the electroluminescence (EL)
intensity of the blue band rises much rapidly than that of the longwavelength band. The driving current also affects the EL peak position
of blue emission band. As a consequence, for these blue–yellow LEDs,
the color temperature is high and the color rendering index (CRI) is
low. The method gives white light with a color temperature ~5500 K
and to reach “warm white” color temperatures ~3200 K, one red LED
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must also be used along with
the blue one. But then the lumi80
nous efficacy is reduced by 50%.
The curious reader is likely
60
to enquire, why is it necessary to
Yellow phosphor peak
40
use a blue LED? What is the spe20
cialty of blue light? Why not use a
0
red LED instead? The question
is answered from the underlying physics. The blue color has
350
400
500
600
700 800
a higher energy than green,
Wavelength (nm)
yellow, orange, and red colors,
(b)
because while traversing from
Response of
100
blue to the red part of the visthe human
ible spectrum, we are moving
80
eye
Combined
successively toward lower fre60
effect of blue
quencies or larger wavelengths.
LED and
40
yellow
During absorption by the phosphosphor
20
phor, some part of its energy
is lost in the same way as an
0
electrons moving in a conductor dissipate energy as heat.
350 400
500
600
700 800
Thus, the light emerging from
Wavelength (nm)
the phosphor has lower energy
and hence a lower frequency or
(c)
100
longer wavelength than blue.
Incandescent
This light will, therefore, corre80
bulb (CRI = 100)
spond to the spectrum portion
60
toward green, yellow, orange,
40
and red, that is, the portion not
20
LED with many
belonging to blue. This is exactly
phosphors
the spectrum portion required,
0
which in combination with blue
will give us white light. Had we
350
400
500
600
700 800
used a red LED, the light comWavelength (nm)
ing out from the red LED will
Figure 15.4 Emission spectra. (a) Blue LED (solid line) be shifted in wavelength toward
and yellow phosphor (dotted line) when separate; (b) blue lower energy or larger waveLED and yellow phosphor (superimposed), with the human length than red, and would have
eye response given for comparison; and (c) LED with several been useless because it will be
phosphors (solid line) and incandescent bulb (dashed line).
outside the visible range. Thus,
to obtain all the colors in the
visible spectrum, the light must have the highest energy or lowest wavelength perceived by the human eye. As this wavelength is 450 nm for
human beings, the 435-nm wavelength blue LED fulfills the desired
purpose, and is widely used as the light source for white light generation.
100

Intensity (arbitrary units)

Intensity (arbitrary units)

Intensity (arbitrary units)

(a)

Blue LED peak
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2. Blue LED with several phosphors: Here, many phosphors are used in
place of the single yellow phosphor. The advantage derived by using
many phosphors is plainly improvement in the color quality of emitted light. The gap between blue and yellow light is filled and thereby
the red part of the spectrum is strengthened (Figure 15.4c). Naturally,
the light from such multiband LED has a richer and broader spectrum than obtained by LED with yellow phosphor alone. By appropriate blending of phosphor materials, designers can adjust the tone of
the light from cool to warm, depending on the application. Thus, the
numerous-phosphor LED provides high color rendition and tunable
color temperature. But this improvement is achieved at an additional
cost incurred by introducing the phosphors.
3. UV LED with phosphors: This method consists of converting invisible
radiation from a UV LED into red, green, and blue lights by using three
suitable phosphors in measured amounts, and combining the light of three
colors together (Han et al. 1998, Narukawa et al. 2002). This is the same
principle on which a fluorescent tube works. The method is essentially
tricolor in nature involving three colors, also referred to as multicolor. The
output light covers a broad wavelength range and has a rich spectrum. The
obscurity is that high-efficiency UV LED chips are not available due to
the problems of low doping efficiency in AlGaN with a large Al content
so that the quantum efficiency of UV LEDs is generally low.
		  Sheu et al. (2000, 2002, 2003) and Zhang et al. (2007) reported phosphor-converted white LEDs fabricated by precoating blue, green, and red
phosphors on near ultraviolet (n-UV) LED chips. At 20-mA injection
current, the color temperature was ~5900 K and the CRI was ~75. When
the injection current was raised from 20 to 69 mA, no changes in color
temperature and CRI were noticed. In comparison, for the blue–yellow
white LEDs, the color temperature increased from 5500 to 7000 K and
the CRI decreased from 73 to 69 when the injection current was increased
from 20 to 60 mA, indicating that UV-based white LEDs showed much
superior optical stability than the blue–yellow white LEDs.
		  Table 15.1 compares fluorescent tube with UV-based white LED.
4. Blue LED with quantum dots: The quantum dots are semiconductor
nanocrystals of diameter 2–10 nm representing collections of 10–50
atoms. Quantum dots containing cadmium and selenium atoms placed
over the blue LED produce white light having a spectrum similar
to that generated by UV LED with red, green, and blue phosphors.
Impediments to the success of this method are the high cost of nanoparticles, and their nonavailability in a uniform size distribution, leading
to color mixing difficulties.

15.4 Color Mixing Examples
LEDs emit one wavelength, which is dependent on the bandgap of the semiconductor material used for LED fabrication. Therefore, the peak emission
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Table 15.1 Similarities and Dissimilarities between Incandescent Lamp, Fluorescent
Tube, and LED
Feature
Fundamental
emission
mechanism

Phosphor

Efficiency

Blue LED + Yellow
Phosphor

Incandescent Lamp

Fluorescent Light

Produces light by
incandescence, that
is, emission of
photons by the
filament due to its
temperature
Does not require
phosphor to generate
white light spectrum
Lowest of all the
methods on account
of energy loss as heat

Produces a hightemperature plasma in
a tube, emitting UV
radiation
(wavelength = 254 nm)

Produces blue light
(wavelength = 435 nm)

Uses a phosphor to
convert UV into visible
light
254-nm wavelength is
farther from visible
range than 435 nm;
hence, intrinsic
efficiency is lower due
to larger Stokes shift

Uses a phosphor to
convert part of blue
light into yellow
435 nm is in visible
range; hence, higher
efficiency and lower
Stokes shift

wavelength of the LED can be tuned by bandgap engineering, which provides considerable variability for white light generation. Examples of multiple LED or multichip methods are
1. Two monocolor LEDs: In this bicolor method, two separate LEDs are
used, one blue and another yellow. Their emission intensities are varied
to produce white light. Clearly, for white light production covering the
visible spectrum, LEDs must produce the component band emissions
in the correct proportions.
2. Three monocolor LEDs: Three LED chips generating monocolor emissions of three primary colors: red (R), green (G), and blue (B), are
employed to produce RGB-generated light white light. This method
comes under tricolor or multicolor category. The spectrum of emitted
light comprises three peaks of different intensities with intervening
gaps. The luminous efficiency of the green LED is significantly lower
than that of the blue LED. The low luminous efficiency of the green
LED is responsible for decreasing the efficacy of this method.
3. Metamerism and spectrum optimization using several LEDs: Sometimes
we buy items whose color matches perfectly well in the shop but
they look completely different at home. Often we see a color change
occurring when an object is moved from artificial light to daylight.
Nothing can be more frustrating than discovering that the color of a
newly purchased carpet does not complement the walls. These effects
are metameric. Metamerism is the phenomenon that occurs due to the
ability of human eyes to see two colors as being the same under one
illuminant, but not under other illuminants (Applications Note 2008).
This happens although the spectral power distribution of two colors is
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manifestly different, to our eyes but they may appear as the same color.
These two matching colors are called metamers.
The problem of metamerism is obviated by using LED combinations that
provide better color rendering. Three such combinations are (i) red, amber,
green, and blue LEDs; (ii) red, green, and cool white blue LED; and (iii)
white InGaN LED and yellow phosphor and seven colored LEDs. The last
coalition can provide spectral power distribution equivalent to natural daylight. However, multiple LED alliances are susceptible to thermal and temporal fluctuations, to overcome which corrective actions must be invariably
arranged.

15.5 Relative Advantages and Disadvantages of White Light
Realization Methods
Each of the above methods has specific advantages and drawbacks. For comparison, attention is concentrated on two variants of wavelength conversion,
viz., (blue LED + yellow phosphor) and (UV LED + RGB phosphors) and
one variant of color mixing, namely, three LEDs.
The first method (blue LED + yellow) is very simple in implementation.
Also, because of the use of a single LED, power consumption is less. It provides high luminous efficiency and CRI ~ 70–90 but permits small color
variations and suffers from “halo effect” or “bleed-through effect.” This halo
effect arises due to directional light emission from the diode and diffuse light
spreading from the phosphor. The former is emitted in a particular direction while the latter is radiated over a 2π solid angle. Hence, for an observer
viewing from the side, the emitted light appears to be multicolored. Another
crunch occurs due to limited absorption of light in the blue region by the
rare earth phosphor, necessitating the use of thicker phosphors. Phosphors
strongly absorbing blue light are required to get rid of this shortcoming.
Incorporation of a sensitizer ion facilitating energy transfer to the rare earth
ion will be symbiotic.
The blue LED plus single phosphor strategy is a good starting point for
public demonstrations of solid-state white lighting. Because of the limitations of achieving a good CRI by using only two colors, at a later stage, other
strategies might take over or surpass this technique.
The second method (UV LED + RGB phosphors) also provides good
color uniformity and rendering but is disadvantageous from the viewpoint of
lower luminous efficiency and need of UV packaging. The quantum shortfall between the UV pump and the phosphors, especially the low-energy red
phosphor, squanders significant energy and makes this approach inherently
less efficient than others for generating white light. The high-energy UV radiation deteriorates the organic LED package materials, shortening the useful
lifetime of the LED. Since UV light is not used directly as part of the blue
light used in the previous approach, a higher efficiency of the UV emitter is
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imperative to account for conversion losses. Recently, this method is receiving
more attention with the advent of high internal quantum efficiency near-UV
GaN-on-GaN native substrate LEDs (415 nm), (Soraa 2014). Nonetheless,
the concerns about absorption efficiencies by the three phosphors that were
hoisted above for the single blue LED plus phosphor strategy are equally
applicable here. All phosphors of the UV-pumped phosphor system must have
high UV absorption, besides good photostability and temperature stability.
New phosphors must be identified in the red, green, and blue wavelength
regimes, fulfilling these criteria.
The third method (three LEDs) has low CRI and requires flux control but
above all, the accessory electronic circuit necessary for each individual LED
makes it complicated. As various color components differ in their voltage
requirements, degradation characteristics, and temperature dependencies,
the control system is sophisticated. Requirement of a separate power supply
by each LED, and remembering that each LED has its own speciﬁc lighting
characteristic, the task of balancing and reconciling the luminous intensities
of LEDs to obtain a uniform color mixture is challenging, often resulting in
inadequate illumination. The cost for three LEDs palpably exceeds that for a
single LED and so also the power consumption. RGB mixing is the preferred
choice for specialized applications such as liquid crystal display (LCD) backlights or projection images, and applications requiring dynamic color control,
but the method is far more expensive than wavelength down conversion.
Further, the color rendering is improved by using additional LEDs, such as
cyan, amber, red, and so on, offering infinitely graduated color. Excellent
color rendering (CRI = 95) is achievable, but CCT is adjusted dynamically
by an external detector along with feedback system.
Despite the above remonstrance, multi-LED sources offer high brightness, versatile color control, and straightforward integration with silicon
integrated circuits (SICs) to produce white light. In the long term, this
option may be the favorite method for producing high-quality white light for
general illumination. Among the advantages of this method, first, the more
the number of colors mixed, the more control one can exercise in producing
white light with a high CRI. Second, photons from each LED contribute
directly to the white light intensity, that is, photon conversion efficiencies
need not be considered. Third, by changing the relative intensities of the different color LEDs, it is somewhat easy to change the hue of the light source
desired for different applications.
An estimate shows that on applying the first method for producing white
light of 200 lm/W, an LED of conversion efficiency of 60% is needed, while for
the second method, the required efficiency is 70%; in the third method, three
LEDs of efficiency 30%–40% each, are necessary. Comparing these efficiency
values with the present-day available LEDs (20%–30%), it is evident that the
targeted 200 lm/W light is still far-flung. Today, most of the LEDs used to make
white light are based on the blue LED pump plus a single yellow phosphor.
Although the basic trade-offs between the three different approaches of making
white LEDs are well known, the long-term champion is not easily predictable.
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Table 15.2 Three Methods of Realizing White Light with LED
Blue LED with
Yellow Phosphor

Attribute
Category
Number of LEDs used
Light source
Number of phosphors
used
Phosphor’s color
Type of system
CRI
Luminous efficacy of
radiation
Luminous efficiency
Cost

UV LED with
Phosphors

Multiple LEDs

Wavelength
conversion
One
Blue LED
One

Wavelength
conversion
One
UV LED
Three

Color mixing

Yellow
Bicolor
Low
Highest

Red, green, and
blue
Tricolor
High
Medium

Tricolor
High
High

Highest
Least expensive

Medium
More expensive

Lowest
Most expensive

Three
Red, green, and blue LEDs
No phosphor
Not applicable

The main features of the methods for generating white light using blue
and UV LEDs and multiple LEDs are highlighted in Table 15.2.

15.6 Quality of White LED Emission
As briefly mentioned in Chapter 2, the principal parameters used for judging the quality of a white light source are (i) The Commission Internationale
d’Eclairage (CIE) chromaticity coordinates (x, y), which locate the emission
color in the chromaticity diagram; the perfect white light has CIE coordinates (0.33, 0.33) notwithstanding that a broad region around this point is
considered as white light. (ii) The CRI value of 70 is unacceptably low for
indoor lighting but the value ~90 is excellent. (ii) The CCT in the range
2500–6500 K is required for lighting.
15.6.1 Measurement Standards and Protocols
The quality of white light from LED is dependent on its optical parameters.
Particularly, large numbers of white LEDs made from blue LED with yellow
phosphor are fiddly to produce consistently. Burn-in time, operating temperature, and ageing phenomena each contribute to the emission performance
of the LED. Quality assurance calls for precise regulatory standards to assess
and minimize manufacturing deviations. As LED parameters vary with
measurement conditions, LED characterization demands setting up measurement protocols for the emission parameters as an essential requirement
for reproducibility of data. Only then it is possible to put side by side two sets
of measurements and lay down internationally comparable quality standards.
For this purpose, one must understand the LED structure and technology,
the measuring instrument used and its limitations. Spectroradiometers are
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preferred over photometers and colorimeters because they provide higher
accuracy by avoiding optical filters and by computationally determining the
photometric and colorimetric parameters.
15.6.2 Temperature Dependence
With escalating temperatures, the blue emission peak of a blue LED with yellow phosphor may budge toward longer wavelengths; this is related to the effect
of temperature on phosphor emission but may not crop up in all cases. Another
noticeable effect is the fall in brightness level, that is, emission intensity of the
white LED; this is a general characteristic of all LEDs. These changes in the
LED spectrum and intensity are observed as a variation in the color of light,
which are described in terms of the color temperature of the LED. These variations in white LED properties are worrisome for general lighting applications
and must be accurately monitored to develop high-quality products.
Another cause of concern is the burn-in issue of white LED. As long as the
LED has not attained thermal equilibrium condition, its optical characteristics change continuously. As the LED progresses toward thermal stabilization during the first few seconds after turning on, its photometric luminous
flux decreases and the color temperature increases. Therefore, the specifications mentioned in the data sheet may not be verified unless it is known that
they correspond to the prestabilization or poststabilization period. Often,
the customer must reperform the measurement in the laboratory to determine the required LED parameter according to its intended practical usage.
15.6.3 Radiation Pattern Variation with Emission Angle
The perceived color of a single color LED is not altered with the emission
angle. But a white LED differs in this respect. Process variability in coating
the yellow phosphor on the blue LED among manufacturing companies lead
to color perception differences as a function of emission angle, amounting to
as high as ~1000 K. In such circumstances, simple luminous intensity measurements based on a narrow solid angle yield wholeheartedly different values
as compared to integrating sphere results based on goniometer and spectroradiometer measurements over the spatial distributions enwrapping the
radiation pattern of the LED and summing over the whole emission hemisphere. Thus, narrow solid angle-based values of color temperature are not
comparable with those obtained from the integrating sphere measurements.
15.6.4 White LED Ageing Effects
Over a period of time, the LED shows ageing-induced performance deterioration. It undergoes noticeable decline in brightness level. Also, its spectral distribution changes. As a consequence, the effective color temperature
falls by several hundred kelvin. LED engineers have to take these factors
into account to ensure that the specified product quality is maintained over
extended periods. To some extent, the enigma is overcome by suitable feedback and control circuitry.
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15.6.5 Measuring Instruments
As already pointed out, spectroradiometers are widely used for optical characterization of LEDs. However, the measurements will be credibly reliable only if the instrument fulfills performance certification criteria such as
spectral resolution and spray light suppression. To accurately ascertain the
effective color temperature of the LED, it is required to measure the heightto-width rapport of the narrow band blue LED emission superimposed on
the broad band light from the yellow phosphor coating. A low spectral resolution spectroradiometer will not be able to properly represent the narrow
blue region, giving a perfidious estimate. It will provide a reduction in peak
level and broadening of the blue component band, disfiguring and perverting the spectrum and vitiating the color temperature evaluation. Keeping in
view the narrow band blue region, a spectral resolution of 2–3 nm is adequate
for the purpose. The spectral resolution can be determined by using a laser
source having a small spectral linewidth. The FWHM value indicates the
spectral resolution of the radiometer.
Digressional light suppression of the spectroradiometer, a critical factor
influencing color coordinate measurements, is judged for broad light sources
by using a halogen lamp with a 450-nm-long pass optical filter.

15.7 Discussion and Conclusions
In reality, no entity called “white LED” exists. The two basal white LED
schemes are (i) multichip LEDs (mc-LEDs) using three or more LEDs and
(ii) phosphor-conversion LEDs (pc-LEDs) using one LED chip. In mcLEDs, white light is generated by the mishmash recipe of three narrowband LEDs, usually a red, a green, and a blue LED. The mc-LEDs have
the ascendancy of a plausibly higher efficiency because phosphor conversion is always accompanied by energy loss due to the Stokes shift between
absorption and emission. Additionally, the color of the LED is electronically
adjustable. However, since each LED requires a disengaged power source,
and each source has its own speciﬁc lighting characteristic, counterpoising
their luminous intensity to obtain an even color mixture is an intriguing task
and often results in inadequate illumination. In addition, RGB multichip
LEDs are expensive.
The pc-LEDs use phosphors to translate the radiation of a single nearUV (390–420 nm) or blue (490 nm) pump LED into white light. They are
constructed by combining the near-UV or blue InGaN-GaN chip with the
yellow Y3Al5O12:Ce3+ (YAG:Ce) phosphor as a downconversion luminescent material, in which the blue light from the LED stimulates the YAG:Ce
phosphor to emit yellow light, which is subsequently mixed with the blue
light to produce white light. However, these WLEDs do not provide a high
CRI > 85 owing to their red spectral deﬁciency. Still, pc-LEDs tyrannize
the market today. The utmost reasons are the significantly lower costs and
the much simpler driving circuit required. Taking a closer look at the two
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concepts for pc-LEDs, using blue or near-UV LEDs to impel the phosphor,
pumping with blue LEDs is the method generally used today.
White LEDs pumped by near-UV LEDs are less frequent. Near-UV
LEDs with RGB phosphors to absorb the near-UV emission from the LED
and convert it into broadband white light emission, represent one of the
best white light assemblies in terms of both high luminous efficiency and
high CRI, using GaN on GaN™ LED technology (Soraa 2014). But RGB
phosphors obtained by mixing three phosphors with colors of red, green,
and blue, respectively, sicken from problems of complex mixing of different
phosphors, lack of efficient red phosphors, and self-absorption.
Another approach to make WLEDs uses high-quality CdSe/CdS/ZnS
quantum dots. Their most bewitching property is the size-dependent emission. Owing to the quantum confinement effect, their emissions are voluntarily tunable between 500 and 650 nm by manipulating their size. White
LEDs with admirable color-rendering property are fabricated using blue
GaN chips and green- and red-emitting quantum dots.
Phosphor-Converted LEDs
Phosphors downconvert blue LED radiation
To produce long-wavelength yellow emission
Which together with blue LED light
Gives the impression of white.
Phosphors suffer from Stokes losses,
But obviate the variability of multiple LED sources
Marvelously, phosphors use a single LED for excitation,
Simplifying greatly, white light generation.
Three cheers for phosphor-converted LEDs!
The economical way to white LEDs.
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Review Exercises
15.1

Does white light have a single wavelength? Do LEDs emit a mixture of wavelengths?
15.2 What is the meaning of the avowal “Human color vision is trichromatic in nature?” Can white light be produced from two colors? If
your answer is “yes,” mention some color combinations that produce
white light.
15.3	What are the two main approaches used for white light generation?
Which technique has the potential for highest efficiency?
15.4	What are the common variants of wavelength conversion technique for white light generation? Compare and contrast the (blue
LED + yellow phosphor)-based white LED with fluorescent tube.
15.5	How is white light produced using (a) two LEDs and (b) three LEDs?
15.6	What is metamerism? How is it overcome using different LED
combinations?
15.7	Present a comparative analysis giving the relative merits/demerits of
white light generation by (blue LED+ yellow phosphor), (UV LED
+ phosphors), and several LEDs.
15.8	What are the three main qualifying parameters for white LEDs?
What is the burn-in issue of white LED? How does it mislead in
judging data sheet specifications? Does the radiation pattern of an
LED vary with emission angle? Will narrow solid-angle measurements provide a realistic estimate of LED’s color temperature?
15.9 List two major advantages and disadvantages of direct-emission
LEDs for the generation of white LED.
15.10 Describe the temperature dependence of LED emission and its
impact on light output and color quality.
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15.11 Discuss the similarities and dissimilarities in the white light spectra generated by incandescent lamp, fluorescent tube, and multichip
LEDs.
15.12 Mention one unique feature that is typical of LED emission spectrum but not possible with incandescent or fluorescent lamps. How
is this feature utilized for white light generation?
15.13 What is the difference between an LED chip and a quantum dot?
Can a quantum dot be used as a phosphor? Explain.

Chap ter

16

Phosphor Materials for LEDs
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾

Differentiate between LED phosphors and other familiar antique fluorescent tube and CRT phosphors
Understand the constitution of a phosphor
Recognize LED phosphor hosts and dopants
Describe the attributes of each phosphor class
Get a snapshot of the present state of the art in phosphor materials

Phosphor is a man-made, synthetic substance that exhibits the phenomenon of luminescence under the action of various types of energization, that
is, fluorescence or phosphorescence. Both these processes result in the emission of photons with wavelength longer than that of the energizing photon,
which leads to an energy loss. The difference in wavelengths/frequencies of
the incident and emergent light is known as the Stokes shift. In fluorescence,
the emission decay takes place over tens of nanoseconds while in phosphorescence, a slow or leisurely withering in brightness (>1 ms) is observed. The
afterglow duration for phosphors languishes in the range from 10−6 s to several hours. It is determined by the style of energy transformation and the
lifetime of the excited state.
Phosphors have century-long annals of progress and have permeated our
everyday lives from fluorescent lights, TV, and computer displays to x-ray
machines. The main amelioration in efficiency and other traits of phosphors
has been fashioned only during the last four decades.

16.1 Nonusability of Traditional Phosphors in LEDs
Despite the veracity that phosphors have been widely used since long, their
lineal application in LEDs is not possible (Rohwer and Srivastava 2003).
The reason is their performance declension with temperature. As we know,
277
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the temperature of LED package can be higher than 150°C and numerous
fluorescent lamp and CRT phosphors undergo intense quenching at these
temperatures. The phenomenon, in which the emission efficiency of phosphor dwindles as temperature increases, is called thermal quenching. The
additional requirements expected of LED phosphors make it essential to
develop new phosphors to be used specifically for pcLEDs. Furthermore, the
demanded emission color and spectral width are not the same for different
LED applications.

16.2 Desirable Requirements for White LED Phosphors
While phosphors for fluorescent lamps work in 254 nm excitation range,
and the excitation sources for cathode-ray tubes in TV/computer are electron
beams and in the x-ray machines are x-rays, respectively, the excitation sources
for white LEDs are either ultraviolet light (350–410 nm) or blue light (440–
470 nm). Phosphors determine the optical properties of LED such as luminous
efficiency, chromaticity coordinate, color temperature, reliability, and lifetime.
Figure 16.1 provides a glimpse of the expected qualities of LED phosphors.
Phosphors used in white LEDs should have the following covetable properties (Zachau et al. 2008, Setlur 2009): (i) Strong absorption of light produced
by the LED, meaning that a large number of photons falling on the phosphor
are able to create luminescence. The fluorescence of phosphors is settled on
both the properties of the base substance and that of the additive (activator), which forms luminescence centers in the base; a luminescence center
is a lattice imperfection or point defect responsible for the luminescence of
a phosphor. (ii) Broad excitation spectrum so that the absorption spectrum of
the phosphor is synchronized with the emission spectrum of LED and variation among LED chips is not bothered about. (iii) Useful emission spectrum:
Useful emission
spectrum

Small thermal
quenching

Strong absorption at
emission spectrum of
LED
Desirable
features of LED
phosphors

High quantum
yield >90%

Suitable
morphology
Stability against
O2, CO2, and H2O
Low rare earth content
Optimal stokes shift

Figure 16.1

Requirements of LED phosphors.

Easy manufacturability at low
cost and compatibility with LED
process
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It should be broad for illumination LEDs to obtain high color rendition. But
it should be narrow for LCD backlighting to match with color filters used;
at the same time, a wide color range should be made available. (iv) High
quantum efficiency, which is bridled by the phosphor processing parameters
influencing crystallinity, particle morphology, and size distribution. (v) Small
thermal quenching, which gauges the thermal stability of the phosphor, and is
related to the crystal structure and chemical composition of the host lattice; it
impacts the lifetime and chromaticity of the LED. (vi) Optimal Stokes shift: A
large Stokes shift limits the efficiency due to significant energy losses whereas
minimal Stokes shift leads to self-absorption in the phosphor layer, which
reduces the overall light output and brightness. (vii) High chemical stability,
which makes up your mind on the material’s resistance to chemical attacks in
the ambient atmospheric conditions and on irradiation with UV or blue light.
(viii) Suitable particle morphology and size: Spherical particles of size 5–20 μm,
blended and dispersed in epoxy or silicone resin, are easily applied on the
LED without sedimentation. (ix) Easily synthesizable and mass-produced material for geared-up availability. (x) Low price: Although the mass of phosphor
used in an LED is barely a few tenths of a gram, it should not add a great
deal to the device price. (xi) Avoidance of hazardous materials: This will help
in taking care of community well-being, health, and safety. (xii) Inclusion of
rare earth materials should be avoided due to their scarcity (rare earth crisis).

16.3 Opportunities for LED Phosphors
The challenges and supplementary prerequisites of LED phosphors are
counterpoised by larger compositional flexibilities afforded by these phosphors as compared to fluorescent tube phosphors. Mention may be made
of silicate phosphors, many of which darken in the Hg plasma by adsorbing mercury. This inhibits their use in fluorescent lighting without coating
with a suitable protective, custodial layer so that such adverse reactions do
not take place. Obviously, absence of mercury vapors in LEDs averts these
reactions allowing several promising phosphor compositions to be utilized.
Furthermore, fluorescent lamp phosphor suspensions are water-based. This
precludes the use of phosphors decomposing in aqueous media. Constraints
of this nature do not exist with LED phosphors because of avoidance of
water-based processing by many LED packaging protocols. Nevertheless,
elimination of processing problems does not mean that the issues faced with
phosphor stability at high temperatures (85°C) and lofty humidity conditions
(85% relative humidity) are overcome because pcLEDs may not be enclosed
in hermetically sealed packages.

16.4 Phosphor Location in LEDs
Depending on the placement in LED, phosphors are of two kinds: contact or
proximate and remote phosphors (LED Phosphors 2012). Contact phosphors
are either randomly dispersed or conformally coated on LED surfaces. Remote
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phosphors do not directly touch
the LED surface. Instead, they are
placed at a certain distance from the
Reflector cup
Package
LED chip. Accordingly, the three
types of phosphor distribution in an
LED
Electrode
LED are shown in Figure 16.2.
The methods for the deposition
Silicone/epoxy
(b)
of
contact
and remote phosphors on
Phosphor
LEDs are explained in Figure 16.3.
Before phosphor deposition, corReflector cup
Package
rect positioning of the LED chip is
LED
Electrode crucial, for example, in a contact
phosphor LED, any erroneous
placement of the chip, either horiSilicone/epoxy
(c)
Phosphor
zontally (Figure 16.4a) or vertically
(Figure 16.4b) severely affects the
Reflector cup
angular variation of color.
Package
For a contact phosphor LED
LED
Electrode
(Figure 16.5a), up to 50% of the
emitted or converted photons are
Figure 16.2 Phosphor distribution in LEDs: (a) and directed backward, and a signifi(b) proximate phosphors: (a) random dispersion and (b) cant fraction of those backward
conformal coating; and (c) remote phosphor layer.
photons are reabsorbed in the chip
or the package, reducing the efficiency and contributing to the heating of the chip, which in turn further
reduces efficiency.
Remote phosphor (Figure 16.5b) allows extraction or recovery of backscattered photons (either original or converted), which can be recycled by
suitable feedback mechanism to increase efficiency. Placing an optical assembly at the shown location helps in this effort.
(a)

Phosphor

Silicone/epoxy

Contact phosphor
deposition methods on
LED

1. Dispersion by needle and by jetting.
2. Conformal coating by spraying, screen
printing, electrophoresis, molding, and
sedimentation.

3. Preform or phosphor plate attachment:
Ceramic or glass ceramic.

Figure 16.3

Remote phosphor
deposition methods on
glass/polycarbonate
1. Coating by spinning or
spraying.
2. Printing by screen printing
or ink jet processes.

Contact and remote phosphor deposition techniques.
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(a)
Phosphor

Reflector

LED chip
(b)
Phosphor

Reflector

LED chip

Figure 16.4 Incorrect LED chip placements causing angular color variation: (a) horizontal misplacement and (b) vertical misplacement.

16.5 Phosphor Constitution
As a general rule, an inorganic phosphor material consists of two principal
components: (i) a host crystal, which is usually an oxide, oxynitride, nitride,
halide, or oxyhalide picked up warily for its wide bandgaps and other features, and (ii) a dopant impurity, such as rare earth and/or transition metal
ions that are ingrained in a small quantity in the host crystal to dole out as
the emissive centers.
Regarding the dopants for LED phosphors, it must be clarified that the
light emission is inefficient in phosphor systems using the rare earth ions,
(a)

Photons

Reflector

Phosphor

Photon scattering
by phosphor

Wasted photons
LED chip
Package base plate
(b)

Photon scattering by phosphor

Phosphor layer
Extracted or
recovered
backscattered
photons

To optics
LED chip
Package base plate

Figure 16.5 Contact versus remote phosphor LED configurations: (a) contact phosphor and (b)
remote phosphor.
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for example, Eu3+, Tb3+, or Sm3+, based on parity forbidden f–f transitions.
Moreover, the lower-lying f orbitals being tightly and snugly shielded from
the coordination environment of the ion, the emissions originating from
these f–f transitions are sharp. Therefore, they are unsuitable and disagreeable
for pcLEDs where a large region of the visible spectrum needs to be spanned.
Narrow, inefficient emission is tiptoed around by resorting to phosphor doping with the broad-emitting ions, such as Mn2+, Ce3+, or Eu2+. For Ce3+ and
Eu2+ ions, light emission occurs due to 4f to 5d transitions within the ion.
Two effects that control the d orbital energies and the d–d transition energy,
and therefore are exploited to tailor the properties of phosphors for obtaining
different excitation wavelengths are the following: (i) Nephelauxetic effect: It
is the decrease in the Racah interelectronic repulsion parameter that occurs
when a transition metal free ion forms a complex with ligands. It causes lowering of the 5d orbital energy due to a covalent coordination environment. (ii)
Crystal field splitting: Crystal field theory (CFT) describes the crumbling of
orbital degeneracy, usually d or f orbitals, in transition metal complexes due to
the presence of ligands. Crystal field splitting concerns the interaction between
a transition metal and ligands, leading to attraction between the positively
charged metal cation and negative charge on the nonbonding electrons of the
ligand, and provoking a loss of degeneracy in the five d orbitals of ligands.

16.6 Phosphor Preparation
Phosphor preparation is done via high-temperature solid-state reactions
(Figure 16.6). The starting materials for phosphor preparation must be phase
pure and of high quality. These compounds are generally oxides, carbonates,
or nitrates. First, they are thoroughly mixed and homogenized. They are then
heated to temperatures between 1000 °C and 1600 °C in reducing ambient
of (H2 + N2) mixtures or CO gas, to transform the dopant ion to the craved
valence state, for example, Ce3+ instead of Ce4+, and Eu2+ in place of Eu3+.
Optional approaches to phosphor preparation include solution-based
techniques. Examples of these techniques are hydro- or solvothermal preparations. Also, mention may be made of sol–gel and spray pyrolysis methods. Among high-reaction-speed alternatives are combustion syntheses and
microwave-assisted solid-state methods.

16.7 Types of Phosphors
Depending on the type of excitation, phosphors are classified as photophosphors
(light), roentgenophosphors (x-rays), radiophosphors (radioactive materials),
cathodophosphors (cathode rays), and electrophosphors (electron irradiation).
According to the color of light emitted by the phosphor, the phosphors
may be classified as red, green, blue, and so on. Based on the LED in which
they are used, the phosphors are grouped as UV or blue LED phosphors.
From the viewpoint of composition, phosphors are bunched as organic
and inorganic phosphors. In accordance with their chemical compositions,
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Solid-state reaction: Sintering stoichiometric mixture of precursors (Y2O3,
Al2O3, CeO2) in air/inert or reducing ambient at 1500°C, followed by
regrinding and reannealing at the same or higher temperature.

Sol-gel process: Precursors (Y2O3, Al2O3, CeO2) dissolved in HNO3 are
added to citric acid and ethylene glycol solution with magnetic stirring,
followed by heating at 200°C for 5 h, pre-calcining at 400°C for 2 h, fine
grinding with agate mortar and calcining at 1000°C in air.

Ce3+ doped garnet phosphor synthesis routes

Flux growth: Adding stoichiometric mixture of precursors (Y2O3, Al2O3,
CeO2) to flux-NH4Cl/ BaO-B2O3-BaF2, keeping at 1000–1200°C in air for
15–20 h, cooling at 2°C/h, and washing the crystals with acid/water to
remove excess flux.
Chemical co-precipitation: Precursor (Y2O3, Al2O3, CeO2) dissolution in
HNO3, addition to NH4HCO3 precipitant solution with magnetic stirring,
filtering, washing, and drying at 100°C for 2 h, calcining above 1000°C in
CO atmosphere, and annealing for crystallizing the powder.

Combustion synthesis: Precursor (Y2O3, Al2O3, CeO2) dissolution in HNO3,
and addition of solid urea with three times molar Y3+ to the boiling solution.
The solution becomes opaque turning into white foam. Drying, milling,
and sintering at 1000°C in air for 5 h, results in nano-crystalline phosphor
powders.

Solvothermal synthesis: Stoichiometric mixture of precursors—Ce(NO3)3 ·
6H2O, Y(NO3)3 · 6H2O, and aluminum iso-propoxide (C9H21AlO3) is
uniformly dispersed in isopropyl alcohol (C3H8O) using an ultra-sonicator.
Solution is made into a sol by magnetic stirrer, placed in a high pressure
autoclave, and heated at 190°C for 20 h. Precursor obtained by washing and
drying the products in the autoclave is calcined at 850°C for 4 h in a
tubular furnace.

Figure 16.6

Different ways to synthesize phosphors taking Ce3+ -doped garnet as an example.

inorganic phosphors are further subdivided into the following families
(Figure 16.7): oxides (garnet, aluminate, and silicate), oxynitrides, nitrides,
sulfides, oxysulfides, oxyhalides, and halides.

16.8 Oxide Phosphors
Oxides are immensely popular as phosphor hosts, and the reasons for their
reputation are not far to seek (Birkel et al. 2012). Easy preparation and low
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manufacturing costs together with
excellent stability of the resultant
Oxynitride
Inorganic–organic hybrid
phosphors
phosphor compounds are their
semiconductors
noteworthy advantages (Etchart
Oxyhalides and
halide phosphors
2011). An oxide phosphor mateOrganically capped
CdSe quantum dots
rial, yttrium aluminum garnet,
Nitride phosphors
Y3Al5O12, doped with small perSr3SiO5: Ce3+, Li+
centages
of cerium, and abbreviated
Sulfide phosphors
phosphors
as YAG:Ce, is the most extensively
used material in solid-state lighting today. Highly efficient YAG:Ce
Phosphor classification tree
phosphors are prepared at temFigure 16.7 Different types of phosphor materials for peratures exceeding 1500°C. They
LEDs.
are doped with 2 mol-percent to
3 mol-percent of cerium.
The YAG:Ce crystallizes in a cubic space group consisting of AlO4 tetrahedra and AlO6 octahedra. These tetrahedra and octahedra are fully cornerlinked to yield a rigid, highly affiliated three-dimensional network. The Y3+
ions occupying the voids within this network are coordinated by eight oxygen ions, shaping a distorted coordination environment. The Y3+ ions are also
associated three-dimensionally by their polyhedral edges, forming a network
interweaved with the annexed AlOn polyhedral.
The optical properties of YAG:Ce make it an interesting phosphor material, representing a yardstick for evaluating the performance of other LED
phosphors.
First and foremost, parity and spin allowance of the absorption and emission transitions enables strong absorption of blue light by YAG:Ce, along
with a fast decay time obviating saturation quenching.
Second, YAG:Ce shows a high quantum efficiency (QE) >85% under blue
LED excitation even at 200 °C. The quantum efficiency slumps only a little
below the value at room temperature. By virtue of its chemical and thermal
stability, the emission wavelength of YAG:Ce does not alter much with rising
temperature, thus making long-term lighting applications practicable.
Third, the performance of YAG:Ce does not undergo depravity under blue
LED excitation or moisture. This further buttresses its use over extended times.
Fourth, the relatively straightforward synthesis of YAG:Ce uses highpurity precursors (Y2O3, Al 2O3, and CeO2). These precursors are well established in phosphor technology as they are qualified for use in time-honored
fluorescent lighting and CRT phosphors. Fifth, YAG:Ce shows a broad excitation band ~450 nm. This makes it an ideal match for the emission of blue
InGaN LEDs.
Sixth, the broad emission band of YAG:Ce is centered around 550 nm, but
extends as far as 650 nm, producing cool white light in conjunction with a blue
LED. Absorption of blue LED radiation by YAG:Ce is accomplished via the
permitted 4f  1 → 5d 1 transition, and emission of yellow light occurs through
the opposite 5d1 → 4f  1 transition. The release of photons from the lowest
Oxide phosphors
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excited 5d1 level takes place to the spin–orbit split 4f 1 ground states. It leads to
an awfully broad emission band with a FWHM > 100 nm (Setlur 2009).
Seventh, the emission wavelength of cerium-doped YAG affords tunability by modification of its chemical composition, for example, by substituting Y3+ by Gd3+, Lu3+, and the Al3+ with combinations of Mg2+ and Ge4+/
Si4+. The compositional change creates differences in the coordination environment of the emitting ion through variations in the bond lengths or the
strength and type of those bonds, thus amending the crystal field splitting.
Eulogizing YAG:Ce does not mean that it does have any detriment. One
shortcoming of YAG:Ce for pcLEDs is its limitation of providing white light
with high CCTs and lower CRIs, due to the deficiency of a red spectral component. The 5d1 → 4f  1 emission of Ce3+ is redshifted through the Gd3+ substitution of Y3+, or alternatively Mg2+ –Si4+ substitution for Al3+(octahedral)
Al3+(tetrahedral). But this redshift is obtained by relinquishing efficiency,
particularly at high temperatures.
Apart from garnets, a class of remarkable phosphor materials is the silicate family doped with broad-emitting ions, for example, Ce3+ and Eu 2+
(Zhang et al. 2007). It offers a high quantum efficiency and temperature
stability. Notably, the phosphors from the orthosilicate faction, principally
the compounds of barium, lie at the foci of attention due to their unsophisticated synthesis by high-temperature route in reducing atmospheres, and
because of their knack to form solid solutions with the strontium and calcium
end members. As a matter of fact, the alkaline earth silicates, M 2SiO4:Eu 2+
(M = Ba 2+, Sr2+, Ca 2+) constitute the premier set of nongarnet, oxide phosphors for pcLEDs. The introduction of small amounts of europium ions
produces strong green emission with the maximum centered on 505 nm
under near-UV (~395 nm) excitation. The intense emission in the green part
of the spectrum makes this phosphor an apposite candidate for white light
generation by multiple color phosphors or phosphor mixtures. Although in
the emission of Ba 2SiO4:Eu 2+ the peak is located at ~505 nm, by Sr2+/Ca 2+
substitution, it is possible to produce a redshift in the emission until ~585–
590 nm with the excitation generally peaking in the violet and deep blue
spectral region. This makes the phosphor an alternative to YAG:Ce.
Although both garnet and orthosilicate phosphor systems potentially
give comparable LED efficiencies, their momentous differences must also
be highlighted. Orthosilicate phosphors are efficient only at room temperature or low temperatures below 100°C. In addition, the orthosilicates are
activated with Eu 2+ ions and have a relatively narrow or constricted emission
band. Garnets are activated with Ce3+ ions and show a significantly broader
emission. The garnets can, however, balance the lower visual efficiency by
higher quantum efficiency, typically >95%. The color rendering depends on
the color temperature of the LED and the composition of the phosphors. For
garnets, the CRI is 70–80, while orthosilicates give a paltry CRI ~ 65.
The greatest drawback of the orthosilicates is that they undergo relatively
strong quenching at high temperatures, starting from temperatures above
100°C. Their quantum efficiency at 150°C submerges to 60%–65% of the
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room temperature value. The decreasing efficiency with increasing LED temperature leads to a blue shifting of the LED color for high-power LEDs.
While the disadvantages of the orthosilicates, namely, the low CRI and the
wretched efficiency at high temperatures, are inconsequential for low-power
micro packages for mobile cell phones, certainly they cannot be conceded
in lighting applications. Therefore, garnets outperform the orthosilicates in
lighting applications, especially for the more demanding indoor lighting
where CRI > 75 is mandatory.
Furthermore, garnet phosphors alone are insufficient in generating
warm white light (CCT ~ 2500–3000 K) with CRI > 80, which requires
incorporation of a red phosphor. Nitride red phosphors with superior thermal performance are promising candidates for this application. However,
the broad band emission (FWHM ~ 80–100 nm) in the long-wavelength
range severely limits the luminous efficacy of radiation of white LEDs fabricated with yellow garnet and red nitride phosphors. This entails the need
for narrow-emitting phosphors in the long-wavelength region of the visible
spectrum (600–650 nm) for the generation of high-CRI warm white light
(Dhanaraj et al. 2001, Zeng et al. 2002). Eu3+-doped oxides with peak emission at ~615 nm are a class of compounds that can be exploited for maintenance of LED efficacy while improving its CRI (Wang et al. 2009, Du
et al. 2011, Zeng et al. 2013). Also, Khanna and Dutta (2012, 2013a, 2013b)
found that melt growth of alkaline earth metal and rare earth tungstate and
molybdate phosphors doped with Eu3+ ions led to improved emission intensity as compared to powders obtained through solid-state reaction. Emission
in the range of 610–620 nm with a FWHM of less than 10 nm made these
phosphors suitable for use in high-CRI phosphor-converted white-lightemitting diodes (Dutta and Khanna 2013).

16.9 Oxynitride Phosphors
A class of phosphors related to orthosilicates is the oxynitrides from the family MSi2O2N2:Ln, where the symbol M denotes calcium (Ca), strontium (Sr),
or barium (Ba) and Ln is Ce3+ or Eu2+ (Xie and Hirosaki 2007, Mikami
2009). The unit cell of CaSi2O2N2 consists of alternating layers of Ca 2+ ions
and layers formed by a network of SiON3 tetrahedra that are joined via the
three nitrogen-terminated corners. Although the structures of the strontium and barium MSi2O2N2:Ln oxynitrides are congruent, the difference
in their composition makes their unit cell dimensions scarcely any different.
Exhibiting high quantum efficiencies up to 93% at room temperature and very
good temperature stability with quenching temperatures as high as 600 K
for SrSi2O2N2 and BaSi2O2N2:Eu 2+, these compounds and their solid solutions have become widely used down-converting materials for white LEDs.
When doped with divalent element europium, the emission summits of
the compounds (i.e., CaSi2O2N2, SrSi2O2N2, BaSi2O2N2) in pure form are
centered on 558, 538, and 495 nm, respectively. Thus, the emission of the
MSi2O2N2:Eu 2+ (M = Ca 2+, Sr2+, Ba 2+) compositions ranges from ~495 nm
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for BaSi2O2N2:Eu 2+ to ~558 nm for CaSi2O2N2:Eu 2+. The quantum efficiency
is >85% at T > 200 °C for the green SrSi2O2N2 phosphor. Europium-doped
oxynitrides match the room and high-temperature quantum efficiency of
YAG:Ce. Over and above, these phosphors do not downgrade under hightemperature/high-humidity conditions due to the ability of N3− containing
Si(O, N)4 tetrahedra to form condensed and cross-linked tetrahedral networks.
Assuring meaningful potential applications, oxynitride phosphors have
some disadvantages too. First, the synthesis of these materials is more complex than for typical oxide phosphors. The refractory nature of Si3N4 often
requires high-temperature reactions taking place at >1500 °C, and many of
the precursor materials, such as alkaline earth nitrides or Si(NH2)2 require
glove-box handling due to reactions with air or dampness. With the availability of air-stable precursors to make nitride phosphors, this issue is
assuaged. However, patent literature communiqués state that some of these
Eu2+-doped oxynitride phosphors may depreciate in efficiency over time in
pcLED packages.

16.10 Nitride Phosphors
The nitride phosphors frequently have a red-shifted emission with respect to
oxides (Xie et al. 2013). As we know, the red component of white light is
decisive for lowering the color temperature of lighting in blue LED-based
solid-state lighting sources. It makes the white light placate the eye. Hence,
it is necessary for residential lighting applications. A well-known example of
nitride phosphors is the family M2Si5N8:Ln, in which M is Sr or Ba and Ln is
Ce3+ or Eu2+. The highly interconnected Sr2Si5N8 lattice yields high quantum
efficiency ~80% at room temperature and also provides good thermal stability
for a red-emitting phosphor. The excitation band of Sr2Si5N8:Eu2+ stretches
from 370 to 460 nm. Moreover, it gives highly efficient and stable red emission.
These properties make this compound an evident choice for a conversion phosphor to add a red spectral component to InGaN-based warm-white LEDs.
For orange and red phosphors, another important family of materials is
also used. This family is based on Eu 2+-doped CaAlSiN3 hosts with a distorted wurtzite structure. CaAlSiN3:Eu 2+ phosphors have a ~650 nm emission peak and quantum efficiencies > 85% above 200 °C. Going further, the
emission maximum is tunable down to 620 nm through Sr2+ substitution by
making phosphors using high-pressure nitriding of arc-melted alloys.
While many of the nitride phosphors are based on known oxynitride
compositions, there have also been studies of nitride and oxynitride phase
diagrams for novel phosphor innovations. In many ways, the discovery of
new oxynitrides called for some degree of speculation and persistent attempts
because the formation of condensed tetrahedral networks with N3− makes it
intricate to sketch analogies with silicate or aluminate solid-state chemistry.
Examination of nitride and oxynitride compositional possibilities has paved
the way for the discovery of more new nitride phosphors and hosts. To cite
a few examples, let us mention the green Sr5Al5+xSi 21−xN35−xO2+x:Eu 2+ (with
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x ~ 0), the orange-red SrAlSi4N7:Eu 2+, the yellow Ba 2AlSi5N9:Eu 2+, and the
green Ba3Si6O12N2:Eu 2+.

16.11 Oxyhalides and Halide Phosphors
The phosphor system based on hosts having the Cs3CoCl5 structure or
variants of this structure offers several prospects. The Eu 2+-doped phosphors belonging to this class, for example, (Sr, Ca, Ba)3SiO5:Eu 2+, emit
yellow-orange light, whereas Ce3+-doped phosphors of this family, such as
Sr2LaAlO5:Ce3+, Sr3SiO5:Ce3+, or their solid solutions, emit yellow-green
light identical to YAG:Ce. But like the M 2SiO4:Eu 2+ phosphors, many of
these phosphors experience strong quenching with temperature. However,
the compositional flexibility in this phosphor system provides superior
pcLED phosphors. Some oxyhalide phosphors doped with Eu 2+ are also
known, but only further studies will reconcile their utilization. As more such
oxide systems are found to be advisable for pcLEDs, research endeavors in
this direction are buoyed up.
Color rendering of pcLEDs based on violet LEDs is improved by the
commercial fluorescent tube phosphor Mg-fluorogermanate:Mn4+. Further,
various Mn4+-doped fluoride phosphors show high efficiency under blue
LED excitation. The slow decay times of Eu3+ and Mn4+ (~1 ms for Eu3+,
>3 ms for Mn4+) make them appropriate for remote phosphor packages lessening the incident flux on the phosphor.

16.12 Sulfide Phosphors
Ce3+/Eu 2+-doped sulfide phosphors are efficient, but their drawbacks convince pcLED manufacturers to retrogress from them (Jia and Wang 2007).
Their synthesis either requires toxic hydrogen sulfide atmospheres or creates
H 2S as an offshoot. Also, many sulfide phosphors are humidity sensitive,
and undergo degradation in high-humidity ambient unless protected with a
moisture-barrier coating.

16.13 Inorganic–Organic Hybrid Semiconductors as Phosphors
Fang et al. (2012) showed that Cd- and/or Se-substituted double-layer
[Zn 2S2(ha)] (ha = n-hexylamine) hybrid semiconductors emitted bright
white light in the bulk form. Further, they found that their emission characteristics could be systematically tuned.
Inorganic–organic hybrid semiconductors put together on II–VI nano
layers constitute a class of semiconductor bulk materials with great promise
as a single-phase white-light-emitting source in an LED structure. These
highly crystalline materials, embodying two-dimensional layers of II–VI
semiconductor motifs (inorganic ingredient) bonded by amine molecules
(organic ingredient) forming ideally ordered crystal lattices, have quite a lot
of enhanced semiconductor properties with respect to their parent II−VI
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binary compounds, and additionally show strong structure-induced quantum
confinement effect to a greater degree than those of the smallest colloidal
quantum dots. They symbolize the first examples of single-phase white-light
phosphors in the bulk form of semiconductor materials. A major advantage is
that these materials are solution processable easily in bulk form at low tariff
and on large scale.
Lee et al. (2005) mixed organic and inorganic luminescent materials to
produce a white-light phosphor consisting of three fluorescence materials:
two strontium aluminates based with lanthanide oxides, SrAl 2O4:Eu 2+ for
green (520 nm) emission and Sr4Al14O25:Eu 2+ for blue (490 nm) emission, and
one organic Eu metal complex, Eu(BTFA)3phen for red (614 nm) emission.
The phosphor has good absorption efficiency in the range of 300–480 nm.

16.14 Organically Capped CdSe Quantum Dots and Sr3SiO5:Ce3+,
Li+ Phosphors
After synthesizing greenish-yellow-emitting Sr3SiO5:Ce3+, Li+ and highquality TOP/TOPO/HDA-capped CdSe QDs, the two luminescent materials were coated onto a blue LED chip (Jang et al. 2008). White LEDs
with excellent color-rendering property were obtained with luminous efficiency = 14.0 lm/W, R a = 90.1, and Tc = 8864 K.

16.15 Discussion and Conclusions
Efficient and stable phosphors having very short luminescence decay times
and saturating at extremely high excitation densities contain inorganic host
materials doped with activator ions such as Eu 2+ or Ce3+. The absorption of
both these activators depends on the host lattice. When Eu 2+ or Ce3+ ions are
incorporated into a host lattice with predominantly covalent binding character, the electronic orbitals of the activators and neighboring ions are blended,
decreasing the transition energy. This effect is called covalency effect or nephelauxetic effect, and is mostly found in nitride and oxy-nitride phosphors.
Transition energy of the activator is also affected by the so-called crystal field,
defined as the electric field of the surrounding ions at the site of activator. It
increases with the coordination number and the charge of the neighboring
ions, both effects contributing to the strong crystal field particularly in many
nitride host lattices. Since these two effects control the d orbital energies and
the d–d transition energy, they can be used to tune properties of phosphors to
fit different excitation wavelengths. While garnets and orthosilicates are the
most efficient yellow-emitting phosphors available today, nitride phosphors
are used as stable red phosphors in warm-white LEDs. The red shift is due
to the large nephelauxetic effect in nitrides. But high firing temperatures and
high nitrogen pressures are required for the synthesis of nitride phosphors.
Sulfide-based red-emitting phosphors are chemically unstable, and show
luminescence saturation with an increasing applied current. Because of their
instability in humid surroundings, sulfides have significantly lost market.
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For efficient daylight pc-LEDs (5000–6500 K), yellow-emitting garnet
or orthosilicate phosphors are used. Therefore, garnets are the first choice
in lighting applications, in particular for the more demanding indoor lighting that requires CRI > 75. For cool-white LEDs (4000 K), single phosphor solutions based on garnet or orthosilicate phosphors are possible. While
the efficiency of garnet phosphors decreases when the wavelength is tuned
to longer wavelengths, this is hardly the case for orthosilicate phosphors.
High efficiencies can be reached with orthosilicates, in particular if pump
LEDs with short wavelengths are used. Then, however, the CRI is below 60.
The advantage of the orthosilicates or two-phosphor blends is that the CRI
can be adjusted to application. However, in both cases, the higher the CRI,
the lower the achievable efficiency. For warm-white LEDs (2700–3500 K),
LEDs with even warmer color temperature, again blends of yellow-emitting
garnets and red nitrides achieve the highest efficiencies for a given color
rendering. For warm-white LEDs, the single-phosphor solution with the
highest efficiency is using orthosilicates. Alkaline earth metal and rare earth
molybdate and tungstate compounds doped with Eu3+ have evoked interest
for the development of high-efficiency red-rich phosphors.
Figure 16.8 presents a look at the emerging scenario of LED phosphors.

Oxide phosphors, notably Ce3+ garnets or Eu-doped silicates are the widely used
yellow phosphors. They are prepared by straightforward synthesis routes using
proven precursors and processes. They are good for cool white lamps meeting all
main requirements except CRI. For warm-white lamps, additional red phosphors,
e.g., Eu2+-doped nitrides or sulfides, and narrow line Eu3+-doped molybdates, and
tungstates are necessary.

Nitride and oxy-nitride phosphors require high
firing temperatures and pressures. They also
require glove box handling of precursors.

Figure 16.8

Phosphor trends for LEDs.

Sulfide and thio-gallate phosphors are difficult to
synthesize in pure phase single crystalline form.
Further, they have to be suitably coated for
protection from moisture.

Phosphor Materials for LEDs   ■   291

The Phosphor Saga
Without phosphor, simple optical wavelength conversion is
unthinkable,
Without phosphor, easy white light generation is unimaginable.
A high-efficiency phosphor saves power,
Low-cost phosphor is the need of the hour
To light every home in the poorest village
In the golden solid-state lighting age.
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Review Exercises
16.1
16.2
16.3
16.4
16.5

What are the main reasons for which traditional phosphors cannot
be used in white LEDs? Prepare the criteria of desirable properties
that the phosphors must fulfill in order to be utilized in white LEDs.
Why can’t silicate phosphors be used in fluorescent lights but are
allowed for LEDs?
What are the proximate and remote phosphor configurations for
LEDs? What are the advantages derived by distant, secluded deposition of the phosphor from the LED chip?
Name and describe two important effects that are exploited in tailoring the properties of phosphors.
What is the importance of high quenching temperature of a phosphor for application in LEDs? Compare the various phosphor material systems based on their thermal behavior.
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16.6
16.7
16.8
16.9
16.10
16.11
16.12
16.13
16.14
16.15
16.16
16.17

Describe the roles played by the host and the activator in tuning the
excitation and emission spectra of a phosphor.
What is the effect of Stokes shift on phosphor efficiency? Is a small
Stokes shift always desirable for a phosphor? Explain.
What are the desirable characteristics of red phosphors for fabrication of high-efficacy white LEDs?
Describe (a) solid-state reaction and (b) sol–gel process to synthesize Ce3+-doped garnet phosphor.
What are the different classification schemes of phosphors? Why
are oxide phosphors very popular? Give an example of commonly
used oxide phosphor.
What special properties of YAG:Ce enable it to be used as a reference phosphor against which the performance of other phosphors is
evaluated?
Mention one drawback of YAG:Ce phosphor and name one main
nongarnet oxide phosphor set.
Present a comparative analysis of the features of garnet and orthosilicate phosphors, bringing out their relative merits and demerits.
Describe the main features of oxynitride phosphors from the family
MSi 2O2N2:Ln and discus their shortfalls.
What spectral benefits are derived by including the M 2Si5N8:Ln in
the phosphor for InGaN LEDs?
What types of problems overwhelm the use of sulfide phosphors?
Judge the various phosphor material systems based on ease of synthesis and manufacturability.

Chap ter

17

High-Brightness LEDs
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾

Demarcate between LEDs at which one cannot look directly and those
at which one can look directly without discomfort
Realize the importance of LEDs of the former type
Understand why a large number of low-brightness LEDs cannot be
used in place of a smaller number of high-brightness LEDs
Digest why the lateral structure is not suitable for high-brightness
LEDs
Discuss the advantages of sapphire substrate removal and attachment
of copper substrate in fabricating high-brightness LEDs

17.1 Defining High-Brightness LEDs
Even though almost universally recognized by the name of “high-brightness LEDs,” it will be more expedient to describe these LEDs in terms of
luminance because “luminance” is an accurate scientific term symbolizing
a quantifiable and measurable physical quantity, whereas “brightness” is a
nonquantitative parameter which is spoken about colloquially with reference to physiological sensations and light perception. The imprecision about
brightness is clarified from an illustration of optical illusion which occurs
when a uniform-luminance rectangular strip, placed in the background of
a luminance gradient deceptively appears to vary in luminance, even if it
is not variable in reality. Then, in accordance with the above philosophy,
a high-brightness LED is defined as an LED device which has abundant
intense luminance that viewers cannot stare directly at, very much unlike the
indicator-type LEDs that one effortlessly looks at without uncomfortably
withdrawing the eye (Cassarly 2008). Table 17.1 classifies LEDs according
to brightness level, and briefly indicates the main features of each class.
295
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Table 17.1 Overview of Common Classes of LEDs
Sl. No.

Feature

Low-Brightness
LED

1.
2.

Color
Applications

All monocolors
Indicators, cell
phone backlight
and keypad

3.
4.
5.

Light output
Efficacy
Power
consumption
Encapsulation

6.

High-Brightness
LED

Ultra-High
Brightness LED

1–3 lm
20 lm/W
<200 mW

All monocolors
TV screen and
dashboard
backlights, and
large displays
5–30 lm
>30 lm/W
Up to 1 W

White color
General illumination
and automobile
headlights
>100 lm
>50 lm/W
Up to 5 W

Epoxy

Specific

Specific

17.2 Necessity of High-Brightness LEDs
Inquisitively, can a larger number of low-brightness LEDs surrogate a
smaller number of high-brightness LEDs? Definitely, not! The two types
of LEDs are intended for different applications. The low-brightness LEDs
are used as indicators, whereas the high-brightness LEDs are preordained
for illumination, backlighting, and so on. As the driving circuit complexity
increases with the number of the LEDs, the indicator LEDs do not have the
capacity for general illumination because the large number of such LEDs
required will make the driving circuit very bewildering. Unsurprisingly, the
high-brightness LEDs are improvised for better light extraction, improved
capability of operating at high currents, and more virtuous heat confiscation
techniques, and so on.
From the exterior, high-brightness LEDs may bear a resemblance to
their low-brightness counterparts: miniature dots of bright white light
in a surface mount package, habitually having a domed lens to collimate
the emitted light. But the inner views of these LEDs are immeasurably
different. Therefore, it is essential to examine the high-brightness LEDs
more profoundly from the point of view of structural design, fabrication
approaches, and material issues, in order to understand their operation and
constraints. In other words, the inside saga of high-brightness LEDs needs
vigilant attention.
In the aboriginal days of LEDs, the standard LED configuration was
a 1-Watt device, driven with a forward current of 350 mA, and a forward
voltage of 3.3–3.5 V leading to a power dissipation of 1.19 W. As the chip
efficacies were low, individual LEDs could turn out a light output of scarcely
50 lm. But the recommended level of illumination for office work is ~200–
400 lx. Since a luminaire, with an output of 1000 lm over an area of 2.5 m²,
produces 400 lx, an optical output of 1000 lm must be made available by
the LEDs. If previous generation chips are used for building the luminaire,
as many as 1000/50 = 20 chips will be needed, which is a complex assembly
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with disheartening thermal management and power supply problems. But
modern 1-W LEDs are capable of delivering an output of 100 lm, such that
the number of present-generation LEDs = 1000/100 = 10, so that half the
number of LEDs suffice. High-brightness LEDs furnish as much as 150–
300 lm, so that less than six such LEDs effectively reinstate the 20 LEDs of
prior generation. Moreover, these LEDs can work at high currents, although
these high currents impact efficacy due to efficiency droop. Thus, the pooled
effort of higher optical output and increased drive current operation implies
that much less number of modern LEDs is able to produce bright luminaires.
Hence, fewer chips are needed for lighting luminaires, relieving the designers of anxiety to propose complex power drivers to supply long cords of faint
LEDs.

17.3 Number of Converters Required for Low- and High-Brightness LEDs
When a large number of LEDs were required to reach an acceptable level of
illumination, they were divided into strings. A three-stage supply was used
for energizing such a set-up. Stage 1 consisted of constant-voltage power supply. Stage 2 was a high-voltage DC-to-DC converter that generated a safe
isolated voltage rail supplying 28–60 V DC. The fixed-voltage output rail of
stage 2 was connected to stage 3, comprising a dedicated DC-to-DC converter providing a convenient and manageable current output. Based on the
second stage output and the forward voltage drop of the LEDs, the converter
was able to drive a string of 8–12 LEDs. More LEDs implies more strings.
Each LED has its own converter. Therefore, greater the number of LEDs,
more is the number of converters.
The advantage of brighter LEDs is that fewer LEDs are required for an
acceptable level of illumination, downsizing the size to a solitary string.
This change disposes of all except one of the dedicated DC-to-DC converters, diminishing system cost, improving reliability, and simplifying
the power supply design. Because all the LEDs are driven from a single
converter at the same current, light uniformity and color are significantly
improved. It may be noted that the brightness and color of a high-brightness LED are appreciably altered by making a very small change in current. The scenario is made much easier for the designer because there are
a wide variety of specialized DC-to-DC converters from foremost semiconductor vendors.

17.4 Lateral Structures of High-Brightness LEDs
An LED chip is designed in either of the two structures, lateral or vertical. Choice between the two structures is based on the material used and
technologies. In GaAs red LEDs, the conducting substrate serves as one
terminal of the device. One contact is made on the front or top surface from
which light exits. The contact pad and wire bond on this surface obstruct
some portion of this surface, blocking the emitted light to some degree. The
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loss of light is less as only one contact is made on the light-emitting
top surface.
P-GaN
N-Electrode
MQW
In GaN LEDs, the films are
grown on the insulating sapphire
N-GaN
substrate. Despite being a good
insulator, sapphire is also a good
Sapphire
thermal conductor. GaN devices
require two front-side contacts.
Figure 17.1 shows the current
(b)
P-Electrode
distributions in two lateral LED
designs, namely asymmetrical
MQW
P-GaN
N-Electrode 1
N-Electrode 2 (Figure 17.1a) and symmetrical
(Figure 17.1b). Clearly, the symmetrical design provides more uniN-GaN
form current distribution. The top
Sapphire
contact plays a multifunctional role
in LED operation. If its thickness is
small, it is more transparent to light
Figure 17.1 Current distributions in different lateral but at the same time its conductivLED designs: (a) asymmetrical design with current
ity is low, so that current crowding
crowding toward the N-pad and (b) symmetrical design
takes place below the central porwith a ring N-pad providing more uniformity.
tion of the top electrode, as shown
(a)
P-Electrode
in Figure 17.2a. But such current
crowding is detrimental to LED
P-GaN
operation because it may lead to
MQW
undesirable heating in the central
portion and consequent failure
N-GaN
N-Electrode of the LED chip at this region.
To prevent such an occurrence,
a thicker top electrode of higher
(b)
P-Electrode
conductivity is deposited as shown
P-GaN
in Figure 17.2b. No doubt, it
MQW
serves the objective of homogenizing the current distribution below
the top electrode. But it becomes
N-GaN
N-Electrode
semitransparent due to its larger
thickness and less light succeeds
Figure 17.2 Different current spreading layers in lat- in emerging out through the coneral LED chips showing the current densities through tact. Naturally, therefore, a tradearrow heads underneath the top injecting P-electrode: (a)
off exists between the thickness,
thin, low-conductivity metal film with attendant current
crowding underneath it and (b) thick, high-conductivity conductivity, and transparency of
the top electrode, which are decimetal film ensuring uniform current distribution.
sive parameters controlling the
current injection and also facilitating outcoupling of the light produced.
(a)

P-Electrode
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Figure 17.3 displays three geometrical layouts that are frequently
used by designers in LED chips of
different ratings. The single circular
dot shown in Figure 17.3a is used
for low-current LED devices. The
star-shaped design with finger projections of Figure 17.3b caters to
moderate current levels. The last
design with circular dot and outward fingers along with peripheral
ring finds use in high-brightness
LEDs to secure a more uniform
current spreading at the high injection current levels employed in
these chips.
In lateral LEDs, photolithograFigure 17.3 Top surface contact metallizaphy is done on the top surface fol- tion geometries of lateral LEDs: (a) and (b)
lowed by etching to reach the layer small LEDs (250 μm × 250 μm), (c) large-size
of opposite polarity. The second (>350 μm × 350 μm). The current distributions
contact pad is made on this etched under the top injecting P-electrodes are shown
arrows. While small LEDs use a circular
surface and wire bonding is done. by
dot or a circular dot with branches, larger
Packaging of the lateral LED is LEDs have an annular ring to provide addidone in the flip-chip configuration, tional current from the peripheral regions. The
as shown in Figure 17.4. The flip- circular dot is used as a pad for wire bonding.
chip arrangement was explained
in Chapter 12 on LED packaging.
From the outside, the high-brightness lateral LED has the appearance as
shown in Figure 17.4a. Internally, the LED chip is soldered on a silicon submount which is bonded by a die attach adhesive to a heat slug and spreader
(Figure 17.4b). A thermal interface material fixes the spreader to a heat sink.
For clear visualization, the various components of the LED package along
with the heat sink are shown separately in Figure 17.5. This will enable the
reader to get a lucid perspective of the components that work together to
build up an LED assembly.
The main bottle neck with the lateral LED structure is that two contact
pads along with two wire bonds on the top surface cart off a large fraction
of the area. The area thus used is sheer wastage and does not contribute to
light emission. Thus, if light extraction is to be increased, this wastage of
light resulting from two contacts on the top surface should be cut down by
taking only one contact from the top surface and the remaining one from
the bottom surface. At the same time, it must not be forgotten that the
sapphire being insulating, does not permit making contact. Thus, lateral
structure should be discarded and suitable alternative structure should be
conceptualized.
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(a)

Lead frame
Lens

Hole
LED chip

Anode
(b)

Body of package

LED flip chip

Cathode

Plastic lens

Silicone encapsulant

Gold wire

Solder

Si sub-mount

Cathode

Anode
Heat sink

Heat slug and
spreader

Figure 17.4 High-brightness lateral flip-chip LED: (a) outer view and (b) inner structure. A small
protrusion called the lead frame has a hole in it. The lead near the leadframe is the anode and the
opposite lead is the cathode terminal of the LED.

17.5 Vertical Architecture of High-Brightness LEDs
With soaring fabrication costs, solutions to light blocking become more
important. In GaN LEDs, the thickness of the layers is generally below
10 μm. About 50% of this thickness is consumed by buffer layers. This is
essential to ensure good crystal quality in the active layers. As the light-emitting multiple quantum well (MQW) layers are in close vicinity of the surface, a tantalizing approach is to separate the GaN layers from the sapphire
substrate. Then, the GaN buffer layers are also expunged. The resulting thin
film of thickness ~3 μm is contacted from both top and bottom sides. The
preferred practical scheme (Figure 17.6) involves settling the P-side of the
junction downwards on a reflective metal layer, which can be copper; silicon,
and silicon carbide are also used. This reflective layer serves three functions
of light reflector, ohmic contact, and thermal pathway. Bond pad and bond
wire contact the N-side, which is now facing upwards. By appropriate design
of the N-electrode, current crowding is minimized. Also eclipsing of light by
contact fingers must be restricted to minimal proportions. However, internal
reflections taking place at both surfaces can create interference fringes, which
are alleviated by roughening the top surface. The top electrode is deposited
either before or after the roughening etch step. Thus, a front side contact and
a back side contact have been realized resulting in a vertical architecture of
the LED.
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(a)

(b)

(c)

Phosphor
Sapphire
N-GaN
MQW

Nelectrode
Bonding
pad

Solder
bump

P-GaN
ITO
P-electrode
Solder bump
Silicon submount

Die attach adhesive
Bonding wire
(d)
Lead frame
Cu heat slug
Heat spreader
(e)

Cathode

(f )

Anode

Thermal interface material (indium foil)

Fin

Heat radiation coating

Figure 17.5 Exploded view of the components of a high-brightness lateral flip-chip LED on a heat
sink (not to scale): (a) silicone lens, (b) reflector, (c) LED die, (d) heat slug and spreader, (e) package,
and (f) heat sink.
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The vertical LED die based on sapphire substrate removal along with
buffer layers and subsequent attachment of copper substrate offers several
inherent advantages (Coherent White
Paper 2011). As already mentioned,
a notable advantage is avoidance of
N-contact
inhomogeneous current distribution
through the multiple quantum well
Current
Current
N-GaN
region with larger current near the
Multiple
quantum bonding wires and smaller currents on
wells
receding away from them due to the
P-GaN
higher resistance of the longer path
lengths involved. Another beneficiary
Cu or Si
aspect is the enhancement of heat disP-contact
sipation capability with the conducting copper substrate. Higher output
Figure 17.6 Vertical LED structure. Current flow is, therefore, obtainable from a single
directions are indicated by arrows.
die by increasing the die size. In addition, the sapphire substrate is already
removed and no effort is spent on cutting across this hard material during
wafer dicing, thus making dicing easier. Last but not the least, if nondestructive excimer laser lift-off process is used for substrate removal, the same sapphire substrate is reusable for manufacturing a fresh batch of LEDs. Thus,
the same sapphire substrate is used for a second time, which is a clear-cut
cost-saving endeavor.
Emerging light rays

17.6 Laser Lift-Off Process for Sapphire Substrate Removal
As seen above, laser lift-off process is a critical step for realizing high-brightness GaN LEDs. Therefore, further details of this process must be presented, calling for more elaborate treatment. It must be emphasized that this
amputation could have been done by chemically etching or polishing off the
substrate but it is not done in this mode because one must not disregard that
the active GaN layers are only a few microns thick and these are cumbersome operations, gravely corrupting the overall yield of the devices. Hence,
laser lift-off process is resorted to as a reliable method for this purpose. Laser
lift-off process is a satisfactory selective separation method that leaves the
functional GaN layers unscathed.
Figure 17.7 illustrates the chief steps that the wafers undergo in laser liftoff process. The basis of the laser lift-off process is that the sapphire layer is
transparent of UV laser exposure at 248 nm wavelength. Hence, when the
GaN films on sapphire are exposed to UV laser, the light penetrates the sapphire and smacks the GaN film in the 20 nm thick region near the GaN/
sapphire interface. Intense local heating takes place in this region, producing
temperatures around 1000°C at a laser fluence of 600 mJ/cm 2. The affected
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(a)

STEP 1

LED on sapphire
substrate and silicon
substrate preparation
or bonding

(b)

STEP 2

(c)

STEP 3

Low-temperature Interfacial decomposition to
Ga + N2 by laser exposure
bonding (200°C)

(d)

STEP 4

Thermal detachment
of sapphire at 40°C

(e)

STEP 5

Separated structure

Receptor
silicon
substrate
Epoxy
InGaN
LED
Sapphire

Excimer laser

Figure 17.7 Illustrating the process steps in laser lift-off method: (a) preparation, (b) bonding,
(c) exposure to laser, (d) sapphire removal, and (e) left-over structure.

GaN region decomposes into gallium and nitrogen, which is liberated as a
gas. On heating the wafer to 30°C, Ga is liquefied. At this juncture, sapphire
is detached from GaN wafer.
The laser lift-off process is implemented sequentially by subjecting the
wafer to UV laser pulses until the surface of the complete wafer has been
scanned. For guaranteeing a controlled process, the UV laser source must
fulfill certain criteria regarding its wavelength, pulse energy, and stability.
Keeping in view that the energy gap of gallium nitride is 3.5 eV, the emission wavelength of the laser source must be below 350 nm. Only then will it
be absorbed in GaN after passing through sapphire. The two available laser
sources are excimer laser and high harmonics of Nd: YAG laser. Let us take
a gander at the competition between these two sources.
For a fluence > 600 mJ/cm2 over large per-shot-areas of several sq mm,
enormously high laser pulse energies > 400 mJ are needed. The per-shot-area
is limited by the final size of the LED die, which for high-brightness LEDs
has an area of up to 5 mm2. If the per shot-area is larger or the LED dies are
smaller in area, a large number of dies are separated within a single laser shot.
Excimer lasers emit high-energy UV laser pulses but do not operate on higher harmonics like Nd: YAG lasers. Small-size excimer lasers
emit > 500 mJ/pulse, whereas conversion efficiency constrains Nd: YAG
pulses to 200 mJ. Uniformity of fluence over the full per-shot area is the
main laser performance metric. Excimer lasers have inherently low coherence.
They emit a large beam cross section. High-grade UV optics is employed to
shape and homogenize their beam profile. The beam homogenization is done
with cylindrical lenslets (small lenses) in both axes individually. High-quality
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optics together with the low-coherence input beam of the excimer laser
provides a large, speckle-free field size. The fluence is inordinately uniform,
sharply declining near the edges. The homogeneous field is projected onto the
wafer after demagnification by a factor of 5.
To maintain fluence uniformity over successive pulses, stern pulse-topulse stability is expected from the laser. In Nd: YAG lasers, high pulse
energy fluctuations ~2% RMS are encountered due to nonlinear frequency
conversion. In 248 nm excimer lasers, superior pulse stability ~0.5% RMS
is obtained over a period >100 h of uninterrupted excimer laser operation
at 248 nm. The energy and power remain stable. Virtually maintenancefree operation is assured by advanced high-power excimer lasers with the
exception of automated gas changing, requiring hardly a few minutes. Its
maintenance costs and failure time are at par with the state-of-the-art solidstate lasers.
Since 6″ diameter wafers are normally used for bulk manufacturing of
GaN LEDs, adequate throughput must be provided by the laser lift-off process to handle such wafers at a rate of 60 wafers/h. For this objective, excimer
laser technology at 248 nm is suitable over a large output energy range up to
1 J/pulse. At this pulse energy, about 400 pulses are necessary to cover the
entire 6″ wafer in a speedy process lasting for 10 s at a pulse rate of 50 Hz.
Upscaling of throughput by bigger illumination fields and higher repetition
rates offered by excimer laser lift-off make it an unrivalled enabling technology for high-brightness LEDs.

17.7 Heat Removal and Protection against Failure Modes
On heating, the GaN LEDs draw more current, thereby getting scorched
(Lai and Cordero 2006). By getting hotter, they draw still more current.
Thus, by this regenerative action, they become locally scalding, producing
hot spots. Irreversible damage by thermal runaway often ensues. Therefore,
attention is focused on devising ways for getting rid of heat. After the growth
substrate has been removed, the very emaciated and fragile active region is
fixed on a conducting substrate for mounting into a package. In practice,
this is done before tearing out the growth substrate, that is, the wafer is
flipped onto another carrier and sapphire substrate is removed. Several substrate choices are possible, including flexible substrates. The 100–200 μm
thick finished LED die is attached to a thick metallic heat spreader, usually
made of silver or tin-plated copper foil.
The LEDs are kept cool and unruffled by using thick heat spreaders,
eliminating the effects of the droop. Wang and Li (2010) proposed a cooling system with a fan. But failure mechanisms are a cause of concern,
as with power diodes. LEDs either become open circuited or are short
circuited. They are prone to voltage overstress, both in the forward and
reverse-bias modes. A Zener diode mounted in parallel with the device
is often built-in as an essential component in an LED package to serve
like an armor for protection against over voltage. It continues to provide
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c urrent continuity when an LED connected in series in a luminaire system
becomes open.

17.8 Colors of High-Brightness LEDs
High-brightness LEDs can provide lights of various colors in different
regions of the visible spectrum using both AlInGaP and InGaN material systems. Red, orange, yellow, and even green colors are produced by
aluminum, indium, gallium, and phosphide compounds, whereas ultraviolet, blue, blue-green, and true green colors are generated by indium and
gallium-nitride compounds. White light is also created using high-brightness LEDs, either by bringing together an LED with a phosphor or by
combining multiple monocolor LEDs. The phosphor methodology provides a stout integrated package with reasonable efficiency but introduces
a light loss because of the Stokes shift, so that higher efficiency cannot be
achieved. One must, therefore, seek recourse to multiple LED combinatorial modalities. Conjoined multiple monochromatic LEDs also provide the
option of color tuning, for example, a single fixture can provide either a
warm-white or a cool-white illumination. This tunability has both advantages and shortcomings. It involves adjustment of the output of individual
LEDs in the correct proportion and mixing throughout the beam pattern.
Observable color changes occur even due to change in the output of the
red LED in an RGB system by a very little amount. Feedback systems for
monitoring the outputs of the LEDs are absolutely necessary to control the
sensitivities.

17.9 Photonic Crystal LEDs
A periodic structure made of materials having differing refractive indices
constitutes a photonic crystal. Incidentally, the optical multilayer films
allude to one-dimensional photonic crystals. These are widely used as antireflection films for the surface of television monitors, glasses, and other optical
components. But for the most part, the term “photonic crystal” is applied to
two- and three-dimensional structures. Photonic crystals permit the controlling of optical characteristics of the beam. These characteristics include
the transmission, reflection, and refraction behaviors of light. It is practicable
to control the propagation of light at arbitrary angles of incidence with the
help of two- and three-dimensional photonic crystals, not only the normally
incident light as done with formal optical films.
Figure 17.8 shows a back reflecting photonic crystal LED, following
Barton and Fischer (2008). For proper functioning of the device, the holes
forming the vacant regions of the photonic crystals directly etched into the
chip, must terminate above the light-generating quantum well region. The
brightness is increased through the interaction of the planar photonic crystal
with the imprisoned optical field inside the LED chip causing diffraction of
light and its splashing out of the top LED surface. For the blue-green light,
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Figure 17.8 Photonic crystal LED: (a) 3-D view and (b) cross-sectional diagram of the photonic
crystal region.

the holes have a diameter of 200 nm diameter and the inter hole distance is
300 nm (Rahman 2007).
Kwon et al. (2008) studied the effect of the embedded photonic crystal on
external quantum efficiency of blue LED. The photoluminescence and the
optical output power of LED confirmed distinct improvement attributable
to the embedded photonic crystal. The improvement in optical and electrical properties were interpreted to arise from the increase of light extraction
efficiency by the entrenched photonic crystal and that in internal quantum
efficiency from the diminution in dislocation density due to epitaxial lateral
overgrowth of N-GaN layer.
Progressing toward reaching the ultimate light-extraction efficiency for
high-brightness LEDs, Wierer et al. (2009) created a blue-emitting LED
that exploits a photonic-crystal structure to attain a predictable unencapsulated light-extraction efficiency of 73%. This GaN-based LED, consisting of multiple quantum wells grown on sapphire, gives off light at a
pinnacle wavelength of 450 nm. It is 200 μm × 200 μm in size. The very
thin (700 nm) LED has a hexagonal photonic-crystal pattern on its surface. This photonic crystal has a lattice constant of 455 nm and the depth
of 250 nm.
In their further studies, Kwon et al. (2013) investigated the photonic crystal effect of SiO2/ITO structure on the electrical property and light extraction of blue LEDs, and started the ball rolling by finding that the optical
output power of the blue LED with an SiO2/ITO photonic crystal increased
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by 36% at 20 mA over that without photonic crystal structure. No degeneration of electrical properties of LEDs occurred. In their experiments, the
radius of the SiO2 pillars in the SiO2/ITO photonic crystal was 75 nm,
period was 256.5 nm and height was 225 nm.

17.10 Encapsulant Materials for High-Brightness LEDs
The performance requirements for packaging high-brightness LEDs are
appallingly onerous (Mosley et al. 2008). Encapsulants having refractive
indices in the range 1.8–2.5 are most helpful in extracting light from GaNbased LEDs. Thermal and photochemical stability of the encapsulants must
be exceptional because high-brightness LEDs operate at high temperatures
of 120–200°C and at light fluxes of >100 mW/mm2. Encapsulants should not
undergo any change in optical characteristics and should exhibit very modest change in mechanical characteristics under these conditions for projected
lifetimes of 50,000 h. Optical transmission should be greater than 90% at
450 nm. Although the majority of HBLED companies are producing LEDs
emitting at around 450 nm, a number of manufacturers are also pursuing
devices using 405 nm UV LEDs. The encapsulant should have no adverse
interactions with the phosphors. It may be noted that epoxies show considerable yellowing at the higher operating temperatures of high-brightness
LEDs.
Silicones have excellent transparency and good thermal and photochemical heat stability. Typical values for the water uptake are in the range <0.2%,
which is much lower than the value of 2.0% for some epoxy resins. Room
temperature vulcanizable silicones have become the stand-in material of
choice (Norris et al. 2005). Silicone-based materials have caught commodious attention from LED manufacturers for use as encapsulants and lenses
for many next-generation LED device designs. Therefore, a recent trend in
high-brightness LED packaging materials is a swing from organic polymers
to silicones. Silicones are capable of stable operation when irradiated by ultraviolet and blue light. They can also work at high light intensities, and sustain
highly moist conditions and elevated temperatures. They can be treated as a
molecular hybrid between glass and organic linear polymers. The properties
of silicone materials make them ideal for demanding applications in LEDs,
not only as protective encapsulants but also as injection moldable lens materials for making lenses for high-brightness LEDs. Injection molding of optically clear hard resin silicone materials for lenses can be done.

17.11 Applications of High-Brightness LEDs
17.11.1 Pocket Projectors
With the increase in luminance and total output of LEDs, it is now viable to
build projector systems with the help of LEDs (Figure 17.9a). Many business
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organizations are interested in developing a class of projectors that deliver
25–50 lm. Because these projectors are
small, they are every now and then called
pocket projectors. One of the benefits of
LED display systems is a spacious color
Figure 17.9 LED applications in: (a) pocket range than is available with other light
projector, (b) mobile phone backlight, and (c) sources. Rear-projection TV systems
torch.
can also be realized through projector
systems.
17.11.2 Backlighting
Many cell phone displays (Figure 17.9b) use a backlight system to illuminate an LCD. The most pervasive cell phone backlight system uses LEDs
coupled into one edge of a thin plastic light guide. This light guide contains
extractor features that unvaryingly spread the light over a large area and
couple it toward the LCD. Light recycling films, at times called brightnessenhancing films (BEFs), are placed between the light guide and the LCD to
control the angular distribution of light. Diffuser film and reflective films are
included in the backlight to improve efficiency and uniformity.
For small cell phones, edge-lit backlight designs reappear frequently.
However, when the display areas are larger, it is advantageous to use collections of LEDs placed over a large two-dimensional area. This approach of
directly lighting provides the opportunity to control the LED thermal design
by scattering the heat over a larger area compared to an edge-lit approach; it
is currently an area of vigorous development.
17.11.3 Flashlights
Since LEDs provide higher efficacies than incandescent lamps, the flashlight
batteries do not need to be replaced as often. An LED torch is shown in
Figure 17.9c. In addition, the beam pattern of a flashlight with a constricted
output beam angle can be much more uniform than the pattern created by
an incandescent lamp. The optics for an LED flashlight is usually either a
solid optic that uses total internal reflection to help collect the light or a more
conventional reflector.
17.11.4 General Illumination
Occasionally, high-brightness LEDs are used with accustomed optical
technologies to provide the desired beam patterns. However, unlike familiarized lighting fixtures, LED systems permit color tunability by using
groups of red, green, and blue LEDs. The color of the generated light is
white when red, green, and blue outputs are correctly equilibrated. But the
color temperature is an adjustable parameter which can be altered to suit
a customer’s preferential needs. Many systems allow variation of the color
temperature during the course of the day, in accordance with the color of
the sunlight.
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Creation of uniform white light by combination of separate RGB LEDs
requires careful control and adjustments. In one approach, the outputs from
different LEDs are jumbled using mixing rods. These rods belong to one
of the two classes, either tapered smooth or rippled mixing rods. Tapering
provides an angle-to-area transformation. This transformation changes the
full hemisphere Lambertian output of the LEDs into a distribution filling a
smaller cone angle, for example, a 30° half-cone angle.
Dimensionally, the rippled mixer has a likeness to the smooth mixer. But
fine structures mainly oriented along the length of the mixer are applied to
its surface to enhance the color mixing of the optical element, often providing a noticeable improvement in the color uniformity when RGB LEDs are
used.
17.11.5 Automotive Headlamps and Signal Lamps
Color LEDs inherently are able to produce the required colors matching
the regulated standards. Also, to produce light of given color, they do not
demand any color filter. In this respect, they differ from a halogen lamp
which uses a filter to produce the desired output. Additionally, LED packages have the benefit that the source emission is hemispherical instead of
being spherical. Adjustment of the shape of the lens used in the LED package further reduces the output pattern, enabling better optical designs. This
is particularly useful when the desired beam pattern has specific evaluation
criteria to be met.
As automotive stop signal lamps, LEDs have the supernumerary benefit
of a faster turn-on time than accepted tungsten halogen lamps, providing
faster turn-on time so that the vehicle driver has a superfluous 60 ft of halting stretch at the velocity of 60 miles/h.

17.12 Discussion and Conclusions
Many LEDs are merchandized and the light levels are increasing. A highbrightness LED is one which individually gives a flux >50 lm. Although it
is expected that high-brightness LEDs devour more power, an LED with
more power consumption need not necessarily be tagged as a high-brightness LED. The high-brightness LEDs have an efficacy of around 100 lm/W.
As the brightness is controlled by current, high-brightness LEDs typically
conduct currents of 350 mA, 700 mA, 1.0 A, 1.4 A, and upwards. In highbrightness LEDs, heat removal needs more conscientious attention. A thermal heat slug is placed directly under the LED junction, allowing effective
heat removal. The LED is mounted on the printed circuit board which acts
as a heat sink. As encapsulation material, silicones have fulfilled many critical requirements in minimizing heat accumulation besides providing electrical and environmental protection, increasing light extraction, and forming
lenses for specific light distribution patterns. For high-brightness LEDs,
extraordinary, off-beaten path light extraction techniques such as using photonic crystals are applied.
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Review Exercises
17.1
17.2

What is a high-brightness LED? Which of the two terms, luminance
or brightness, is more correct to define a high-brightness LED?
Why is it that practically several small dim LEDs cannot replace a
high-brightness LED even if the overall brightness level is same for
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17.3
17.4

17.5

17.6

17.7
17.8
17.9
17.10

17.11
17.12
17.13
17.14
17.15
17.16

the two types? Elucidate the necessity of fabricating high-brightness LEDs.
Why is lateral structure not suitable for fabricating high-brightness LEDs? How does vertical architecture help in increasing the
brightness level of an LED?
Comment on the statement, “The outward appearance of a highbrightness LED may show resemblance to the low-brightness type
but their internal constructions differ significantly.” Elaborate the
inner view of a high-brightness LED in terms of design considerations, structural features, current carrying and heat dissipation
capabilities, light extraction methods, and encapsulation materials
used.
Describe the laser lift-off process for removing the insulating sapphire substrate of a GaN LED. Is the removed substrate reusable?
What are the special requirements of the laser source if the process
is to be implemented on 6″ diameter wafers for large-scale manufacturing of LEDs?
What provisions are made for keeping LEDs cool during operation? What are the principal failure modes of LEDs? What type
of protection is built in the packaged LEDs to take care of possible
failures during operation?
What are the main material systems used to fabricate high-brightness LEDs of different colors? Name the materials and the corresponding LED colors.
What are the different methods used for generating white light
using high-brightness LEDs? Comment on the statement, “Color
tuning can be done by combining multiple single-color LEDs.”
What is a photonic crystal? Describe the features of the photonic
crystal LED that has attained the efficiency of 73%.
Will epoxies and other encapsulation materials used in low-brightness LEDs be applicable to their high-brightness counterparts?
Outline the chief requirements that packaging materials for highbrightness LEDs should fulfill.
What are the special properties of silicones that make them suitable
for high-brightness LEDs? Can they be used for making lenses for
LEDs?
What is a pocket projector? Mention one application of this
projector.
How is LED-based backlighting done in small display areas? How
is it done for larger areas?
What are the advantages of LEDs over incandescent bulbs as a light
source in flashlights?
How do white light LED systems provide color tunability? How do
rippled rods help in enhancing the color mixing?
What are the advantages of LEDs over halogen bulbs as automotive
headlamps and signal lights?

Pa r t

III

Organic LEDs

Chap ter

18

Organic Semiconductors
and Small-Molecule LEDs
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾

Compare organic and inorganic semiconductors
Make a clear distinction between saturated and unsaturated organic
compounds
Understand the special properties of organic semiconductors
Debate over the attributes of two types of materials for making
WOLEDs: fluorescent and phosphorescent
Understand the difference between singlet and triplet emitters in terms
of singlet and triplet excitons
Be cognizant about the small- and large-molecule organic semiconductors
Discuss the roles played by the constituent layers in a small-organicmolecule LED
Explain the working of an OLED in terms of the energy band model
Appreciate the efforts made for the realization of high-efficiency
OLED

18.1 Organic Materials and Semiconductors
18.1.1 Organic Semiconductors: A Subset of Organic Materials
In the pursuit of environment-friendly lighting, organic materials furnish an
exemplary option. These materials portray a large clan of chemical compounds
in which one or more atoms of carbon are covalently linked to atoms of other
elements, most usually hydrogen, oxygen, or nitrogen. Being the chemical
compounds of living beings, they are known as organic compounds because of
315
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their association with creatures or organisms. The limitless liberty of design of
organic molecules has enticed electronics research from inorganic to organic
materials. Complex organic molecular architectures are fashioned by the distinctive bonding of carbon involving sp3, sp2, and sp hybrid orbitals. These
architectures have extensive functions in a wide assortment of organisms and
industrial products. Organic electronics has been a subject of passionate activity.
Among the organic materials, organic semiconductors are a class of solids
displaying semiconducting properties based outright on organic compounds
containing sequences of carbon (C) and hydrogen (H) atoms, with occasionally nitrogen (N), oxygen (O), sulfur (S), or other atoms latched on to this
sequence (Samuel and Turnbull 2007, Limketkai 2008). They are neither knit
together with organic food or farming, nor do they contain any hazardous
metals. They constitute a real green technology and are also biodegradable.
18.1.2 Saturated and Unsaturated Organic Materials
In a saturated organic material (Figure 18.1), the carbon atoms are arranged
in a sequence of the type –C–C–C–C–C–C–, where “–” indicates an electron pair that is responsible for holding the carbon atoms together. In such
circumstances, all the electrons are invincibly bound to the atoms and the
material is an electrical insulator. However, in an unsaturated organic material (Figure 18.2), a sequence like –C=C–C=C–C=C– is possible. The
excess electrons in the carbon bonds (“=” indicates two pairs of electrons)
are bound and enslaved to the carbon atoms in a slackened manner. These
loosely bound electrons are called π-electrons. Owing to the presence of
these π-electrons, the material becomes a semiconductor, like silicon. Thus,
organic solids are all-in-all insulators, but when their constituent molecules
have π-conjugate systems, charge carriers become mobile via π-electron
overlaps, wandering by hopping, tunneling, and allied mechanisms.
18.1.3 Special Characteristics of Organic Semiconductors
Organic semiconductors are lightweight, less costly, flexible, and resilient to
mechanical stresses inducing pliability. They do not require ultra cleanrooms,
and processing can be done in ambient conditions. Lithography is superseded by
printing. Substrates are made of cheap materials such as plastic, paper, or cloth.
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Saturated hydrocarbons: (a) ethane (C2H6), (b) propane (C3H8), and (c) butane (C4H10).
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Figure 18.2 Unsaturated hydrocarbons: (a) ethene (C2H4), (b) propene (C3H6), and (c) butene (C4H8).

The following are the salient features of organic semiconductors:

1. Organic semiconductors display novel optoelectronic properties with
simple fabrication, and the scope for tuning the chemical structure to provide desired features, making them alluring contenders as LED materials.
2. Energy band concepts have delimited validity in organic semiconductors.
Excitations and interactions localized on individual molecules play a commanding role. The charge transport sites have a Gaussian distribution of
energies and are localized. The density of states (DOS) has a Gaussian shape.
3. Organic thin films are easily grown over small and large areas on less
traditionalist materials due to the puny van der Waal bonds and London
forces. These materials include substrates such as those of the flexible,
self-assembled, or conformable types. They maintain their fundamental
characteristics even when appreciably bowed.
4. Yield problems proscribe the fabrication of large-area devices on inorganic semiconductors. Imperfections between crystalline grains of
amorphous and polycrystalline inorganic semiconductors mortify their
electronic and optical properties and are originators of instability if
dangling bonds are present. Organic semiconductors exhibit superior
properties even when low-temperature deposition processes are used
because of their fundamental constitution of isolated molecules linked
together by van der Waals bonds. Molecular solids are atomically
ordered; they contain no dangling bonds contrasting with inorganic
solids. The weak bonds promote intermolecular disorder, thereby localizing electronic states but preserving optical properties.
5. Physical processes in organic structures involve exciton formation. They
are tracked and tailored by excitonic mechanisms. An exciton is a correlated electron–hole pair consisting of an electron and a hole at a distance from each other, but bound by Coulombic forces. The exciton can
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have any orbital momentum, and can have spin 0 or 1. Annihilation rate
is sluggish; it takes a long time.
6. Owing to their highly chaotic and messy structure (both spatially and
energetically), particularly in amorphous state, charge carrier mobility
in organic semiconductors is very stumpy in comparison to covalently
bonded, highly ordered inorganic semiconductors, leading to poor
charge transport characteristics.
Table 18.1 makes a comparison between organic and inorganic
semiconductors.
Table 18.1
Sl. No.
1.

Differences between Organic and Classical Inorganic Semiconductors
Organic Semiconductor

8.

Individual molecules are held together
by weak van der Waals forces (bond
energy ~10−3–10−2 eV) although
intramolecular bonding is strong.
Energy band structure is localized at the
molecular level.
Two energy levels, localized on
molecules, are distinguishable: HOMO
(highest occupied molecular orbital)
and LUMO (lowest unoccupied
molecular orbital).
Weak intermolecular bonds allow
mechanical flexibility.
Intramolecular electronic transport is of
localized nature on individual
molecules, while intermolecular
electronic transfer occurs by hopping,
which is a phonon-assisted tunneling
mechanism from one site to another.
High effective mass of carriers ~102–
103 electron mass.
Low charge carrier mobility
~10−3 cm2/V-s.
Short mean free path ~lattice constant.

9.
10.

Exhibit low electrical conductivities.
Low melting and sublimation points.

11.
12.
13.

~95%.
Extremely moisture sensitive.
Relatively cheap to synthesize, easy to
apply to large surfaces (vacuum
sublimed at temperatures below 500°C
or spin-casted at room temperature).

14.

Can be prepared on ﬂexible substrates.

2.
3.

4.
5.

6.
7.

Inorganic Semiconductor
Atoms are bound together by strong
covalent bonds with energy ~2–4 eV.

Energy band structure is delocalized on
the whole structure.
Two energy bands delocalized on the
whole crystal structure exist; these are
the familiar valence and conduction
bands.
Both elemental and compound
semiconductors are mechanically rigid.
Electronic transport takes place by drift
and diffusion mechanisms.

Low effective mass of carriers < electron
mass.
High carrier mobility ~1350 for
electrons in Si.
Long mean free path ~102–103 lattice
constant.
High electrical conductivities.
Higher melting and sublimation
temperatures.
Typical commercial purity ~99.9999%.
Less moisture sensitive.
Complex, costly technology for
fabricating inorganic semiconductor
devices requiring clean rooms,
sophisticated equipment and hightemperature processing.
Not possible to do so.
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18.2 Electroluminescent Materials for OLEDs
18.2.1 Fluorescent and Phosphorescent Molecules
Two types of materials are normally used for fabricating white organic LEDs
(WOLEDs), viz., fluorescent and phosphorescent materials (Andrade and
Forrest 2004, Tsuboi 2010). The first-generation OLEDs were fabricated
from fluorescent molecules. These have progressed to second-generation
ones using phosphorescent molecules because of their more efficient luminescence. The incitement of higher efficiency of phosphorescent than fluorescent materials needs to be disentangled.
18.2.2 Singlet and Triplet Excitons
To understand the difference between these two types of materials, let us mull
over the two types of excitons that are possible (Kamalasanan et al. 2010).
Recombination of electrons and holes takes place through singlet and triplet excitons. In singlet excitons, the spin of the lowest unoccupied molecular orbital (LUMO) electron can pair off with that of the highest occupied
molecular orbital (HOMO) electron. Singlet excitons are states with an antisymmetric spin and a total spin quantum number S = 0. In triplet excitons, the
spin of the LUMO electron does not pair with that of the HOMO electron.
Triplet excitons are those having an even symmetry with S = 1. It is the quantum mechanically allowable transition of singlet excitons to the ground state
that gives rise to fluorescence within nanoseconds. Conversely, transition of
triplet to singlet state, being quantum mechanically forbidden, results in phosphorescence showing lifetimes in the microsecond to second regime. Thus, in
fluorescent materials, only singlet excitons decay radiatively, while in phosphorescent emitters, both singlet and triplet excitons undergo radiative decay.
18.2.3 Singlet Emitters
The ground states of most luminescent materials are singlet states with only
decrepit spin–orbit couplings. This renders these small molecules and polymers fluorescent with trifling radiative rates from triplet states. Examples of
singlet emitters are p-conjugated polymers or organic/organometallic undersized molecules.
18.2.4 Triplet Emitters
In order for triplet excitons to emit light, the spin–orbit coupling, that is, interaction is required between the magnetic moments that arise from the spin
and the orbital angular moments of an electron. This effect being pronounced
in heavy metals, transition metals are often used to enable phosphorescence
from organic molecules. Hence, triplet emitters are usually organometallic
complexes of Ir, Pt, and Os. For the fabrication of efficient phosphorescent
WOLEDs, the transition metal complex is used as an emitting guest in a
host material. This puts a check on triplet–triplet annihilation or quenching
effects accompanying their relatively long excited state lifetimes.
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18.2.5 Efficiencies from Triplet and Singlet Molecules
Spin statistics advocates that in WOLED device architectures, only 25% of
the injected charges produce fluorescence emission from singlet states, whereas
75% lead to phosphorescence emission from triplet states. Thus, uncorrelated
electrons and holes form triplet states have a threefold higher probability than
singlet states, and one can in principle, obtain an efficiency of a factor of four
higher with triplet emitter molecules than using singlet emitter molecules.
Phosphorescent materials represent a major advancement in electroluminescence (EL) efficiency of WOLEDs, which is usually limited to external
quantum efficiencies around 5% for devices based on singlet state fluorescent
materials. It was not until the discovery of organic phosphorophores (tripletstate light-emitting materials) that WOLEDs were considered befitting for
solid-state lighting, where efficiency is a major concern for practical usage.
Harvesting of triplet states, using phosphorescent materials, led to a dramatic
increase in the efficiency and selectivity of colors. In highly efficient organic
phosphorescent WOLEDs based on cyclometalated iridium complexes, EL
efficiencies as high as 19% (or 70 lm/W) for green and 10% (or 8 lm/W) for
red devices have been chronicled. But the development of highly efficient blue
phosphorescent emitters, which is indispensable for the realization of RGB
full-color displays and WOLEDs, is still in its infancy. The performance of the
blue phosphorescent material lags far behind those of the green or red emitters.

18.3 Types of Organic Semiconductors
18.3.1 Small Molecules and Polymers
Broadly speaking, organic semiconductors fall into two principal classes
(Collins 2004): (i) small organic molecules, for example, pentacene, which consists of ﬁve benzene rings joined along a line and (ii)
long, conjugated polymer molecules made of concatenations of hundreds or thousands of carbon atoms, for
example, polyacetylene. “Conjugation” implies that the
carbon atoms in the chains are hooked up by double and
single bonds alternately. A benzene ring can be viewed
as a short chain of six such carbon atoms, with alternating bonds; the chain is gnawing its tail to form a closed
loop. Structures of some examples of small organic
molecules are shown in Figure 18.3, whereas those of
the large organic molecules are given in Figure 18.4.
Both types of organic semiconductors have a conjugated p-electron system. This system is formed by the
pz orbitals of sp2-hybridized carbon atoms in the molFigure 18.3 Small organic
ecules. Whereas the σ-bonds constitute the backbone
molecules:
(a)
anthracene
(C14H10), (b) pentacene (C22H14), of the molecules, π bonding is relatively delicate and
emasculated. Hence, the lowest electronic excitations of
and (c) rubrene (C42H 28).
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Figure 18.4 Polymer molecules: (a) polyacetylene, (b) PPV: poly (p-phenylene vinylene), (c) CN-PPV:
poly(2,5,2′,5′-tetrahexyloxy-7,8′-dicyano-di-p-phenylenevinylene), (d) MEH-PPV: poly[2-methoxy5-(2′-ethylhexyloxy)-p-phenylene vinylene, (e) TALK-PPV: poly{[2-(3′,7′-dimethyloctyloxy)-3,5,6trimethoxy]-1,4-phenylenevinylene}, and (f) polyfluorene: (C13H8)n.

conjugated molecules are the π–π* transitions with an energy gap ~1.5–3 eV,
causing light absorption or emission in the visible spectral range.
18.3.2 Bandgaps of Small Molecules and Polymers
Small short-chain organic semiconductor molecules are formed by a string of
benzene rings. In these rings, the π-bonds are delocalized to form a π-system.
With increasing delocalization, the breach between occupied and empty
states in these π-systems squeezes, leading to smaller bandgap. Polymeric
long-chain organic semiconductor molecules have π-bonds that are delocalized along the chain forming a one-dimensional system. Delocalization takes
place by forming a conjugated vertebral column of continuous overlapping
orbitals composed of alternating single and double carbon–carbon bonds,
thereby leaving an unremitting path of overlapping p-orbitals (Burroughes
et al. 1990). Thus, in a polymer, a one-dimensional band structure with larger
bandwidth is formed. The transport properties of polymers are determined
by defects in the one-dimensional chains or by interchain hopping.
Differences between the two classes of organic semiconductors can be
assimilated from Table 18.2.

18.4 Early Organic Optoelectronic Materials and the First Organic LED
18.4.1 Renewal of Interest in Anthracene
Scientists became stupefied by the electroluminescent properties of anthracene crystals way back in 1963 but a high applied voltage >300 V necessary
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Table 18.2
Sl. No.

Organic Semiconductor Categories: Small Molecules and Polymers
Feature

Small Molecules

Molecular weight
Bandgap
Control over electrical
and optical properties
Thin film deposition

Low <1000
Smaller
By choosing peripheral
groups or ligands
By vacuum sublimation or
evaporation
(100–500°C)

6.

Processing
environment
Processing time

Require ultraclean
environment
Long

7.

Number of layers

As many layers as needed
for best performance

8.

Examples

Alq3: green emitter; DPVB:
blue emitter; DCM2: red
emitter; NPB: hole carrier.
Also pentacene,
anthracene, and rubrene

1.
2.
3.
4.

5.

Polymers
High >1000
Larger
By the types of monomers
and peripheral groups
By wet processes like casting
(spin coating), ink jet, or
screen printing, followed by
drying or heating cycles
Do not require ultraclean
environment
Device fabrication is
possible within a day or
two
Restricted to two because the
solvent of every spin-casted
layer must not dissolve the
polymer layer below it
Polyphenylene vinylene
(PPV) and polyfluorene
derivatives

to get the light emission was an unpropitious feature. The interest revived
in the 1980s when it was found that the phenomenon could be observed at
a significantly lower driving voltage by dispersion of anthracene into a thin
amorphous layer.
18.4.2 Small-Organic-Molecule LED
In 1987, a Kodak team engaged in small organic molecule activity showed
light emission from a stack of vacuum-sublimed amorphous layers: indium
tin oxide (ITO)-coated glass/aromatic diamine (75 nm)/Alq3: aluminumtris-8-hydroxy-quinolate (60 nm)/Mg:Ag (10:1) (Tang et al. 1987). The total
thickness of this EL device was 135 nm. This green LED (Figure 18.5),
after Tang et al. (1987), required 5.5 V to reach a luminance of 100 cd/m 2,
equivalent to common monitor and cathode ray tube brightness. It had a
current efficiency ~2 cd/A. It still vestiges the prototype for contemporary
avant-garde OLEDs.
18.4.3 Roles of Constituent Layers
The triumph of this device is attributed to the circumspect and judicious
selection of materials for the different constituent layers. Therefore, before
describing its operation, let us understand the generic small-molecule LED
structure consisting of a sequence of several layers (Figure 18.6). In this structure, each layer has a definitive assigned role as follows (Blochwitz 2001):

Organic Semiconductors and Small-Molecule LEDs   ■   323
(a)
4–10 V
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Figure 18.5 (a) OLED configuration, (b) and (c) molecular structures of Alq3, green emitter and
tertiary aromatic diamine, hole carrier.

Anode (A): Injects holes into the hole injection layer (HIL); it is a high
ionization potential material such as calcium or magnesium to inject holes
into the HIL. It is a transparent material like ITO to be able to transmit the
emitted light outside.
Hole
injection
layer:
Sealing glass sheet (0.5 mm)
Facilitates hole injection
from anode into the hole
Cathode (100 nm)
transport layer (HTL) by
Electron injection layer (EIL)
choosing the energy level of
Electron transport layer (ETL:50 nm)
4–10 V
the HOMO to be between
Emission layer (EML:60 nm)
HOMO of the HTL and
Hole transport layer (HTL:50 nm)
ionization potential of the
Hole injection layer (HIL)
anode.
Anode (Indium tin oxide-150 nm)
Hole transport layer:
Transparent substrate (0.7 mm)
Makes hole transference
easy by virtue of its high hole
mobility; it also opposes
electron transfer from the
Light output
cathode toward the anode
because this causes a shunt Figure 18.6 Layer sequence in an organic LED.
current to flow.
Emission layer: Makes hole and electron injection from adjoining layers
by suitable HOMO and LUMO positions of the emission layer; it should
have a high photoluminescence efficiency with emission red-shifted to
absorption.
Electron transport layer (ETL): Complementary to HTL.
Electron injection layer (EIL): Complementary to HIL.
Cathode (K): Injects electrons into the EIL; it is generally made of a low
work function material such as calcium or magnesium.
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18.4.4 Operating Mechanism of Small-Molecule LED and
Multifunctionality of Layers
In the LED stack of Tang and VanSlyke (1987), ITO stands for indium tin
oxide or tin-doped indium oxide. It is a solid solution of indium (III) oxide
(In2O3) and tin (IV) oxide (SnO2). Its thin layers are transparent and colorless. It is the most widely used transparent conducting oxide because of its two
chief properties, viz., the electrical conductivity and optical transparency. It
has a sheet resistance of 10–20 Ω/□. ITO provides efficient injection of holes
into diamine, its neighboring layer. Diamine is a hole carrier. It transports
holes only, and keeps the emission zone away from the light-quenching contacts. Alq3 belonging to the family of fluorescent metal chelate complexes,
tris (8-hydroxyquinoline aluminum), is an electron carrier and luminescent
center. It has a high photoluminescence efficiency that is strongly red shifted
to the absorption. It provides a green emission. The electron injecting contact
is a magnesium–silver alloy (Mg:Ag). The low work function Mg is used as an
electron injector into the organic film. To prevent it from atmospheric oxidation and corrosion and to promote its adhesion with the organic film, Ag is
used. Mg:Ag efficiently injects electrons into Alq3. All the layers, including
the organic layers, are deposited by vacuum evaporation.
During LED operation, the diamine layer blocks the electrons injected
by the Mg:Ag layer. Electron–hole recombination processes take place at
the interface between the diamine and Alq3 layer. They are confined to the
Alq3 layer adjoining the diamine layer to a distance ~30 nm. The organic
diode behaves as a rectifier and is forward biased when a positive voltage is
applied to the ITO layer. Light emission starts from a low voltage of 2.5 V.
The current–voltage characteristics of the diode are stalwartly dependent on
the thickness of the Alq3 layer but relatively independent of the diamine layer
thickness.
Thus, in actual organic LEDs, the number of layers is less than that listed
above because the layers are multifunctional, that is, one layer serves the
purpose of several layers.

18.5 Energy Band Diagram of OLED
Figure 18.7 shows the energy band diagram of an OLED device consisting
of one or more semiconducting organic thin films sandwiched between two
electrodes (Hughes and Bryce 2005, Guaino et al. 2011). When a forward
bias is applied, electrons are injected from the cathode into the LUMO of
the organic semiconductor while holes are instilled from the anode into the
HOMO of the same.
A high efficiency of electron injection is possible by matching the LUMO
level of the organic semiconductor with the work function of the metal cathode, φCM, that is, the Fermi energy, EF. The energy matching between cathode
metal and LUMO prevents energy loss during electron injection. Metals having the required low work function are often highly reactive and vulnerable
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Figure 18.7 Energy band diagrams for (a) OLED operation, (b) anode–semiconductor interface,
and cathode–semiconductor interface.

to corrosion in a humid environment in the presence of oxygen, making the
choice restricted. Ca or Mg is usually employed. Since the work function of
Ca or Mg is low, the electrons are able to overcome the barrier between the
Ca or Mg Fermi level and the LUMO level of the organic semiconductor. An
ohmic contact is therefore established.
Likewise, to achieve a good light-emitting efficiency, a high rate of hole
injection is essential, for which it is necessary to match the work function of
the anode metal φAM, that is, the Fermi energy, EF, with the HOMO level
of the organic semiconductor. Owing to the high work function of many
metals, this matching is easy. Not only metals, several metal oxides, such as
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transparent ITO, GaInO3 or ZnInSnO also have large work functions that
are near the HOMO level of organic semiconductors such as diamine, making them suitable for anodes.

18.6 High-Efficiency OLED
It is difficult to realize a simpliﬁed device structure that maintains high efficiency at high luminance because at high exciton densities the triplet excitons
self-quench through triplet–triplet annihilation. At high current densities, triplet excitons may also quench with accumulated polarons (charged
molecules) at the various organic heterojunctions in the device. Therefore,
strenuous efforts have been made toward minimization of the effects of various quenching processes at high luminance. Scores of the proposed schemes
signiﬁcantly increase the device complexity, leading to manufacturing
problems.
Wang et al. (2011) fabricated a simplified trilayer green phosphorescent organic light-emitting diode (PHOLED) with high efficiency and an
ultralow efficiency roll-off. This simplified device design strategy represents
a pathway toward high-efficacy OLEDs. It should be applicable to other
phosphorescent emitters as well as WOLEDs.
The device structure consists of a glass substrate coated with ITO/
MoO3 (1 nm), then CBP [4′-bis(carbazol-9-yl)-1-1′-phenyl], followed by
CBP:Ir(ppy)2(acac) (15 nm), and TPBi [2,2′,2″(1,3,5-benzinetriyl-tris(1phenyl-1-H-benzimidazole)] (65 nm) and to end with LiF/Al (100 nm).
The high efficiency of this simpliﬁed phosphorescent OLED over a broad
luminance range arises from the inhibition of triplet exciton quenching processes at high luminance. Barrier at the HTL/EML interface is eliminated
by using CBP as both the HTL and host for the phosphorescent emitter.
Furthermore, no barrier exists at the EML/ETL interface because the
energy levels of CBP and the TPBi ETL are nearly identical. Thus, there are
no energetic barriers at which the charge carriers accumulate. This suppression of charge carrier accumulation is the reason for the low efficiency roll-off
of the simpliﬁed design.
Kwon and Pode (2011) displayed high-efficiency red PHOLEDs comprising only single emitting layer while Yuan et al. (2012) demonstrated highefficiency green phosphorescent organic light-emitting diodes (PHOLEDs).

18.7 Discussion and Conclusions
A double-heterostructure small-molecule OLED is a multilayer device consisting of a transparent metal oxide anode and a metal cathode and three
organic layers sandwiched between these electrodes, viz., the HTL, emissive layer (EML), and ETL. The organic layer adjoining the anode is the
HTL and that adjacent to cathode is the ETL. The EML usually consists of
light-emitting dyes or dopants dispersed in a suitable host material, which is
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often the same as HTL or ETL material. The standard fabrication method
for small-molecule OLEDs is vapor deposition under high vacuum. But
this process increases fabrication complexity. Moreover, pixelation using
evaporation masks limits its scalability and resolution. Therefore, solutionprocessed small-molecule OLEDs are calling for more research attention,
as such devices amalgamate the advantages of small molecules with the lowcost solution process.
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Review Exercises
18.1
18.2
18.3
18.4

What are the π-electrons in an unsaturated organic material? By
what mechanism do they contribute to electrical conduction in
these materials?
List the main features of organic semiconductors and point out their
differences with inorganic semiconductors.
What are the two main classes of organic semiconductors? Comment
on the processing condition requirements and times taken for processing in the two cases.
Name the structural layers in a small-organic-molecule LED.
Describe the role played by each layer.

Chap ter

19

Polymer LEDs
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾

Gain knowledge of the introduction of polymer LED by Burroughes
et al.
Understand the structural constitution of a polymer LED
Discuss the necessary steps to improve the internal efficiency of a polymer LED
Make a distinction between small- and large-molecule LEDs
Compare organic LEDs with inorganic LEDs and also organic LEDs
with LCDs

19.1 Moving to Polymers
The structural stability of the organic layers may be emended by moving
from molecular to macromolecular materials (Kraft et al. 1998, Kulkarni
et al. 2004). A worthy material choice is “conjugated polymers” because they
provide both superb charge transport and high quantum efficiency for the
luminescence (Friend et al. 1999a, Li et al. 1999). Poly (p-phenylene vinylene) or PPV is an esteemed member of the conjugated polymer class that
has larger semiconductor gaps, and that can be prepared in a convincingly
uncontaminated form to control nonradiative decay of excited states at defect
locales, thereby providing high quantum yields for photoluminescence. It is
conveniently made into high-quality films and displays strong photoluminescence in a band centered near 2.2 eV, a little below the threshold for p to
p* interband transitions. Like Alq3, it gives off light in the green segment of
the spectrum.
Light-emitting polymers were first promulgated by Burroughes et al. (1990)
of Cambridge University in an article in Nature. Burroughes et al. (1990) synthesized PPV (I) using a solution-processable precursor polymer (II). Thin
films ~70 nm of the precursor polymer in methanol solvent were spin-coated
329
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on glass and cured (typically ≥250°C, in vacuo, for 10 h), whereby they became
homogeneous, compacted together, and uniform. For the negative, electroninjecting bottom contact, materials with low work function such as indium
oxide are employed, and for the positive, hole-injecting top contact, materials
with high work function such as aluminum are used. In forward bias operation, keeping indium oxide positive with respect to the aluminum electrode,
the threshold voltage for appreciable charge injection is a little below 14 V at
a field of 2 × 106 V/cm, and the diode emits in the green-yellow part of the
spectrum with a quantum efficiency of 0.05%. Considerable progress has been
made since 1990 when the polymer LED only emitted yellowish-green color
at a high voltage. Now, the emission color sweeps from deep blue to near infrared. Also, the quantum efficiency of the multilayer polymer LED has attained
values above 4%, and the operating voltage is much lower. Polymer LEDs have
reached commercialization status but predicaments innate to organic devices
have not been unraveled.

19.2 Polymer LED Operation
The three main parts of a polymer LED (Figure 19.1) are as follows (i) Anode:
This hole delivering electrode is usually transparent, and is made of a metal
of high work function such as indium tin oxide (ITO) (4.6 eV), gold (5.1 eV),
and so on. (ii) Cathode: This electron supplier electrode is made of a metal
of low work function, for example, aluminum (4.08 eV) or calcium (2.9 eV).
(iii) Polymer: It is a conjugated polymer film ~100 nm thick. Work function
is the minimum amount of energy required to remove an electron from the
surface of a metal.
The application of a DC bias to a polymer LED causes hole injection from
the anode and electron injection from the cathode. The injected holes and
electrons travel under the applied bias toward each other. As they approach
closer together, electron–hole
recombination takes place in
Battery
the conjugated polymer layer
Cathode
forming bound excited states
(Ca, Al, or Mg)
(excitons). Some of the excitons (singlets) then decay in
Electron
the conjugated polymer layer.
Exciton
These perishing excitons
Polymer
emit light, which emerges
Anode (ITO)
Hole
through the transparent glass
Glass substrate
substrate.
The color of emitted light is
decided by the energy gap of
Emitted light
the polymer. In a conjugated
polymer, a finite energy gap
Figure 19.1 Polymer LED.
exists because the p electrons
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are not utterly delocalized over the entire polymer chain. Instead, there are
alternate regions in the polymer chain that have a higher electron density. The
chain length of such a region is ~15–20 multiple bonds. The emission color is
altered by tuning this energy bandgap. Bond alternation sets precincts on the
extent of delocalization.

19.3 Internal Quantum Efficiency of Polymer LED
19.3.1 Matching the Number of Holes and Electrons Reaching the Polymer Layer
Owing to the higher electron affinity (the tendency of an atom or molecule to capture an electron forming a negative ion) of conjugated polymers,
the transport of holes is favored more than electrons. Consequently, more
holes arrive at the polymer layer than electrons. Electron–hole balance is
maintained either by matching the work function of the electrode with the
electron affinity and ionization potential (energy required to remove an
electron from an isolated atom or molecule) of the polymer, or by tuning
the electron affinity and ionization potential of the polymer to be equivalent with the work function of the electrode. To swell the electron population, a lower work function metal like Ca may be used as cathode in place
of aluminum.
19.3.2 Using Several Polymer Layers
Coating PPV with a thin film of poly[2,5-di(hexyloxy)cyanoterephthalylidene] (CN-PPV) helps to improve the transfer and recombination of electrons and holes because the nitrile group in the CN-PPV increases the
electron affinity, whereby electrons traverse with no trouble from aluminum
to the polymer layer. Also, Al or Au can be used as a cathode instead of
Ca. Furthermore, CN-PPV increases the binding energy of the occupied
p and vacant p* state but upholds an identical p–p* gap. Hence, on placing the PPV and CN-PPV jointly, holes and electrons are restricted at the
heterojunction.
19.3.3 Polymer Doping
Doping is the process of intentional introduction of impurities to create carriers. Doping of MEH-PPV with iodine, achieved by blending 1 wt% MEHPPV with 0.2 wt% iodine, in the molar ratio MEH-PPV/iodine = 5:1, raises
the efficiency by 200%.
19.3.4 External Quantum Efficiency of Polymer LED
In inorganic LEDs, Fabry–Perot resonant structures are used. For constructing a microcavity for a polymer LED, the polymer is positioned between two
mirrors. One of these mirrors is made of Al, and the other, a Bragg mirror,
is formed by epitaxial multilayer stacks of Si xNy and SiO2.
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19.4 Energy Band Diagrams of Different Polymer LED Structures
Energy band diagrams help us in understanding the material compatibility
for the layers of a polymer LED.
19.4.1 ITO/Polymer (MEH-PPV)/Ca LED
Referring to Figure 19.2, calcium forms an ionic charge-transfer complex
with the surface layers of the MEH-PPV, thereby doping the polymer
N-type (Bröms et al. 1995, Friend et al. 1999b). Calcium has a work function of 2.9 eV, which is close to the electron affinity of MEH-PPV (2.8 eV)
and the barrier for electron injection is therefore small. The barrier at the
cathode–polymer interface is 2.9–2.8 = 0.1 eV (Blom et al. 1995). Although
calcium provides an effective polymer–metal junction for effectively injecting
electrons into the organic matrix, it is subject to degradation and is inconvenient to handle due to its reactive nature. Aluminum alloyed with low-work
function metals can provide an air-stable material, which also gives good
performance.
19.4.2 ITO/Polymer (MEH-PPV)/Al LED
In Figure 19.3, the barrier for hole injection from the ITO cathode into
the valence band states (or highest occupied molecular orbital, HOMO) of
MEH-PPV is very small, ~0.3 eV. Using an aluminum cathode, a considerably larger barrier for electron injection into the PPV conduction band states
(or lowest unoccupied molecular orbital, LUMO) = 1.5 eV exists.
19.4.3 ITO/(MEH-PPV + CN-PPV)/Al LED
In Figure 19.4, CN-PPV has an electron affinity 0.5–0.6 eV larger than
that of PPV (Shinar 2004). Therefore, it increases the electron affinity of
the polymer by 0.5 eV, making it (2.8 + 0.5) eV = 3.3 eV. Using (MEHPPV + CN-PPV) with aluminum cathode reduces the barrier for electron
injection into the MEH-PPV conduction band states (or lowest unoccupied
molecular orbital, LUMO) from 4.3–2.8 = 1.5 eV to 4.3–3.3 = 1.0 eV, thus
facilitating electron transfer from Al to the polymer, and enabling a high
work function material such as Al or Au to be used for electron injection.
19.4.4 ITO/(PEDOT:PSS + MEH-PPV)/Ca LED
With reference to Figure 19.5, as the ITO has a work function of 4.9 eV, the
holes from the ITO layer have to overcome an energy barrier of 0.3 eV for
entering the polymer. The inclusion of a layer of poly(ethylenedioxy)thiophene, or PEDOT conducting polymer mixed with poly(styrene sulfonic
acid), or PSS, between the ITO and the light-emitting polymer helps to
improve the injection of holes (de Kok et al. 2004).
PEDOT:PSS is a mixture of polymers as shown in Figure 19.6.
The PEDOT/PSS layer has a high work function (5.0 eV), allowing
easier injection of holes into the PPV since the barrier is now reduced from
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Figure 19.2 Energy band diagram of an ITO/polymer (MEH-PPV)/Ca LED: (a) in equilibrium
and (b) under forward bias. ϕ = work function = 2.9 eV for calcium, 4.9 eV for ITO; χ = electron
affinity of the polymer = 2.8 eV for MEH-PPV; IP = ionization potential = 5.2 eV for MEH-PPV;
Eg = energy gap = 2.4 eV for MEH-PPV; and ΔEh, ΔE e = barriers to hole and electron injection = 0.3
and 0.1 eV, respectively.
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Figure 19.3 Energy band diagram of an ITO/polymer (MEH-PPV)/Al LED: (a) in equilibrium
and (b) under forward bias. ϕ = work function = 4.3 eV for aluminum, 4.9 eV for ITO; χ = electron
affinity of the polymer = 2.8 eV for MEH-PPV; IP = ionization potential = 5.2 eV for MEH-PPV;
Eg = energy gap = 2.4 eV for MEH-PPV; and ΔEh, ΔE e = barriers to hole and electron injection = 0.3
and 1.5 eV, respectively.
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Figure 19.4 Energy band diagram of an ITO/(MEH-PPV + CN-PPV)/Al LED: (a) in equilibrium
and (b) under forward bias. ϕ = work function = 4.3 eV for aluminum, 4.9 eV for ITO; χ = electron
affinity of the polymer = 2.8 eV for MEH-PPV, 3.3 eV for CN-PPV; IP = ionization potential = 5.2 eV
for MEH-PPV, 5.4 eV for CN-PPV; Eg = energy gap = 2.4 eV for MEH-PPV, 2.1 eV for CN-PPV;
and ΔEh, ΔE e = barriers to hole and electron injection = 0.3 and 1.0 eV, respectively.
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Figure 19.5 Energy band diagram of an ITO/(PEDOT:PSS + PPV)/Ca LED: (a) in equilibrium
and (b) under forward bias. ϕ = work function = 2.9 eV for calcium, 4.9 eV for ITO; χ = electron
affinity of the polymer = 2.8 eV for MEH-PPV; IP = ionization potential = 5.2 eV for MEH-PPV,
5.0 eV for PEDOT:PSS; Eg = energy gap = 2.4 eV for MEH-PPV, 1.6 eV for PEDOT:PSS; and ΔEh,
ΔE e = barriers to hole and electron injection = 0.1 eV and 0.1 eV, respectively.
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Figure 19.6  PEDOT:PSS as a polymer mixture of the ionomers: poly(ethylenedioxy)thiophene
(PEDOT) doped with poly(styrene sulfonic acid) (PSS).

5.2–4.9 = 0.3 eV to 5.0–4.9 = 0.1 eV. It also smoothes out the relatively
rough surface of ITO, thereby preventing any local short-circuiting that may
lead to device failure.

19.5 Fabrication of Polymer LED
The fabrication of polymer LED involves several steps, which are described
in Figure 19.7.

19.6 Differences between Small-Molecule and Polymer LEDs
After describing small-molecule organic LEDs in the preceding chapter and
the polymer LEDs in the current chapter, it is worthwhile to look at their
relative merits and demerits. Both types of LEDs show comparative performance. They are expected to coexist and will be used according to the application. But small-molecule LED devices have a higher degree of reproducibility
than polymer LEDs. This is because they allow overall control over the layer
sequence, possess sharper interfaces and afford an easier puriﬁcation of materials. Table 19.1 brings out their relative advantages and shortcomings.
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1. Cleaning of ITO substrates (1" × 1" glass sheets precoated with ITO, 20
ohms/sq) for anode: Take 20% by weight solution of ethanolamine in
deionized water, heat it to 80°C and subject the immersed substrates to
ultrasonic agitation in a bath for 10–15 minutes. OR, sonicate in acetone
for 10 min, dry in nitrogen; sonicate in isopropanol for 10 min and dry in
nitrogen.
2. Hole transport layer (PEDOT:PSS) formation: Using a 1 cc syringe,
suck up ½ mL PEDOT/PSS aqueous solution into a 1 mL syringe and
attach a 0.20 µL syringe filter to the end. Place a substrate on the spin
coater chuck and center it. Set the spin speed to 1000 RPM and the spin
time to 300 seconds. Carefully push the blue PEDOT/PSS solution
through the filter on to the center of the substrate. The solution will
spread out and the water will evaporate. Start the spinner. After completion of spinning, place the substrate into the vacuum oven (60 mtorr) and
keep it for 60 min.
3. Emissive layer (CN-PPV) formation: Place the substrate back on the
spin coater. Setting the spin speed to 2000 RPM, pour 300 µL CN-PPV on
the center of the substrate. Perform spinning for 300 s as before. Keep the
substrate in vacuum oven (60 mtorr) for 60 min. With the help of a
cotton swab and some chloroform, rub the polymer off from a small
corner to expose the ITO.
4. Metal cathode deposition: Use a shadow mask to define the calcium
contacting and aluminum protective layers. These metals are evaporated
at <10–9 mbar in a thermal evaporation unit. Although relatively simple,
this method is inefficient and difficult to upscale to large substrates.
Alternative deposition techniques include laser annealing and inkjet
printing, which are scalable and more efficient than vacuum deposition.

5. Lead attachment: Squeeze out some conducting silver epoxy into a
plastic petri dish. Mix well with a wooden applicator taking care that as
few bubbles as possible are introduced. Put a blob of epoxy on the
substrate over the pads and carefully spread around. Using tweezers, put
a microscope cover slip on top of the epoxy. Let the epoxy cure for 10
minutes. This will make the wire contacts very robust and help exclude
oxygen from the devices. The device is ready for testing and measurements.

Figure 19.7

Process flow chart showing the fabrication steps of a polymer LED.

19.7 Organic LEDs, Inorganic LEDs, and LCDs
After overviewing various organic LEDs in general, let us examine how
they perform with respect to inorganic LEDs and LCDs. The above three
technologies pose a tough competition among themselves as evident from
Tables 19.2 and 19.3.
It is cogent from Table 19.2 that inorganic LEDs have lower operating
voltages, higher quantum efficiency, higher lumen output, and other superior properties than organic LEDs. Consequently, inorganic LEDs are recommended for high-quality optical systems such as projection systems. But
organic LEDs have a niche for themselves. They find applications in largearea displays, where inorganic LED costs become unreasonably high. The
slim organic LED display may allow lighting to be mounted directly on
ceilings without any fixtures suspended from them. Its flexibility may permit lighting fixtures to function normally even when designed for restricted
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Table 19.1

Advantages/Disadvantages of Small-Molecule and Polymer LEDs

LED Type
Small molecule

Polymer

Table 19.2
Sl. No.

Advantages

Disadvantages

Cleaning of small-molecule
materials can be done repeatedly
until the desired level is
attained. Vacuum processing
conserves the purity. High purity
secures compatibility to CMOS
technology.
Cheaper technology because spin
coating is done in the atmosphere
and patterning is done by a simple
printing process.
LEDs using conducting polymers
such as PEDOT:PSS, as injection
layers, have lower operating
voltages because of energy band
or level bending at the contacts,
making carrier injection easier. This
bending is caused by intrinsic
impurities in the polymer, a kind of
natural doping.

Clean rooms and expensive vacuum
systems are required for fabrication.
Mask alignment for multicolor LED
displays is complicated.
Higher operating voltage.

Inorganic versus Organic LEDs
Characteristic

1.

Constructional
material

2.

Refractive index of
material

3.

Outcoupling
efficiency (%)
Internal quantum
efficiency
Lumen output
Type of light source

4.
5.
6.

Polymers often contain intrinsic
impurities originating from their
synthesis or remnant traces of the
solvents.
Solution incompatibility between
successive layers makes it difficult to
use more than two polymers.
because of dissolution of previous
coating by its upper layer.
Difficulty in spin coating polymers
uniformly on substrates >5″ in
diameter. This impairs the excellence
of larger-area displays.

Inorganic LEDs

Organic LEDs

Crystalline materials like
GaN on small highly
reﬂecting substrates
High, for example, n = 2.5–
3.2 for GaN and InN
(green wavelength)
2.1 (for n = 3.5)

Use disordered materials such
as PPV

9.3 (for n =1.72)

High

Low (25%)

High
Bright point light source;
light emission is measured
as luminance (in cd/m2)

Low
Large-area light source
(areal emitter); light
emission is measured as
luminous intensity (in
candela) or total luminous
ﬂux (in lumens)
continued

Low, for example, n = 1.72
for Alq3
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Table 19.2
Sl. No.

(continued ) Inorganic versus Organic LEDs
Characteristic

Inorganic LEDs

7.

Light emission
mechanism

The excited states are
electronic and the photon
is emitted when the
electron falls from higher to
lower energy level

8.

Charge carrier
origin

Dopants of a P–N junction

9.
10.

Carrier mobility
Carrier profile

11.

Voltage drop

12.

Possibility to
integrate in large
areas

High
Carrier concentration is
constant in the neutral
regions outside the
depletion region
Less; no voltage drop
outside the depletion
region
Not possible to integrate
highly efficient inorganic
LEDs on large dimensions;
arrays of inorganic LEDs
are currently used for very
large-area displays in a
daylight environment

13.

Effect of humidity

Less

14.

Lifetime

Long

15.

Glare effects and
brightness

They produce glare. They
are blindingly bright
sources. Luminance:
106–107 cd/m2

16.

Appreciable

17.

Thickness of display
panel
Heat sink

18.

Manufacturability

19.

Manufacturing cost
per unit area

Needed

Complicated fabrication
process requiring costly
equipment
x (suppose)

Organic LEDs
Light is emitted by electron–
hole interactions in the
organic thin film producing
excitons; de-excitation of
excitons causes photon
emission
Electrodes of the device
Low
Carrier concentration is high
near the electrodes

More; appreciable voltage
drop outside the emission
zone
Preferred for large and
ﬂat direct view displays
with a high pixel
number and density in
room-light environment,
for example, laptop
monitors and television
screens
Highly moisture-sensitive;
hence demanding
low-permeation
packaging
Shorter and dependent on
stable environmental
conditions
They give diffused light without
glare. They do not blind.
Luminance: 102–104 cd/m2,
which is 104 times lower than
inorganic LED
Slim; the thickness of the
organic LED panel ~1 mm
Heat dissipation is more
efficient; hence heat sink is
normally not required
Reel-to-reel process offers
simplicity in manufacturing
1 × 10-4 x where x is the
manufacturing cost per unit
area of inorganic LEDs
continued
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Table 19.2
Sl. No.
20.

(continued ) Inorganic versus Organic LEDs
Characteristic

Applications

Inorganic LEDs

Organic LEDs

As an alternative to
conventional filament-based
and modern fluorescent
lighting, architectural
lighting, cell phones;
flashlights, track-lighting on
aeroplane floors, traffic
lights, computer monitor
power indicators,
communication, and so on.
Suitable for imaging optics

General solid-state lighting,
backlighting of LCDs, and
full color displays of larger
areas, by combination with
color filters. Not suitable for
imaging optics

spaces. Hence, inorganic and organic LEDs have different applications. They
play complementary roles to each other.
Briefly, Table 19.3 shows that organic LEDs are brighter, thinner, faster,
lighter, less power-hungry, and work in a wide temperature range than
LCDs. Further, doping or enhancement of the organic material in LED
Table 19.3
Sl. No.

LCDs and Organic LEDs
Feature

LCDs

Organic LEDs
Low; an OLED TV consumes ~40% of the
power of an LCD TV when displaying a
black image, but for the majority of
images, it devours 60%–80% of the
power of an LCD
Fast (0.01 ms)
Fast
High (1,000,000:1)
More
Wide
Less durable; not water resistant. The
earlier blue OLEDs had a lifetime of
14,000 h to 50% original brightness,
which is less than the typical lifetime of
LCD. OLED is still unproven
Do not require backlighting

1.

Power consumption

High

2.
3.
4.
5.
6.
7.

Response time
Refresh rate
Contrast
Brightness
Viewing angle
Durability

Slow (1 ms)
Slow
Low (350–450:1)
Less
Narrow
More durable

8.

Backlighting

9.
10.
11.

Operating
temperature range
Weight
Displays

Need a white
backlight
Narrow

12.
13.
14.

Malleability
Structure
Fabrication

Heavy
Thicker and not
flexible
Not malleable
Highly structured
Difficult

Broad
Light
Ultrathin, flexible, curved, and wearable
Can be bent or rolled up
Not structured
Easy
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helps in controlling the brightness or color of light. In LCD, such control is
not possible.

19.8 Discussion and Conclusions
Although small-organic-molecule LEDs give satisfactory performance,
the deposition of small molecules on the substrates is done in vacuum. In
opposition, polymeric LEDs have relatively simple architectures. In these
LEDs, the light-emitting polymer layer combines host, emitter, and charge
transport functions in a single solution-processed layer. Even though lightemitting polymers are solution processable, the performances of polymer
LEDs are inferior to vacuum-deposited small-molecule LEDs in the
respects that polymer LEDs are less efficient and have shorter life spans
than small-molecule LEDs. Other tribulations relate to the purification
of polymeric materials and batch-to-batch variability. Therefore, polymerbased devices need to be improved for commercial exploitation. But polymeric LEDs are more easily adapted for printing techniques, leading to the
belief that they offer the best way to create large OLED panels using easy
printing methods.
Small- and L arge-Molecule LEDs
Small-molecule LEDs require sophisticated fabrication
Large-molecule LEDs bring process simplification
Small molecules lend easy purification
Large molecules are liable to contamination
Small-molecule LEDs are expensive but repeatable
Large-molecule LEDs are cheaper but variable.
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Review Exercises
19.1	What advantages are offered by conjugated polymers? Give an
example of the same and indicate the part of the visible spectrum in
which it emits light.
19.2	Discuss the statement “Small-molecule and polymer LEDs are
likely to coexist, and will be used according to the application.”
19.3 A polymer has a high-electron affinity. What does this high-electron affinity imply regarding its behavior toward hole or electron
transport?
19.4	A metal has a low-work function. What does this low-work function value mean regarding its use as a cathode material in a polymer LED?
19.5	What are the two ways in which the placement of the CN-PPV
layer along with the PPV layer help in improving the performance
of the LED?
19.6	Draw and explain the energy band diagram of an ITO/polymer
(MEH-PPV)/Ca LED.
19.7 Draw the energy band diagram of an ITO/(MEH-PPV +
CN-PPV)/Al LED. Give an explanation of its operation.
		
19.8	An LED is fabricated with the following layer sequence: ITO/
(PEDOT:PSS + MEH-PPV)/Ca LED. Explain with the help of
its energy band diagram, the role of the PEDOT:PSS layer in LED
functioning.
19.9 What are the principal process steps involved in the fabrication of a
polymer LED? Briefly describe how each process step is carried out.
19.10	Prepare a comparative chart illustrating the pros and cons of (a)
organic and inorganic LEDs, and (b) organic LEDs and LCDs.

Chap ter

20

White Organic LEDs
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾

Be conversant with single emitter and multiple emitter approaches for
white light generation
Vividly compare excimers, electromers, and exciplexes
Get an appraisal of the three types of single emitting devices, viz., single molecular emitters, single polymers, and blue LED with phosphor
Discuss about the two subclasses of single emitters, viz., single and
multiple stacks
Describe the two types of multiple stacks: horizontal and vertical

Highly efficient large-area light sources call for the development of white
organic light-emitting diodes (WOLEDs) (Zhi-lin et al. 2001). WOLEDs
having efficiencies reaching 90 lm/W at 1000 cd/m 2 are practicable, promising to be increased to 124 lm/W by improving the light outcoupling efficiency (Reineke et al. 2009). Indeed, the most gorgeous emitting color in
LED industry is the white color because it offers numerous benefits in lighting technology such as energy saving in architectural lighting, flashlights,
backlighting of liquid crystal displays, and full color displays of larger areas
by union with color filters (Cho et al. 2010, Oner et al. 2011).

20.1 Obtaining White Electroluminescence
20.1.1 Necessary Conditions
Producing white electroluminescence for WOLEDs through organic and
organometallic emitter materials entails the simultaneous, coincident emission of light of the three primary colors or of two complementary colors by
combining emitter materials of different colors. For this rationale, proper
control of energy transfer processes funneling excitons from the highest
energy emitter materials (blue) to the lowest ones (orange/red) is necessary.
345
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Emission ensues from the latter only if complete energy transference occurs.
In such arrangements, a blue emitter material is indispensable as the chief
component.
20.1.2 Foundation Approaches
The underpinning approaches to obtain white electroluminescence fall into
two main classes (Farinola and Ragni 2011): (i) Methods using a single emitter material that concurrently emits different wavelengths covering a large
segment of the visible spectrum. (ii) Methods based on the confederacy of
two or more separate emitter materials of different colors.

20.2 Single Emitter-Based WOLED Schemes
Several routes to the realization of single emitter-based WOLEDs are
given in Table 20.1. More information is furnished in the following
subsections.
20.2.1 Solitary Molecular Emitters Forming Excimers/Exciplexes or Electromers
20.2.1.1 Excimers and Exciplexes

Single-component organic solids made of chemically similar molecules that
do not aggregate in the ground state may contain bimolecular excited states
originating from resonance interactions between a molecular exciton and
neighboring nonexcited molecules. These excited states are called excimers
(D’Andrade and Forrest 2004, Tsuboi 2010). Thus, an excited dimer or
excimer is a transient charge transfer complex formed by the association of
two adjoining similar molecules, one of which is in the excited state and the
other in the ground state. These molecules are bound together by electronic
excitation energy but will remain dissociated in the ground state. Further,
when the two molecules are different, the short-lived charge complex is
termed an exciplex, as opposed to the excimer in which the two molecules
were similar.
20.2.1.2 Electromers

Electromeric effect, the phenomenon of movement of electrons from one
atom to another in multibonded atoms, refers to a molecular polarizability
effect occurring by an intramolecular electron displacement characterized
by the substitution of one electron pair for another within the same atomic
octet of electrons. Electromers embody aggregates derived from two identical molecules, one carrying a surplus electron (radical anion) and the other a
hole (radical cation).
20.2.1.3 Red Shift in Excimer and Electromer Emission Wavelengths

As the energy of both the excimers and electromers is lower than that of
monomer excitons, they are emitted at longer wavelengths. Hence, their
emission wavelength is red-shifted relative to that of the single molecule.
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Table 20.1 Single Emitter-Based Fabrication Pathways to Organic White
Light-Emitting Diodes
Single Emitters
Class Name
Subclass name

Principle

Processing

Advantages

Disadvantages

1

2

Single molecular emitters
forming excimers or
electromers
Chemical compound
based on species
producing simultaneous
blue emission from
molecular excited states
and red-orange emission
from excited aggregates
such as excimers or
electromers, formed in
the solid state
Simple in processing

Single polymers or
molecules emitting
multiple colors
Single polymers or
well-defined
molecules containing
different emitting
centers covalently
coupled in the same
molecular structure

Emission does not vary
with LED ageing because
only one species
contributes toward blue
and orange-red lights
Low efficiency and
complex molecular
design for scheming
white color purity

Low-cost and simple
solution processing
for large-area
light-emitting devices
No phase separation
and no differential
ageing issues

Reported efficiencies
are lower than those
for multilayer stacked
white organic LEDs.
Challenges of
molecular design
and synthesis

3
Blue LED + yellow/
orange phosphor
Single color emitting
organic LED with a
down-conversion
layer

Easy fabrication
techniques

Better color stability
as the ageing rate is
decided by a single
emitter
Efficiency is limited by
that of the blue
organic LED

20.2.1.4 WOLED Examples Using Excimers

In fused terthiophene compound (3,5-dimethyl-2,6-bis(dimesitylboryl)dithieno[3,2-b:20,30-d]thiophene), white electroluminescence is obtained
by merging the simultaneous blue-green terthiophene monomer emission
and red excimer emission.
White electroluminescence is also produced by planar platinum complexes that form excimers. The blue-emitting phosphorescent complex platinum (II) [2-(40,60-difluorophenyl)pyridinato-N,C20] acetylacetonate (FPt)
creates orange-emitting excimers. The relative intensities of monomer and
excimer emission are controlled by doping concentration giving off phosphorescent white light. A power effciency of 12.6 lm/W is achieved for 12 wt%
platinum complex.
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20.2.1.5 WOLED Example Using Electromer

For the 1,3,5-tris[2-(9-ethylcarbazolyl-3)ethylene]benzene (TECEB) emitter in WOLED having the structure ITO/TECEB(50 nm)/BCP(10 nm)/
Alq3(50 nm)/Mg:Ag, white electroluminescence takes place by unified
monomer and electromer emission.
20.2.1.6 Advantages and Disadvantages

White light emanating from excimer or electromer processes does not vary
with age because only one species is responsible for the blue and orange–red
components of the emitted light. The excimer or electromer LED structure represents a promising approach to reduce the dopants and structural
homogeneities creeping in the multiple layer architectures. Nevertheless,
the low efficiency of LED and complicated molecular design have to be
borne with.
20.2.2 Single Polymers or Molecules Emitting Several Colors
20.2.2.1 Convenience and Drawbacks of the Single Polymer Approach

Polymers containing different emitting centers covalently bonded in the
same molecular structure afford low-cost and simple solution processing for
large-area LEDs, overcoming the difficulties of phase separation and differential ageing that are inescapable when multiple emitting components are
used (Figure 20.1). But molecular design and synthesis are fiddly.
20.2.2.2 Examples of WOLEDs

In the WOLED structure ITO/PEDOT:PSS/P1 (120 nm)/Ca/Ag, the
Polymer P1, a polyfluorene (PF) bearing red-emitting benzothiadiazole (BT)
chromophores (groups of atoms
in a molecule, capable of selective light absorption resulting
Cathode terminal
in coloration of the molecule)
in the main chain and green
end-capping dye N-phenyl-1,8Anode terminal
naphthalimide (NTI) produces
Metal film
white electroluminescence, on
Organic layer
properly tuning the molar ratio
of monomers.
ITO
An ingenious white electroluminescent single molecular organization comprises a
Glass substrate
nonplanar dyad of two noninteracting fluorophores (blue
and orange) joined together
White light
with an ether linkage; a fluorophore is a chemical compound
Figure 20.1 Single-stack WOLED.
that can reemit light upon
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optical excitation. Nonplanarity is due to the nearly perpendicular conformation of the phenyl rings of the diphenylether unit, so that no excimers are
formed in the solid state. Independent emission from the two units releasing
lights of complementary colors is the cause of white electroluminescence.
20.2.3 Single Color-Emitting OLED with a Down-Conversion Layer
This approach, widely used in existing inorganic LED products, can be without doubt implemented for OLED (Figure 20.2). It provides better color
stability than other OLED schemes because the rate of ageing depends on
only one emitter.
20.2.3.1 Blue + Orange Mixing

Krummacher et al. (2006) used indium tin oxide (ITO)/glass substrate
precoated with a PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(sty
rene-sulfonate)) buffer layer. The light-emitting layer was a concoction of
PVK, OXD7, and FIrpic, spin coated on the PEDOT:PSS layer to yield
a layer of thickness ~70 nm, which was annealed at 80°C for 30 min. The
devices were completed by thermal evaporation of CsF (1 nm) and aluminum
(200 nm) top contact. The down-conversion phosphor, based on a nitridosilicate phosphor ([Sr, Ba, Ca]2Si5N8:Eu 2+), was applied on the outer surface of
the glass substrate.
The blue photons
emitted by the blue
OLED
are
partly
absorbed by the phosCathode terminal
phor and reemitted at
wavelengths matching
the orange range of the
Anode terminal
visible spectrum. The
Metal
unabsorbed blue light
is overlaid on the phos- Blue emitter
phor reemitted light to
ITO
produce the resultant
Blue light
output spectrum of the
WOLED. By varying
Glass substrate
the concentration and
thickness of the phosphor layer, the emission
Yellow/orange phosphor
spectrum is tailored in
the desired fashion. A
luminous efficacy of
White light
25 lm/W was achieved
at luminous efficiency Figure 20.2 Blue OLED pumping an orange-emitting
around 39 cd/A.
phosphor.
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20.2.3.2 Using UV Source

White emission from down conversion can also be obtained by coupling UV
light with red, green, and blue phosphors, each of which emits a different
color. Then white light emission is obtained by mixing these colors.

20.3 Multiple Emitter-Based WOLEDs
Table 20.2 briefly presents the various options that can be followed to fabricate WOLEDs by multiple emitter process. These options are explained
more elaborately in the following subsections.
20.3.1 Single Stack: Multiple Emitters Blended in a Single Layer
20.3.1.1 For-and-Against Qualities

Coalescing multiple functions such as charge transport, multiple color emission, and so on in one layer enables easy processing from solution or via
evaporation techniques, making this approach suitable for low-cost large-area
WOLED fabrication. But the morphology of the emitting layer and the judicious control of components ratio are critical parameters in the management
of energy transfer phenomena and hence the optimization of optoelectronic
properties of the devices. In WOLEDs made of binary or ternary blends, fine
control of ratio of emitters is less decisive than in doped systems. However,
efficiency and brightness are lower due to the use of singlet emitters.
Table 20.2 Multiple Emitter-Based Fabrication Pathways to Organic White LightEmitting Diodes
Class Name

Multiple Emitters
Multiple Stacks

Subclass Name

Single Stack

1

2

Principle

White emitting stack in
which white light is
obtained by a combination
of emissive components
providing red, green, and
blue light from a single
emitting layer

Vertical red–green–
blue (RGB) stack in
which the output
light spectrum is
determined by the
three light-emitting
components

Processing

Easy processing

Advantages

Provides
homogeneous
colors over the
active area
Complex processing

Horizontal RGB stack
in which the output
light spectrum of a
horizontal stack is
alterable during
device operation by
addressing the
patterns separately
Uses printing
techniques

Difficulty in tuning the color
Expensive
without affecting device
performance
Deficient in color stability owing to different lifetime ageing rates of the
emitters involved

Disadvantages
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20.3.1.2 Mixing Polymers with Two Complementary or Three Fundamental
Colors

A WOLED example is based on mixing two electroluminescent conjugated polymers: the blue-emitting poly(9,9-dioctylfluorene) (PFO) and the
orange–red-emitting poly[2-methoxy-5-(20-ethyl-hexyloxy)-1,4-phenylenevinylene] (MEH-PPV).
20.3.1.3 Doping Small Proportions of One or More Molecular Emitters in a
Wide Bandgap Host

In single emitting layer WOLEDs based on host–guest (dopant) systems,
the host serves as the charge-transporting material and every so often also
as the blue emitter while fluorescent or phosphorescent dopants emit light
from excited states. These excited states are produced either by direct charge
recombination or by energy transfer from the host.
AWOLED is constituted by a solution-casted electroluminescent layer
made of blue-emitting polyfluorene (BlueJ) doped with the green factris[2-(2-pyridinyl-N)(5-(3,4-di-sec-butoxyphenyl)phenyl)-C]iridium(III)
[Ir(PBPP)3] and the red tris(1-phenylisoquinoline)iridium(III) [Ir(PIQ )3]
complexes.
20.3.2 Stacked Layers Emitting Different Colors
20.3.2.1 Optimizing the Roles of Layers

Multilayer WOLED devices have high operating voltage because of the
thick profile due to the several stacked organic layers (Kamtekar et al.
2010). To ensure low-voltage operation, the device profile must be as thin
as possible. Also, the fabrication process and device operation of white
OLEDs realized by multilayer structure are complex. It is implemented
by consecutive deposition or sequential evaporation of different emitting
materials. To prevent interlayer mixing, physical separation of individual
layers is secured by interposing barrier films. To lower the charge injection
barriers and joule heating at the organic/organic interfaces, the emissive
materials are opted for in such a way that the HOMO and the LUMO
of different contiguous emissive materials intimately match against each
other. The emission of light from the device is reliant on the thickness and
composition of each layer, which must be accurately controlled to achieve
color balance. For producing white light, the thicknesses of individual
films and their dopant concentrations are adjusted on the basis of the luminescence spectra and efficiency. Satisfactory performance is obtained by
individually optimizing the contribution of each layer in the stacked architecture. For achieving good CRI and high luminescence efficiency, this
optimization is very crucial.
20.3.2.2 Vertical Red–Green–Blue Stack

The output spectrum of vertical red–green–blue (RGB) stack (Figure 20.3) is
determined by the three light-emitting components (Srivastava et al. 2010).
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Cathode terminal

Metal
Blue emitter
Green emitter
Red emitter
ITO

Glass substrate

Red light

Green light

Blue light

White light

Figure 20.3

Vertical RGB stack.

Anode terminal

Color homogeneity over the
active area is obtained by
this device architecture but
the processing methods are
complex.
A stacked OLED or
SOLED structure, in
which the red, green, and
blue OLEDs in the stack
can be independently driven
to produce the respective
colors, is a versatile LED
allowing independent mixing of colors, and enabling
the tuning of CRI and
chromaticity. Representing
a major benefit, this tuning method involving the
separate energizing of layers
also postpones the onset of
differential ageing effects of
several layers because a high
total brightness is possible
without overdriving any
particular layer far beyond
its capacity to reduce its life
span.

20.3.2.3 Horizontal RGB Stack

The output spectrum of a horizontal stack (Figure 20.4) can be changed while
operating the device by addressing the patterns separately. Stack manufacturing relies on expensive printing techniques (Krummacher et al. 2006).

20.4 Discussion and Conclusions
Since the first WOLED was developed by Kido and coworkers in 1993,
WOLEDs have shown promise for a major role in ambient lighting.
Methods to generate white light from OLEDs are broadly classified into
three approaches: (i) A single white emissive layer structure doped with different kinds of emissive materials offers easy fabrication but it is difficult to
tune the color without affecting device performance. (ii) A vertical/horizontal red–green–blue stacked structure is a versatile white OLED that allows
for independent tuning of the color mix, thereby providing color homogeneity and tuning of chromaticity over a wide range, but manufacturability
is complex and it is easier said than done to achieve color stability due to
different ageing rates of individual emitters. (iii) A blue OLED fabricated on
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Cathode terminal
(red)

Cathode terminal
(green)

Cathode terminal
(blue)

Metal

Metal

Red emitter

Green emitter

Common anode
terminal

Metal
Blue emitter

ITO
Glass substrate

Red light

Green light

Blue light

White light

Figure 20.4

Horizontal RGB stack.

one side of a glass substrate, and color-conversion materials deposited on the
opposite side of the substrate. This phosphor-converted emission method to
obtain white emission is already widely used in inorganic GaN-based phosphor-converted LEDs (pc-LEDs). It offers a simplistic fabrication process
and provides better color stability because the ageing rate depends on only a
single emitter. However, the stumpy efficiency of conversion obtained with
the phosphor layer prevents its widespread deployment.
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Review Exercises
20.1
20.2
20.3
20.4
20.5
20.6
20.7
20.8
20.9

What are the main approaches for obtaining white electroluminescence in organic materials? Explain giving examples.
How does an excimer differ from an exciplex? What is electromeric
effect? Define the term “electromer.”
Why does the white light obtained from electromer/exciplex processes vary with ageing?
Give one advantage and one disadvantage of obtaining white light
from excimer- or electromer-based processes.
Mention one example of a polymer emitting several colors and
explain how this polymer is used for fabricating white LED.
How is white light produced by doping a wide bandgap host with
small quantities of one or more molecular emitters? Give one example, mentioning the host and the dopant complexes.
How is the popular inorganic white LED approach of a blue LED
with yellow phosphor realized in organic structures? Describe one
practical structure following this principle.
Discuss the criticalities of white lighting production by mixing several emitters in a single layer. Name one blue-emitting polymer and
one red-emitting polymer.
Why is a stacked OLED with independently driven red, green, and
blue OLEDs considered as a versatile white LED structure?
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20.10 Explain with diagrams the working of the following LED structures: (a) vertical RGB stack and (b) horizontal RGB stack.
20.11 Why does a blue LED with yellow phosphor provide better color
stability than other methods of white light creation? What inhibits
its pervasive use?
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DC Driving Circuits for LEDs
Learning Objectives
After completing this chapter, the reader will be able to
Differentiate between a cell and a battery, and a battery and a capacitor
Understand the operation of a linear transistor regulator and its efficiency limitation
◾◾ Comprehend how an SMPS is able to deliver the required voltage output by adjustment of its duty cycle
◾◾ Get familiar with bucking, boosting, and bucking–boosting of voltages
for LEDs
◾◾ Describe the series and parallel circuit arrangements of LEDs
◾◾
◾◾

Following the description of the electrical and emissive characteristics of
the LEDs in the preceding chapters, let us now apply this knowledge and
concentrate our attention on how the LEDs are to be used in practice, and
the electrical driving sources—DC and AC—for the LEDs (Infineon 2013).
These sources along with the associated circuitry provide the input power,
thus serving as the power supplies, for operating the LEDs in the desired
manner to obtain light output demanded by the application at hand. Let us
embark on DC sources.

21.1 Features of DC Sources
DC employs much lower voltages than AC, which is an advantage from the
safety and well-being viewpoint. The voltages are fairly stable. Moreover,
electromagnetic interference issues are nonexistent. However, the current
levels are higher.

21.2 Cell and Battery
A recurrent source of direct current is the cell or battery. A battery must be
differentiated from a cell. A battery is the end source that powers a circuit.
359
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It may consist of a single cell or a series connection of several cells. So a cell is
an elementary constituent of the battery. In everyday life, one uses cells and
batteries in a torch or flashlight.
A cell is defined as a voltage source. An alkaline cell produces 1.5 V at
the beginning, which may plunge to 0.9 V as the time elapses. A lithium cell
provides 4.3 V across its terminals, falling to 3.3–2.7 V with time. These are
ageing effects but besides ageing, cells also go through lowering of voltage
due to other reasons. This voltage lowering depends on the load connected,
temperature, and so on.
The output voltage of a cell is constant only for small loads, approximately
linear for medium loads and decreases nonlinearly and appreciably for high
loads. Therefore, batteries are at all times run on small and medium loads. In
these circumstances, the battery can be substituted by an ideal voltage source
with a resistance connected in series accounting for the linear change of voltage; this series resistance is the internal resistance of the battery.
Regarding the effect of temperature on cell functioning, if a cell is rated
from −30°C to +55°C, the implication is that below −30°C, the chemicals in
the cell are frozen, impairing its function while above +55°C, the self-discharging process of the cell becomes very rapid, decreasing its operating life.
Ageing of rechargeable cells must also be taken into account. When the
number of charging cycles becomes very large, the cell loses its capacity and
becomes inactive.
Example 21.1
Find the nearest series resistor value required to drive a GaN LED
at 350 mA from a 5 V battery if the forward voltage of the LED is
3.23 V at this current. What is the current obtained?
The required resistor has a value R given by

(5 − 3.23) = 5.06 Ω ≅ 5 Ω
V
=
I
350 × 10 −3

(21.1)

(5 − 3.23) V = 0.354 A = 354 mA
V
=
R
5Ω

(21.2)

R=
giving a current of
I =

To be sure about the current-carrying capability of the resistor, note that resistors dissipate power in watts. Remembering that,
volts × amperes = watts, we have
5 V × 0.354 A = 1.77 W

(21.3)

In the above example, any variation in a 5 V battery will change the current in the LED and hence its light output. The circuit shown in Figure
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R1
Q1
(β = 150,
VBE = 0.7 V)

VDC = 12 V
Q2

R2 = 5 Ω

LED (VF = 3.8 V)

Figure 21.1

Constant current control circuit for driving an LED.

21.1 provides a constant current to the LED irrespective of battery voltage
variations. An increase in the voltage VDC raises the base current supplied
to the transistor Q 1. As a result, Q 1 becomes more conducting, the emitter
current of Q 1 increases, and also current flowing through the LED–resistor R 2 combination, producing a rise in input base current to transistor Q 2.
Consequently, the transistor Q 2 becomes more conducting whereby the base
current of Q 1 decreases and therefore the current supplied to the LED–resistor R 2 combination also decreases. Similar arguments are applied to understand the function of the circuit when the battery voltage falls. Thus, the
circuit always tries to stabilize the input current supply to the LED both
when the battery voltage increases and decreases.
Example 21.2
In the LED driving circuit shown in Figure 21.1, the supply voltage
VDC = 12 V, the forward voltage VF of the LED is 3.8 V, and the resistor R 2 = 5 Ω. Find the value of the resistor R 1 if the common-emitter
current gain β of transistor Q 1 is 150, its base-emitter voltage drop
VBE = 0.7 V, and the LED is to be driven at 200 mA.
The 200 mA drive current to the LED goes through transistor Q 1 to
R 2. Hence, the voltage drop across R 2 is
200 mA × 5 Ω = (200 × 10 −3 A) × 5 Ω = 1 V

(21.4)

so that voltage dropped across R 1 is
(12 − 1 − 3.8 − 0.7) V = (12 – 5.5) V = 6.5 V

(21.5)
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For a current gain value α of 150 for Q 1, the base current IB of Q 1 is
IC/α = IC/150 = 200/150 = 1.33 mA

(21.6)

α = IC/IB

(21.7)

since
As the base current of Q 1 is the emitter current of Q 2 and also the
current flowing through resistor R 1, the resistor R 1 must have a value
12 V/1.33 mA = 12 V/(1.33 × 10 −3 A) = 9022.556 ~ 9023 Ω ~ 9 kΩ

(21.8)
To determine the wattage of the resistor R1
Watts = volts × amperes, giving power = 12 V × 1.33 mA = 15.96 mW

(21.9)
Hence, a low-wattage (20 mW) resistor will suffice.
Example 21.3
A GaN blue LED emitting at a wavelength of 470 nm has an optical output power of 50 mW. This diode having a threshold voltage
of 3.4 V is connected in series with a current-limiting resistor of
5 Ω, and operated at 250 mA. Optical power emission is 50 mW. Its
light extraction efficiency is 40% and the injection efficiency is 80%.
Calculate its external and internal quantum efficiencies, and power
conversion efficiency.
Optical power of LED
Poptical = energy of one photon (hc/λ) × number
of photons emitted per second

(21.10)

Hence,
Number of photons emitted per second
= Poptical /(6.63 × 10 −34 J-s × 3 × 108 ms−1/470 × 10−9 m)
= 50 × 10−3 W/(4.232 × 10 −19 J) = 1.18 × 1017
(21.11)
For a 250 mA current
Number of electrons injected per second = 250 × 10 −3
A/(1.6 × 10−19 C) = 1.563 × 1018
(21.12)
Hence
External quantum efficiency = number of photons emitted
per second/number of electrons injected
per second = 1.18 × 1017/(1.563 × 1018) × 100% = 7.55% (21.13)
Since

ηexternal = ηinjection × ηinternal × ηextraction

(21.14)
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we have

ηinternal = ηexternal /(ηinjection × ηextraction) = 7.55%/(0.8 × 0.4) = 23.594%

(21.15)
The power conversion efficiency is written as

ηPower = {Poptical /(I V)} × 100%

(21.16)

= [50 × 10 −3 W/{250 × 10 −3 A × (3.4 V + 250 × 10−3 A × 5 Ω)}] × 100%

(21.17)
= {50 × 10 −3 W/(1.1625 W)} × 100% = 4.3%

(21.18)

21.3 Battery and Capacitor
A cell is an electrochemical generator of electricity. In a cell, the chemical energy is converted into electrical energy. The primary source of energy
is therefore chemical in nature and the mechanism is a chemical reaction.
However, a capacitor stores energy in an electric field.
The quantities of energy stored by a cell and a capacitor are widely different.
The energy stored by a cell charged with Q coulombs at V volts is given by
E Cell = VQ

(21.19)

while that stored by a capacitor charged to V volts potential difference is
ECapacitor =

1
CV 2
2

(21.20)

Taking regular values of parameters, such as V = 1.5 V and Q = 100 mA-h
for a cell and C = 1 μF, V = 10 V for a capacitor, we find that
ECell = VQ = 1.5 V × 100 × 10 −3 A × 60 × 60 s = 540 J

(21.21)

and
ECapacitor =

(

)

2
1
1
CV 2 = 1 × 10 −6 × (10) = 5 × 10 −5 J
2
2

(21.22)

Thus
ECell
540
=
= 1.08 × 107
−5
ECapacitor
5 × 10

(21.23)

a ratio of 7 orders of magnitude. The infinitesimally small amount of energy
supplied by a capacitor is insufficient to drive the LED.
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21.4 Linear Transistor Regulator
It is called a series linear regulator because the pass transistor is connected
in series between the input and output ports. The working principle of this
regulator is very simple and
VOUTPUT
involves controlling the voltage
IL
RL
at the output leg of the tranVREF
sistor by scheming the voltage
at the base (Figure 21.2). An
R2
R1
NPN Darlington driven by a
PNP transistor constitutes the
Error
Q1 (Pass device)
pass device Q1 in this regulaamplifier
tor (Deng 2006). Transistor Q 2
and the voltage error amplifier
together control the current
flowing out of the emitter of the
pass transistor, which is also the
load current IL. Compared to
IL, the current flowing through
the R1, R 2 resistive divider is
VINPUT
presupposed to be insignificant.
Q2
The feedback loop that controls
the output voltage is formed by
resistors R1 and R 2 to judge the
output voltage. This sensed voltage is applied to the inverting
Ground
input of the voltage error amplifier. The noninverting input is
Figure 21.2 Simplified schematic diagram of a linear
trussed to a reference voltage,
voltage regulator.
so that the error amplifier continuously adjusts its output voltage and the current through Q1 to compel the
voltages at its inputs to be equal. The feedback loop action always holds the
regulated output at a fixed value. This value is a multiple of the reference voltage, as set by R1 and R 2, irrespective of the changes in load current.
Example 21.4
Calculate the efficiency of the linear transistor regulator shown in
Figure 21.2 if VINPUT = 15 V, VOUTPUT = 3 V and output current
= 1.5 A. Comment on the answer.
The input voltage is 15 V and the output voltage is 3 V. Therefore, a
potential of (15 − 3) = 12 V is dropped across the transistor. The output
current is 1.5 A, and so is the input current. Hence
Input power = 15 V × 1.5 A = 22.5 W

(21.24)

Output power = 3 V × 1.5 A = 4.5 W

(21.25)
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and the efficiency is
η =

Output power
Input power

× 100% =

4.5
× 100% = 20%
22.5

(21.26)

Eighty percent of the input power is lost in this circuit and is dissipated as heat in the transistor.

21.5 Switch-Mode Power Supply
A switch-mode power supply (SMPS) is generally used to convert power
from a source into a form suitable for a load. An exemplar is the “cell phone
charger” used to condition the 120 or 240 V AC mains signal into 5 V DC
suitable for charging. As the name implies, the SMPS works by switching
the power on and off with the help of a transistor switch. This power is supplied to a load such as an inductor. The various SMPSs utilize an elementary
property of an inductor, namely, opposition of any change in current flowing through it by setting up an electromotive force (EMF) in the opposite
direction to the voltage that produced the change. The induced EMF in an
inductor is given by
V = −L

di
dt

(21.27)

where L is the inductance of the inductor and i is the instantaneous current
flowing in it. The negative sign in this equation arises because the induced
EMF is in the opposite direction to the current. This means that when an
inductor is placed in a circuit with a voltage source V and the switch is closed,
the current will increase, establishing an EMF of opposite polarity to V and
of magnitude depending on the inductance value and the rate of rise of current. Now, if the switch is opened, the inductor current decreases but the
induced EMF is setup in such a direction that it opposes the decrease in
current. This EMF is therefore in the same direction as that of the source V.
Thus, in the off state of the switch, the inductor is viewed as a voltage source
having the same polarity as the source V. Briefly, when the switch is on, the
induced EMF due to increasing current is opposite in direction to V but when it is
off, the induced EMF due to decreasing current is in the same direction.
The SMPSs also make use of the property of a capacitor to store charge.
The capacitance C of a conductor whose charge is increased by Q coulombs
on applying a voltage V is
C =

Q
V

(21.28)

Practical capacitors have two conducting plates estranged by an insulator
to increase the charge storage capability.
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The transistor, inductor, capacitor, and integrated circuit (IC) are
c onnected in several different configurations known as SMPS topologies.
Depending on the use of constant on-time and constant frequency control,
various modulation schemes have been formulated. They are all based on the
modulation of current flowing in the inductor. The controlling parameter in
the SMPS circuits is the ratio of time for which the transistor is on to the
total time (on time + off time) called the duty cycle.
LEDs have a variety of forward voltages according to the color of light emitted. The forward voltage also depends on temperature and binning. Taking
variations possible from all these factors into consideration, a value of the
forward voltage of LED can be indubitably decided such that this value will
never be exceeded during operation. Once this value is resolute, the following
three cases arise: (i) The supply voltage is always greater than LED forward
voltage. Here, it is necessary to lower the supply voltage to the required value,
and a buck converter serves the intent. (ii) The supply voltage is always less
than the LED forward voltage. Here, the supply voltage must be increased to
the desired value, and a boost converter is required. (iii) The supply voltage is
sometimes less and occasionally greater than the LED forward voltage. Here,
a buck–boost converter is used, serving both the functions of (i) and (ii).
Suppose we have a white LED with a forward voltage of 3.2 V at 350 mA.
This forward voltage decreases with temperature and therefore this value
(3.2 V) represents a maximum. Also, suppose four alkaline cells are used
to operate the LED. These cells have a total voltage of 4 × 1.5 = 6.0 V when
new and 4 × 0.9 = 3.6 V when old. Their total forward voltage lies in the
range 3.6–6.0 V. Since this voltage is always higher than the LED forward
voltage, the converter to be used will have to decrease the supply voltage to
the required amount. It is called a buck converter.
Consider the case of two cells of total voltage 2 × 1.5 V = 3.0 V (maximum) and 2 × 0.9 V = 1.8 V (minimum) values, used to drive the 3.2 V
forward voltage drop LED. The supply voltage is always below the LED forward voltage and therefore a converter to increase the supply voltage, called
the boost converter, is used.
Suppose three cells are used for driving the LED of forward voltage 3.2 V.
The total voltage available = 3 × 1.5 = 4.5 V(maximum) and 3 × 0.9 = 2.7 V
(minimum). Obviously, the available supply voltage is now and again
higher than the LED forward voltage and from time to time lower than it.
Therefore, the converter will have to perform both the functions of decreasing and increasing the voltage, that is, both bucking and boosting. Hence,
it is called a buck–boost converter. The necessity of a buck–boost converter is
felt because a fresh battery has a higher voltage but an old battery has lower
voltage than the rated value due to loss of a part of the voltage by discharging.

21.6 Buck Converter
The buck converter is a step-down DC-to-DC converter (Figure 21.3). It
takes the input voltage VINPUT and decreases it to a lower voltage VOUTPUT.
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Buck converter: (a) basic circuit, (b) inductor voltage waveform, and (c) inductor current

A buck converter contains an inductor along with a transistor and a diode
that control the inductor. Its operation alternates between connecting the
inductor to source voltage to store energy in the inductor and discharging the
inductor into the load.
In Figure 21.3a, the left end of the inductor L is connected to the transistor switch Q; this is the switch side. The right end is connected to the output;
this is the output side. Figure 21.3b shows the inductor voltage and Figure
21.3c the inductor current. When the transistor switch is on, the input voltage VINPUT is applied on the inductor while the diode D, being reverse-biased,
is off. Since the voltage on the switch side of the inductor (VL) is higher than
on the output side, the current IL flowing in the inductor increases. But this
is against the inductor’s craving because the inductor desires that the current
should not change, and strives to combat the increase in current by developing a voltage in reverse direction. The voltage that is generated by the inductor lessens the effective voltage of the source, and therefore the total voltage
across the load; hence the bucking action.
On switching off the transistor switch, the input voltage is no longer applied
on the inductor. Since the voltage VL on the switch side of the inductor is zero
and that on its output side is higher, the current in the inductor dwindles.
Ultimately, the voltage on the switch side of the inductor decreases to negative
value so that the diode is forward-biased and current starts flowing in the diode.
During this part of the cycle also, the inductor tries to offset the current change,
and it does so by creating a voltage counteracting the current fall, that is, in the
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same direction as the input voltage source. In other words, a certain decreasing
current is flowing through the load due to the input voltage source. For maintaining this current after the removal of the input source, the inductor takes the
role of the voltage source and provides the same total voltage to the load.
Thus, the switching of the transistor from on to off state is accompanied
by the rise and fall of inductor current IL , respectively. It rises when the
transistor switch is on and falls when it is off. The current moving out of the
inductor is used for charging a capacitor placed in parallel with the load.
The capacitor helps to smooth output voltage waveform during the charging and discharging of the inductor in each cycle.
By adjusting the time during which this current is on and the time for
which it is off, the average current that charges the capacitor is amended and
thereby the voltage produced across it. The above time durations are controlled by an IC. This IC is the pulse width modulation (PWM) controller.
It measures the voltage generated on the capacitor, and by a feedback mechanism, sets the timing of the pulses varying the time for on and off states, thus
obtaining the required voltage across the capacitor plates.
Figure 21.4 shows the circuit diagram of a buck converter using the
LM3405 IC of National Semiconductor (Texas Instruments 2013), after
Lenk and Lenk (2011). The transistor switch, generally a MOSFET, is inside
the IC between the VINPUT and SW pins. A digital signal is applied on the
EN/DIM pins for turning the MOSFET on and off at a constant frequency.
C2 is the smoothing capacitor for removing the undulations in the current

C1

D2
VIN

EN/DIM
ON

BOOST

LED driver IC
LM3405

VINPUT

C3

SW
D1

VOUTPUT

L

C4
C2

LED

FB
R

OFF

Ground

Figure 21.4 Buck converter circuit using LM3405 IC (VIN—input supply voltage with bypass
capacitor C1 from VINPUT to GND; BOOST—voltage here drives internal MOSFET, and bootstrap
capacitor C 3 is connected between BOOST and SW; SW—switch pin connected to inductor L, catch
diode D 1, and bootstrap capacitor C 3; FB—feedback pin, external resistor R from FB to GND sets
LED current; EN/DIM—enable control input whose toggling with square wave of varying duty
cycles at different frequencies adjusts LED brightness).
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before supplying the same to LED. A capacitor C4 connected in parallel with
C2, helps in current stabilization. R is a sensing resistor for the current.
When the MOSFET is on, the SW pin is connected to the input voltage
VINPUT. During the period when the MOSFET is on, the voltage across L is
positive because the input voltage is higher than the output voltage. The induced
EMF due to this rising current is in opposite direction to VINPUT, thereby
decreasing VINPUT. The current flows from VINPUT pin through SW pin to the inductor L, charging the capacitor C2 and then through LED, current sensing resistor R and
ground. It cannot flow through the diode because the same is reverse-biased.
But when the MOSFET is off, SW pin is disconnected from the input
voltage VINPUT. For the period, the MOSFET is off, the voltage on SW pin
decreases to −0.7 V, that is, 0.7 V below ground so that diode D1 is conducting, and the current in L falls producing an induced EMF in the same
direction as VINPUT. Owing to the stored charge on C2 during the previously
rising current in L, the discharging action of capacitor C2 maintains the current through the LED. This current flows from the diode D1, through inductor L,
capacitors C2, C 4; and then through LED and resistor R to ground.
It may be well to recall that in the buck circuit, during the on time of the
transistor, the inductor current charges the capacitor and goes to LED. The
induced EMF subtracts from VINPUT, leading to bucking. Further, during
the off time of the transistor, the charge stored on the capacitor when the
transistor was on feeds the current to the LED. The induced EMF adds to
VINPUT, which is by now zero. By this action, it is able to maintain the output
voltage at the value of the foregoing half cycle.
The current sensing resistor R produces a voltage proportional to the current, which is applied to the feedback pin FB. The IC functions by comparing the current level recorded by R with the current magnitude that should
exist. If the two currents are different, their difference is sent to an amplifier
to adjust the duty cycle of the MOSFET switch to produce the required voltage on the FB pin. But if they are same, the duty cycle remains unaltered.
Diode D2 and capacitor C3 are used as charge pumps. They produce a
higher voltage on the BOOST pin than the input voltage. This higher voltage
is applied on the gate of the MOSFET because for turning on an N-channel
MOSFET, the gate voltage must be higher than the source voltage.
Reexamining the situation for the period in which the MOSFET is on,
a rising current flows through the inductor. This is because the input voltage
is higher than the output voltage. If the input voltage is less than the output
voltage, the current through the inductor will decrease rather than increase.
The induced EMF will be in the same direction as the VINPUT but in the
opposite direction to VOUTPUT, forcing the input voltage to increase and the
output voltage to decrease, no matter how long the MOSFET was on, and
ultimately impelling the output voltage to become equal to the input voltage.
Thus, the buck converter can only reduce a higher input voltage to a lower
output voltage and not vice versa. It only bucks obstinately the input voltage
or makes output equal to input, never upswings the input voltage, that is,
output voltage ≤ input voltage.
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21.7 Boost Converter
The boost converter is a step-up DC-to-DC converter (Figure 21.5). The
boost converter takes the input voltage VINPUT and increases it to a higher
voltage. The power for the boost converter is supplied from DC sources.
These sources can be any one of the following: batteries, solar panels, rectifiers, or DC generators. Since energy and hence power (P = VI) is conserved,
the output current is lower than the source current.
Series stacking of cells is often done in battery powered systems to achieve
higher voltage. Owing to lack of space, sufficient stacking of cells is not possible in many high-voltage applications. Boost converters increase the voltage
with lesser number of cells.

VINPUT

Controlling
circuit

VL

D

VOUTPUT

IL

L

(a)

C

Q

LED

MOSFET switch
Driver IC

(b)

D

L

SW

FB

LED driver IC

VINPUT

COUT

LEDs

VIN

FAN5333A

GND

VOUTPUT

SHDN
CIN

R

Ground

Figure 21.5 Boost converter: (a) operating principle and (b) circuit using FAN 5333 IC generalpurpose LED driver with an integrated FET switch and featuring fixed-frequency-mode operation
(pin description: VIN—input voltage, SHDN—shutdown control, logic HIGH enables, logic LOW
disables; FB—feedback node connecting to an external current set resistor R, GND—analog and
power ground, SW—switching node).
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Looking at the boost converter circuit in Figure 21.5a, when the MOSFET
switch is on, the inductor charges and stores energy in its magnetic field.
When the switch is off, current is reduced. This change or decrease in current is opposed by the inductor. Thus, the polarity of voltage produced by the
inductor is such that the decrease in current is less, which is possible if a voltage in the same direction as the supply source is acting. As a result, the combined energy of two sources, first, the energy stored in the magnetic field of
inductor, and second, the energy of the counter electric field produced by the
inductor against the decreasing current, work in series combination causing
a higher voltage to charge the capacitor C through the diode D. If the switch
is cycled quickly enough, the inductor does not discharge fully between the
charging stages. Then, the load always sees a voltage greater than that of the
input source alone when the switch is opened. In effect, the input voltage has
scrambled up, above its value.
A practical boost converter circuit is shown in Figure 21.5b, after Lenk
and Lenk (2011). This converter utilizes the FAN 5333 IC (Fairchild
Semiconductor 2005). The difference from the buck converter circuit studied
in the preceding lies in the connection of the inductor, viz., the input voltage
is always connected to the inductor. Nonetheless, the voltage on the other
side of the inductor does not rise indefinitely because this voltage (the output
voltage) is higher than the input voltage. After equalization of voltages, there
is no auxiliary rise of voltage.
By pulling the SW pin to ground, the transistor is turned on. The SW pin
is at zero volt potential. Hence, the inductor current increases. This sets up
an induced EMF in opposite direction to input voltage. The current flows to
ground, not through LED. If the diode D were not present, the output voltage
will be pulled to ground. LED is kept on during this period by the energy
stored in the capacitor COUT in the step when the transistor is off.
The current is sensed by R, which produces a feedback signal at the FB
pin. The IC sets the duty cycle of the MOSFET producing a voltage on the
FB pin according to the current required through the LED.
When the transistor is off, SW pin rises to a diode voltage drop above the
output voltage. Hence, the inductor current decreases. The only path available to the inductor current is through the flyback diode D. The decreasing
inductor current passes through the diode D and flows to C OUT and then the LED
via R to ground. The induced EMF generated by this decreasing inductor
current is in the same direction as the input voltage. It therefore adds to
the input voltage. This additional voltage provided by the induced EMF is
responsible for the boosting action. Basically, when the transistor is turned
off, the energy stored in the inductor collapses and its polarity changes such
that it adds to the input voltage. Then, the voltage across the inductor and
the input voltage are in series. Together they charge the output capacitor to a
voltage higher than the input voltage.
Note that in the boost circuit, during the on time of the transistor, the
inductor current goes to ground, not through the LED while the charge
stored during off time of the transistor feeds the LED. Also, during the off

372   ■   Fundamentals of Solid-State Lighting

time of the transistor, the inductor current goes to the LED. This facet differentiates the boost circuit from the buck circuit.
The shutdown pin SHDN is connected high in order to keep the IC
always on. No charge pump is required because the MOSFET switch swings
from SW to ground and the input voltage is sufficiently high to activate the
MOSFET gate.
The boost converter only enhances a lower input voltage to a higher output voltage and not conversely. It only boosts the input voltage or makes the
output = input, never bucks the input, that is, output voltage ≥ input voltage.

21.8 Buck–Boost Converter
The buck converter is applicable for supply voltages > LED forward voltage
and a boost converter for supply voltages < LED forward voltage. A buck–
boost converter combines the features of both types. It operates by connecting the buck portion and disconnecting the boost portion for higher supply
voltages, and by linking the boost portion and delinking the buck portion for
lower supply voltages. Such a buck–boost conversion strategy employs four
external power semiconductor devices. It is therefore disheartening from the
point of view of cost and also space requirements on the PCB.
An alternative solution is based on designing a circuit that functions
irrespective of the magnitudes of input/output voltages using HV9910 IC
(Suptex, Inc. 2004, Lenk and Lenk 2011). The stellar idea is that it is not necessary that the LEDs should be referenced with respect to ground. The only
essential requirement for LED operation is that the anode voltage should be
higher than the cathode voltage so that the LED is forward biased. Keeping
this in mind, the LEDs can be referenced with respect to the input voltage.
For boost function implementation, it is essential that the output voltage
should be less than the input voltage. It is immaterial if the output voltage is
less than the input voltage with respect to ground.
The cardinal difference of the boost converter shown here from that
described earlier is that instead of connecting the LED from output to
ground, it is placed between output and input (Figure 21.6), following
Suptex, Inc. (2004) and Lenk and Lenk (2011). This boost converter employs
the inductor, diode, and capacitor connections as given in the boost converter
description above. Its purpose is to produce a voltage higher than the input
and drive the LED, which is referenced to input and not to ground. To reiterate, the voltage across the LED string can be smaller than the input voltage
to ground or higher. The output voltage must be always higher than the input
so that the boosting operation remains undisturbed. Another difference of
this boost converter circuit from the erstwhile circuit is that the MOSFET
switch is not inside the IC but is associated externally.
When the MOSFET is on, the inductor current increases, setting up an
EMF by self-induction, which is opposite in polarity to the supply voltage
but this rising current does not flow through the LEDs. It flows through
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Figure 21.6 PWM LED circuit using HV9910 high-efficiency driver control IC (VIN for input
voltage, ROSC—oscillator control through a resistor connected between this pin and ground, GATE
for driving external MOSFET gate, CS for sensing LED string current, PWM_D for low-frequency
PWM dimming, LD for linear dimming by varying the current limit at current sense comparator,
VDD—internally regulated supply voltage; a storage capacitor is used when the rectified AC is near
zero crossings).

the sensing resistor to ground. During the on state of the MOSFET switch,
the driving voltage for the LED is obtained from the charges stored on the
capacitor during the off state of MOSFET, as enlightened below.
When the MOSFET is off, the decreasing inductor current is associated
with an induced EMF of the same polarity as the supply voltage. Therefore, a
voltage = supply voltage + induced voltage is applied to the LEDs. In effect,
the supply voltage has been boosted by an amount = the induced EMF;
hence, the boosting action. Let us see if the condition for boost operation is
satisfied. The potential VX at the point marked X near the top of the LED
string is at a voltage
VX = Voltage drop across the LED string (ΣVF) + Input voltage

(21.29)

The component of voltage = ΣVF is furnished by the decaying inductor
current when the MOSFET is switched off. Therefore, the potential at the
point X is higher than the input voltage by ΣVF, meeting the necessary criterion for boost operation.

21.9 LED Dimming
The optical characteristics of an LED depend on the forward current flowing through it. Therefore, LEDs must be driven at their rated currents to get
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21.10 Lifetime of the Driving Circuit
The lifetime of an LED luminaire is determined by the lifetimes of the individual components comprising the system. Essentially, the component having the
shortest lifetime in a luminaire decides the effective lifetime of the luminaire,
which is the parallel combination of the lifetimes of the components; thus,
τ

1
1
1
= τ
+ τ
Luminaire
LED
Ballast

(21.30)

where τs denote the lifetimes and the associated subscripts stand for the
respective components. Therefore, even if the LED has a long lifetime, the
luminaire may fail prematurely if the ballast stops working. In the ballast,
the ICs are long-life components unless subjected to overvoltages and overcurrents exceeding their specifications. The more vulnerable component
is input electrolytic capacitor used for buffering the DC supply. Voltage,
temperature, and ripple current ratings of the capacitor must be carefully
selected. Otherwise, ceramic capacitors are better choices.

21.11 Series and Parallel Strings of LEDs
21.11.1 Series Connection
The LEDs are connected end-to-end with the negative terminal of the first
LED bound to the positive terminal of the second LED, and so on. This
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arrangement distributes the total voltage of the power source between all the
LEDs. The current to the string of LEDs must be limited by some method.
The easiest way is to use the correct number of LEDs for the given supply
voltage, for example, using a 12 V car battery, one can energize four 3 V
LEDs or six 2 V LEDs, attaching a resistor to the combination to restrict
any current rise beyond safe value, as caused by fluctuation.
If each white LED gives a voltage drop of 3.6 V, for a 115 V DC supply,
one can use 32 white LEDs in series because
115 V/3.6 V = 31.94 ~ 32

(21.31)

In such a connection, the LEDs limit the current themselves by their
inherent voltage drop. Using a current-limiting resistor makes the connection safer. Reverse polarity will not damage the LEDs unless the voltage is
very high. If the voltage exceeds the LED breakdown voltage, failure of any
one LED will make the whole string inoperative.
Example 21.5
Four series-connected LEDs, each with a forward voltage drop of
2.1 V, are to be driven at a current of 25 mA from a 12 V DC source. Find
the series resistor value to maintain this current through the LEDs.
Total forward voltage drop across the four LEDs = 4 × 2.1 = 8.4 V

(21.32)
Remaining voltage = 12 − 8.4 = 3.6 V. This additional voltage must
be dropped across the resistor R connected in series with the LEDs to
give a current of 25 mA. Hence, the resistor value is
R=

3.6 V
V
=
= 144 Ω
I
25 × 10 −3 A

(21.33)

Therefore, the preferred resistor value is 150 Ω.
To be sure that the resistor can handle enough current, note that
resistors are rated in watts. As, volts × amperes = watts, in this case
12 V × 0.025 A = 0.3 W

(21.34)

21.11.2 Parallel Connection
Here, one wire is used to connect all the positive terminals of the LEDs to
the positive electrode of the power supply and another wire to connect all
the negative electrodes of the LEDs to the negative electrode of the power
supply. Instead of dividing the power supplied to them among them, they
all share it so that one low voltage power supply is sufficient. A 12 V battery
wired to four 3 V LEDs in series would distribute 3 V to each of the LEDs.
But that same 12 V battery wired to four 3 V LEDs in parallel would deliver
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the full 12 V to each LED—enough to burn out the LEDs. Briefly, wiring
in series divides the total power supply among the LEDs. Wiring the LEDs
in parallel simply indicates that each LED receives the total voltage that the
power supply is outputting. A disadvantage of wiring LEDs in parallel is
that it drains out the power supply faster than wiring LEDs in series because
the LEDs draw more current from the power supply. It also only works if all
the LEDs used have narrowly the same power specifications.
Example 21.6
Three 2.7 V LEDs are connected in parallel across a 9 V DC supply.
What series resistor should be connected with each LED if it is to be
operated at 20 mA?
Wiring LEDs in parallel drains the power supply faster than wiring
them in series because parallel combination draws more current. The current drawn by three LEDs is triple of that drawn by a single LED, that
is, the current drawn = 3 × 20 = 60 mA. Hence, the resistor required is
R=

V − VLED
I

(21.35)

where V is the applied voltage, VLED is the LED forward voltage, and I
is the total current. So
R=

9 V − 2.7 V
V − VLED
=
= 105 Ω
I
60 × 10 −3 A

Wattage of the resistor = 9 V × 20 × 10 −3 A = 0.18 W

(21.36)
(21.37)

Parallel connection of several LEDs with one resistor shared among
them is unsafe. If the LEDs require slightly different voltages, only the
lowest-voltage LED is lit. It may be destroyed by the larger current
flowing through it. Although it is possible to connect LEDs of the same
type in parallel with one resistor, this is hardly useful because resistors are very inexpensive, and the current flowing is the same as when
connecting the LEDs individually. If LEDs are wired in parallel connection, each LED should have its own separate resistor to elude any
unequal distribution of currents.

21.12 Discussion and Conclusions
The driving of LEDs is convoluted by two factors, namely, the variation
of forward voltage with color, current, and temperature, and the shift in
color point with current and temperature, markedly for red and amber
LEDs. Driving LEDs with a voltage source ails with the drawback that
forward voltages of LEDs differ widely from batch to batch so that current
is unequally divided among LEDs, resulting in large differences in LED
currents. Therefore, LEDs are driven at a constant current, and the current
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limiting and adjustment are done either by inserting a resistor in the circuit
or by using a linear current source with precise definition of a stable current
level or by a DC–DC converter in constant current mode.
Using a resistor is the cheapest and simplest solution but the efficiency
is very poor due to high power loss across the resistor and the output current is unregulated because a resistor can act only as a current limiter, not
as a current control circuit for the LED. It is only useful in very low-power
applications, such as flashlights. Simple temperature protection of the LEDs
is not possible. It provides no intrinsic overvoltage protection during supply
voltage spikes. The LEDs are stressed significantly when maximum ratings
are exceeded causing their degradation. But no electromagnetic interference
(EMI) issues are incriminated.
Replacing the resistor with a linear regulator, the current supplied to the
LEDs is constant and independent of the input voltage. A linear current source
provides a constant output current to the LED over the full supply voltage
range. The LED current can be adjusted very easily by using external resistors.
But the transistor of the linear regulator behaves as a current source whose
value depends on the control loop. Therefore, efficiency is still a problem, especially when there is a large difference between the voltage of the DC source
and the voltage demanded by the LED arrangement due to the high power loss
across the constant current source. The method provides intrinsic overvoltage
protection. Also, high-temperature protection of LEDs is possible. There are
no EMI issues and the cost is moderate due to increased components count.
It is possible to replace the linear regulator with an SMPS in order to
regulate the output current/voltage without power dissipation. This solves
the problem of the previous circuits regarding the efficiency. In this way, efficiency is boosted without losing the current regulation of the LED arrangement. Obviously, the cost and size of this solution is higher than the cost of
the previous ones, but it can be disregarded if the improvement in efficiency
is considered. The EMI is high and the cost is highest.
The possible topologies for LED lighting depend on the input and output
voltage values. If the output voltage is higher than the input one, the boost
converter is the most widespread and the simplest topology. When the output voltage is lower, then the buck topology is the most suitable one. If the
output voltage, due to regulation, can be higher or lower than the input voltage, then the buck–boost topology is recommended.
For LEDs connected in strings, the main problem is that the failure of one
LED may affect the whole string if the LED results in open circuit. If the same
number of LEDs is connected as several strings in parallel, the chief problem
is that a way of equalizing the current through each string has to be used, that
is, connecting all the strings to the same voltage without equalization may lead
to different currents in some strings due to differences in their characteristics.
Dimming of LEDs is done by analog and digital methods. In analog dimming, the LED is supplied with a direct current whose value depends on
the amount of light that is desired. Its prime disadvantage is that this variation in the current not only controls the amount of light but also affects the
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temperature of the light, that is, the peak value coincides with the average
value.
In PWM dimming, the LED is supplied with a relatively high-frequency
(a few kHz) PWM-controlled current with a certain peak value and a certain duty cycle. In this way, the amount of light is controlled by the average
value of the PWM current, that is, by the duty cycle while the temperature
of the light is defined by its peak value. This PWM current needs to have a
frequency higher than 400 Hz so that the resultant light variations are not
discernible to the human eye and flickering is not a problem.
LED Driving
Both DC and AC supplies are available.
Running LEDs on either DC or AC is practicable.
LEDs can be run off anyone, whichever is suitable.
DC is safer,
As voltages are low although currents are higher.
AC shock causes fibrillation:
The twitching of heart muscles, stopping their vibration.
Another problem with AC is electromagnetic interference,
But AC enables less lossy transmission,
Hence, easier distribution,
and wider proliferation.
Depending on the DC voltage applied,
Any of the three variants of switch-mode power supply
Can cope and comply
with the electrical specifications
of the given situation.
Series or parallel LED connection:
Requires proper resistor selection,
Demanding accurate resistor calculation
for successful circuit execution.
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Review Exercises
21.1	What are the main features of DC power sources? Name a common
source of direct current.
21.2 How does an electric cell differ from a battery? Does the voltage supplied by a cell change with time? What are the effects of
load and temperature on the cell voltage? How is the performance
of a rechargeable cell altered when the number of charging cycles
becomes large?
21.3 Compare an electric cell with a capacitor. Is the voltage delivered by
a capacitor adequate to drive an LED?
21.4 How does an SMPS work? Explain with a diagram. Give a common example of SMPS.
21.5 What are the different types of converters used for LED driving
according to the relative magnitudes of supply voltage and the forward voltage of LEDs? Support your answer with examples showing the requirement of specific converters for the three cases.
21.6 What are the two basic passive components used in converters?
What properties of these components are utilized in the converters?
21.7 What is a buck converter? Explain its operation with a circuit
diagram.
21.8 What is a boost converter? Draw its circuit diagram and describe its
working.
21.9 What is a buck–boost converter? Explain its bucking and boosting
properties with the help of a circuit diagram.

Chap ter
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AC Driving Circuits for LEDs
Learning Objectives
After reading this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾

Familiarize with LED driving using rectified AC
Describe AC buck regulator circuit for LEDs
Perform LED string driving on an AC supply
Discuss different variants of AC LEDs
Observe the competition between DC and AC LED driving

The hasty acceptance of LEDs in various applications makes simple drive
solutions unworkable in many cases. Proper control of LED lighting obliges
watchful awareness from the beginning of the design process (Sarhan and
Richardson 2008, Lenk and Lenk 2011).

22.1 AC Mains Line
The AC mains supply is represented by root mean square values of voltage
and current. These are the effective values of voltage and current that spawn
the same amount of heat in a given resistor in a specified time as direct
voltage or current will produce in the same resistor in the same time. The
standard root mean square voltages of the AC mains are generally 120 V AC
at 60 Hz or 240 V AC at 50 Hz. These values refer to the mean or average
values. A 120 V AC line may ebb and climb in the range 108–132 V taking
±10% variations. For a consumer at the end of a long transmission line, the
voltage range will be broader ~85–135 V. Assuming a sinusoidal waveform
for AC, the voltage during each half cycle moves back and forth from the
minimum zero value to the peak value 120√2 = 168 V. During a lightning
stroke near the power lines, extremely high voltages ~6000 V and high currents ~3000 A are induced but providentially only momentarily.
Apart from the above thoughtfulness, in order to account for the different frequency norms (50 or 60 Hz), the AC driving circuits are designed to
381
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operate from 47 to 63 Hz. Further, AC drive circuits must be endowed with
EMI and surge protection (Zywyn ZD832 2007). The device should assure
fortification against LED string fault (open or short). Provision should be
made for protection features such as auxiliary winding disconnection or
brownout (reduction/cutback in electric power) detection and shorted secondary rectifier or transformer saturation detection (STMicroelectronics
2010). Many products include features such as overcurrent protection when
the current exceeds a predecided limit, short-circuit protection in the event
of short circuiting or overloading, overvoltage protection against high voltages, overtemperature protection at elevated temperatures, lightning protection in case of a lightning strike, and so on.

22.2 Rectification
Rectification converts the AC waveform into DC but the output DC waveform invariably has undulations or ripples in it, which are trimmed down by
filter circuits. Full-wave rectification is done with the familiar bridge rectifier
circuit (Figure 22.1). The load voltage is unidirectional but varies from zero
to peak value during each half cycle. The diodes used are the regular rectifier diodes, not Schottky diodes. At 50 or 60 Hz, the recovery time of the
diode is not critical. Also, at 120 V, insignificant power is lost through the
0.7 × 2 = 1.4 V voltage drop across a pair of conducting silicon diodes. To
save space, an integrated diode bridge may be used in place of discrete diodes.
For high power levels in the kilowatt range, MOSFETs are sometimes used

With capacitor

D1

AC mains

D4

Output waveform

D2
D3
C
Smoothing capacitor

Input waveform

Figure 22.1

Without capacitor

Bridge rectifier circuit for driving LEDs directly off-line.

LEDs
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in place of diodes. Also, at low power levels, half-wave rectification may suffice but the resulting waveform is very uneven.
Full-wave rectification of 120 V AC produces an output voltage varying
from 0 to 168 V every 8.3 × 10−3 s. Subtracting the voltage dropped across
two silicon diodes = 2 × 0.7 = 1.4 V, it comes to be (168–1.4) = 166.6 V. The
varying output voltage causes flickering of light and also shrinks LED lifetime. To make the output waveform smooth, a capacitor is introduced in the
circuit as shown.
Example 22.1
i. In 120 V, 60 Hz AC mains, the output changes from 0 to
166.6 V twice in each cycle, once in the positive direction
(upward swing), that is, 0 to +166.6 V, and then in the downward direction (downward swing), that is, 0 to −166.6 V. What
is the time taken for the output to go from 0 to +166.6 V or 0 to
−166.6 V?
ii. After full-wave rectification of the AC waveform in (i) above,
the output is desired to vary from 166.6 to 150 V by connecting a capacitor in the output circuit. For an input power of 5 W,
what value of capacitance will be needed?
i. Required time = 1/(2 × 60) = 1/120 = 8.33 × 10−3 s.
ii. If the capacitance is measured in μF, the energy stored in a
capacitor is
E =

1
1
CV 2 = C × 1 × 10 −6 × (166.6)2 = 0.01387778 × C J
2
2

		  If the voltage decreases to 150 V instead of 0 V, the energy
stored becomes

E=

1
1
CV 2 = C × 1 × 10 −6 × (150)2 = 0.01125 × C J
2
2

		  The energy withdrawn from the capacitor = the difference of
the above two energies
= (0.01387778 – 0.01125) × C J = 0.00262778 × C J
		  Since this energy is to be provided during half a
cycle = 8.3 × 10−3 s, at 5 W input power, the required energy
= 5 W × 8.3 × 10 −3 s = 0.0415 J
		 Hence
0.00262778 × C = 0.0415
		 giving
C = (0.0415/0.00262778) μF = 15.7928 ~ 16 μF
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22.3 Digital Methods of LED Driving
The buck regulator shown in Figure 22.2, following Suptex, Inc. (2004)
and Lenk and Lenk (2011), is a useful SMPS topology for AC driving. The
switching element in the circuit is a MOSFET device Q. To understand the
circuit operation, let us put in plain words how the circuit functions when the
MOSFET is turned on and off.
During the on state of the MOSFET, the inductor current increases. The
induced EMF in the inductor is in the opposite direction to that of the supply
voltage and, therefore, effectively lowers it; hence the bucking. The bucked
voltage is fed to the LEDs and the current from the LEDs flows through the
inductor, MOSFET Q, and resistor R to ground.
The MOSFET Q turns off as soon as the current reaches a preset value.
The presetting is done by the IC and sensing resistor R. During the off state
of MOSFET Q, the current flowing in the inductor decreases. As the current
can no longer flow through the MOSFET, it passes through diode D back to
input. The induced EMF is in the same direction as the supply voltage, which
is not supplying any current now. Therefore, the induced EMF, being in the
same direction as the supply voltage, tries to maintain the current through
the LEDs by virtue of the inductance property. In other words, the induced
EMF tends to prevent the decrease of current, that is, it tries to maintain the
current flow through the LEDs. Now, the potential on the end of the inductor that was grounded is near the input voltage while that on its other end is
smaller by an amount equal to the voltage dropped across the LEDs.
LEDs

2
3
4

Q

R

Ground

Figure 22.2

Off-line buck converter for driving LEDs.
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The timing of MOSFET turn-off is crucial to maintaining the current
approximately constant. For a large inductor, the maximum inductor current
during current rise equals the minimum inductor current during its fall. Like
other buck converters, neither the MOSFET nor the diode has to forebear
any voltage higher than the input voltage, so that component selection is
moderately easy for this circuit.

22.4 Analog Methods of LED Driving
Many manufacturers offer strings of LEDs in which the LEDs are connected in such a way that when the AC line voltage is in one direction, the
total forward drop of the forward-biased LEDs in the string sums up to the
line voltage (Figure 22.3). Again when the line voltage reverses its direction,
another string of forward-biased LEDs is arranged in such a way that the
line voltage = sum of their forward drops. Thus, the two LED strings are
lighted by the line voltage, one LED string in each direction. A large number of LEDs must be connected in series so that they can operate directly
from the line voltage without getting damaged.
LED string 1

(a)

X

LED string 2

Y
R

AC mains

(b)

LED string 1

X

LED string 2

Y
R

AC mains

Figure 22.3 Running LED strings directly from AC mains supply: (a) during the first half cycle
(point X is positive and Y is negative), LED string 1 is on and string 2 is off; (b) during the second half
cycle (point X is negative and Y is positive), LED string 1 is off and string 2 is on.
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This string-based approach is obviously advantageous as it is overly simplified and does not require any driving circuit. Also, it is very economical. But
these strings do not function properly when either the line voltage changes
or there is a surge or lightning strike. To mitigate the effect of line voltage
variations, resistors are connected in series with LEDs to partly absorb the
voltage changes. Whenever the line voltage increases, part of the additional
voltage is dropped across the resistor. So, the increase in voltage across LED
and the associated current rise in it are reduced. Similarly, the decrease of
supply voltage fails to affect the performance of LEDs significantly. But all
this is not without any price tag. The additional voltage drop across the resistor with upward supply voltage fluctuation represents a power loss, which
lowers the system efficiency. Another solution is to use a linear voltage regulator. Here also, the increased voltage being dropped across the voltage regulator is an energy loss. The lost energy is dissipated as heat. Therefore, the
voltage regulator too is not a nice-looking choice.

22.5 Power Quality of AC-Driven LED Lighting
Despite the assurance of high luminous efficacy of AC LED lighting and
promises to deliver significantly higher energy efficiency than incandescent
lighting, power quality parameters of AC LED lighting have been discouraging. Power quality for any AC lamp reveals how the lamp draws current
when a sinusoidal voltage from the AC mains is applied across it. It must be
clearly understood that LEDs differ from incandescent lamps in this respect.
Incandescent lamps are resistive devices that take out current as a linear load,
but AC LEDs being diodes, draw current as a nonlinear load. Therefore,
their connection in the circuit impacts two performance parameters: power
factor (PF) and total harmonic distortion (THD) of the AC line. Existing
AC LED lighting solutions exhibit pitiable power quality values in terms
of both PF and THD. Degradation of these parameters by virtue of the
nonlinear behavior of LED can seriously limit the wide-scale commercial
acceptability of AC LED lighting. Consequently, before AC LED lighting
can go through proliferation by replacing innumerable incandescent bulbs
around the world, the industry will have to tackle the fairly underprivileged
power quality of its existing AC LED lighting solutions.
22.5.1 Power Factor of LED Circuits
Readers may recall from elementary circuit theory (Figure 22.4) that in a
purely resistive circuit, voltage and current are in phase with each other. All
the power supplied by the source is dissipated by the resistive load, and never
returned to the source. But in a purely reactive circuit such as an inductive or
capacitive circuit, the circumstances are different because voltage and current
are 90° out of phase with each other. Consequently, power is not dissipated
in a reactive load, although it is alternately absorbed from the source, either
magnetically or electrically, and returned to it. This means that if the source
were a mechanical generator, its shaft will be rotating without any inflowing
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Figure 22.4 Dependence of current, voltage, and power on phase angle for resistive, capacitive, and
inductive AC circuits.

mechanical energy because no power is consumed by the load. However, in
a circuit consisting of both resistive and reactive components, voltage and
current are out of phase by an angle lying between 0° and 90°. Power is partially dissipated, and to a degree absorbed and returned to the supply source.
However, definitely, power dissipated by the load(s) exceeds that returned to
the source.
Reactive loads such as inductors and capacitors do not dissipate energy.
Still the fact that they drop voltage and draw current gives the illusory
notion that they really dissipate power. This phantom or ghostly power is
called reactive power. Its unit of measurement is called volt-amps-reactive
(VAR), instead of watts. The mathematical symbol for reactive power is Q.
The actual amount of power that is being utilized (used power), or frittered
away (dissipated power), in a circuit is termed true power or active power. It is
measured in watts, and symbolized by P. The combination of reactive power
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(a)

Power diagrams of (a) resistive-capacitive circuit and (b) resistive-inductive circuit.

and true power is referred to as apparent power. It is obtained by the product
of voltage and current in the circuit, without any reference to phase angle.
Apparent power denoted by S, is measured by the unit of volt-amps (VA).
Figure 22.5 shows the power diagrams for resistive-capacitive and resistiveinductive circuits.
The PF of a circuit is the ratio of real or working power to apparent power.
True power is a function of dissipative elements in the circuit, usually resistances (R). Reactive power depends on reactances (X) in the circuit. Apparent
power is determined by total impedance (Z) of the circuit. Circuits containing filament lamps have a PF of 1.0 but those containing LEDs usually have
a PF below 1.0. Unity PF is sometimes defined as that for a filament lamp.
A low PF imposes additional demands on the utility. The utility is required
to generate more than the minimum volt-amperes necessary to supply the
power (watts). This makes power generation and transmission costlier. An
impressive PF value is above 0.85% or 85%. Department of Energy (DOE)
Energy Star program directive on minimum tolerable PFs specifies the values of 0.7 and 0.9 for household and commercial LED lights, respectively.
Utilities may reprimand customers for low PFs, and enforce penalties. LED
circuits must therefore maintain high PF values. Low PF LED circuits will
greatly negate the power saving benefits afforded by them.
PF correction was a nonissue during the days when lighting technology
exclusively relied on purely resistive incandescent lamps because they naturally had a PF of one, although they were extremely inefficient in terms of
their light output at a given power level. Fluorescent lighting has been in
service for many decades. Today, electronic ballasts invariably include active
PF correcting circuitry.
22.5.2 Total Harmonic Distortion in LED Circuits
Since LED is a nonlinear load, it drags current waveform from a sinusoidal
AC mains supply that is not perfectly sinusoidal. Since this current wave
departs from the sinusoidal waveform, distortion of the voltage waveform
is a natural consequence, altering the shape of the sine wave. Irrespective
of the level of complexity of the output wave, it is expressible as a composite of multiple waveforms called harmonics that have frequencies in integral
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multiples of the fundamental frequency of the waveform. Thus, harmonic
distortion is the scale to which a waveform deviates from its pure sinusoidal
shape as a result of the summation of all these harmonic elements. THD is
defined as the ratio of the square root of the sum of squares of all harmonic
components of the voltage to the voltage of the fundamental frequency. It
is thus a numerical representation of the extent of divergence in the output
voltage waveform with respect to the sinusoidal voltage waveform from the
AC mains.
Figure 22.6 shows the superimposition of the third-order harmonic waves
on the fundamental wave. Harmonics are odd-number multiples of the original frequency, so that for 60 Hz fundamental frequency, the frequency of
the third-order harmonic is 180 Hz. Figure 22.6a shows the THD for the
case of a capacitive load where current leads voltage. Figure 22.6b shows the
distortion resulting for an inductive load where current lags voltage. As can
be seen, the harmonics produce a ripple-like effect.
Harmonic distortion has several detrimental effects on electrical equipment. It increases the current in power systems resulting in higher temperatures in neutral conductors and distribution transformers. Higher-frequency
harmonics introduce core losses in motors causing excessive heating of the
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180°

0°

180°
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(b)

0°

180°

0°

180°

0°
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Figure 22.6 Total harmonic distortion showing the effect of the third harmonics of (a) a capacitive
load and (b) an inductive load.
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Figure 22.7
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motor core. They engage in resonance with PF correction capacitors, and/or
overload neutral conductors. They also interfere with communication transmission lines because of their oscillation at comparable frequencies. If left
unconstrained, increased temperatures and interference curtail the life of
electronic equipment and damage power systems, leading to power outages
and even fires.
22.5.3 Resistor-Type and Buck Convertor LED Circuits
In a resistor-type AC LED conditioning circuit, the peak of the current
waveform is aligned with that of the voltage waveform, so that the overall
PF is high (Once Innovations Inc. 2012). But the current waveform is flattened at lower voltages, which is a form of distortion. To lift up the PF to a
satisfactory level and reduce THD, the conduction angle of the current must
be increased by connecting a smaller number of LEDs in series. This requires
a suitably matching increase in series resistance in the circuit to outmaneuver
current from rising to abnormally high values. The increased resistance has
the disapproving effect of lowering the overall efficacy and energy savings
potential. A resistive-type conditioning circuit has good PF above 0.9 but
puts up with appreciable THD ~40%.
The buck converter, widely used in LED drivers due to its simplicity and
low cost, is ideal in applications in which isolation is not needed. PF correction is added to the circuit by taking the help of the “Passive Valley Fill
circuit,” consisting of only three diodes and two capacitors. The valley-fill
circuit (Figure 22.7) allows the buck converter to pull power directly off the
AC line when the line voltage is >50% of its peak voltage. The SMPS conditioning circuit has poor PF ~0.6 and high distortion THD ~70%.

22.6 AC LEDs
The AC LED approach, involving the reduction or elimination of associated electronics, is an elegant concept, which allows LED operation directly
from AC mains line voltage or low-voltage AC transformers (Peters 2012).
Among the components removed may be mentioned the voltage regulator,
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power transformer, diode rectifier for AC-to-DC conversion, smoothing
filter, and any other avoidable electronic component, normally required by
a DC LED. Removal of some or all these components provides considerable simplification of electronics between the AC power source and the
LED. For some applications, AC LED contains as few components as an
LED package and a ballast resistor. In other applications, the AC LED
may require optimization of power management, namely, corrective actions
for PF and THD. Putting the LEDs directly on the mains supply without
having to include complex electronics to convert AC back into DC, provides a double advantage: first in handling the power efficiently in the distribution environment, and second in delivering it more effectively to the
LEDs without intervening electronics. By thus minimizing the electronic
components, not only is the asking price improved but also the lifetime
and reliability of the LED, and also the size becomes more compact (Chou
et al. 2009).

22.7 Applications Requiring DC or AC LEDs
The question arises: What applications favor DC LEDs and when are AC
LEDs used?
DC LEDs are favored in low-power applications with a small number of
LEDs, for example, in the handsets of mobile phones. In such applications,
the power source is perpetually a DC battery.
To cite an early form of AC LED example, let us recall the linear striplighting system spanning over 100–200 m around the exterior of a building.
As already mentioned in Section 22.4, the strip contains LEDs connected
in different directions. During any half-cycle of the input sinusoidal waveform, a semistring of the LEDs emit light and the other semistring is dark.
During the next half-cycle, the LEDs previously on are switched off and
LEDs previously off are switched on. As the LEDs are alternately energized
and deenergized at the 50/60 Hz frequency of the AC mains power source,
the LEDs appear to be continuously energized. This LED configuration,
known as true AC or antiparallel approach, suffers from some limitations as
declared earlier.
AC is used because DC drive suffers from losses over distance, requiring
higher drive voltages at the start together with power-wasting regulators.
AC gives better performance over distance due to which it is used for delivering power to homes and industries worldwide. By using transformers, it is
possible to step down the voltage to 240 or 120 V AC from the kilovolts used
in power lines, but the same is inconvenient for DC.
However, AC LED has a shortcoming of its remarkably lower efficiency
giving ~30% less brightness at the same power level, for example, a value
of 70 lm/W compared to 105 lm/W for DC LED. The savings of AC
LED on efficiency by avoiding driver losses are a meager 10%–15% only.
The reason of lower efficiency is that AC LED chips essentially contain
several small sections. In an AC power-driven circuit, 100% current does
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not always flow through LEDs. The ratio of current varies from 0% to
100% in a constant cycle, and the flickering between states decreases the
chip utility rate. Also, zero-lighting condition is prevalent during 50% of
the AC cycle, further decreasing the efficacy when compared with the DC
LEDs (Fox 2010).
Considering again the aforementioned AC LED strings, these strings
were launched by several manufacturers seeking entry into the lighting market with low-cost LED products to replace CFLs. Such circuits are capable
of being used with large numbers of small LEDs working at low current but
dissipate considerable power when high-current LEDs are used, which keeps
out any possibility of using the most efficient state-of-the-art LED devices.
Since the collective voltage drop of the LEDs is high, current flows only
during a segment of the AC line cycle, and the PF is unavoidably poor. The
design does not lend itself easily to PF correction. Further, owing to current
flowing only during a portion of the AC cycle, triac-based dimmers fail with
these LED strings.
Therefore, AC LED is likely to be used where saving space is of greater
interest than maximizing brightness. So far, AC LEDs have been restricted
to petty applications. Among examples of such applications may be mentioned backyard lighting, bay lighting, and decorative lighting, but AC-LED
manufacturers assert that in the future, the full LED retrofit-lamp market
will be captured by AC-LEDs.

22.8 Capacitive Current Control LEDs
In capacitive current control LEDs (C3LED), the LEDs are capacitively
coupled to and driven by constant-voltage/constant-frequency AC mains
without the need for additional electronics or components (Lynk Labs
2006). According to Lynk Labs technology, the C3LED device or assembly
(Figure 22.8) contains LEDs connected in reverse or opposing directions
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along with an integrated or on-board matching capacitor. A typical device
is formed by the combination of even number of LEDs, that is, 2 or more
LEDs/die (in multiples of 2 or more, to draw on both half segments of the
AC cycle proficiently) with a capacitor. The system design takes care to
utilize both half cycles of the AC wave efficiently.
Receiving a constant voltage and constant frequency from the AC mains,
the capacitor supplies a constant current to the LEDs. The capacitor replaces
any need for resistive components in the system. This reduces heat loss and
improves efficiency. Similar to the resistance of the resistor in the DC circuit, the capacitor drops the voltage in accordance with its reactance and
delivers the required current to the LEDs, anchoring on the voltage and
frequency fed to the capacitor from the AC source. It also isolates the LEDs
from other LEDs in the system and from the AC mains in the event of a
failure.
The C3LED approach provides higher brightness at the same power than
if the same LED die were used in a DC-driven resistor-based circuit, thus
using lower power at the same brightness. This approach also improves thermal management efficiency by getting rid of the resistive component required
in the DC circuit.

22.9 Discussion and Conclusions
If an LED illumination device is to be operated using a mains voltage, for
example, an AC voltage supply ~220 V or 110 V, a power supply unit containing a transformer and a rectifier is connected upstream of the LED illumination device. The transformer reduces the mains voltage to a lower voltage
<15 V. Then a rectifier circuit such as a half-wave rectifier or a full-wave
bridge rectifier generates a DC voltage from the low-voltage AC obtained
at the output of the transformer. The rectifiers used are, for example, diode
rectifiers that are fitted with two diodes in a half-wave rectifier or with four
diodes in a full-wave bridge rectifier. This circuit gives a rectified-sinusoidal
pattern at twice the line frequency. Moreover, the current through the LEDs
is not constant, and, therefore flickering occurs due to the fast response of
LEDs. Nevertheless, this can be solved by placing a bulk capacitor in parallel
to the LED arrangement for filtering and smoothing the rectified-sinusoidal
pattern.
An AC LED is an LED that can operate directly off AC line voltage. LEDs typically have much lower reverse breakdown voltage limits (5–15 V) than even the cheapest, smallest silicon diodes (50, 100, or
1000 V). Dual strings of multiple LEDs are connected in series to achieve
high reverse breakdown voltage. Such dual strings of multiple LEDs are
connected in opposite polarity in parallel to accept the AC waveform. A
bias resistor is connected to the supply to limit input current. When the
current flows in one direction, only a string of forward-biased LEDs is lit.
When it flows in the opposite direction, only the other string lights up.
As long as one string is always lighted, the voltage applied on the other
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string in the reverse direction remains low enough as not to damage the
unlit LEDs.
Despite their apparent simplicity, LEDs are nonlinear, nonresistive-type
loads. As a result, LEDs are troubled by some unique drive issues, and also
encroach on the AC line PF. Although the AC LEDs are simple and inexpensive, they suffer from shortcomings such as flickering, high THD, poor
PF, and low efficacy. While PF is a nonissue for DC–DC converters, in
AC–DC topologies PF correction is mandatory, and the circuit design is
multifaceted.
The Dream AC LED
An LED working directly on AC mains power from the supplier
Without any rectifier
Introducing no harmonic distortion
Causing no power factor degradation
Is the dream AC LED device
Esteemed by companies and public alike.
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Review Exercises
22.1
22.2
22.3
22.4

22.5
22.6

22.7
22.8
22.9
22.10
22.11

What is meant by root mean square value of AC voltage and current? What is the peak value of 120 V AC for a sinusoidal cycle?
What are the standard frequencies of AC mains?
Draw and explain the buck regulator for driving LEDs by AC
supply.
Explain the analog method of LED driving, pointing out one
advantage and one drawback of this method.
How are LEDs connected in a string for direct operation on AC
line voltage? Why do resistors need to be connected in series with
each LED for proper functioning? Why is an increase or decrease in
supply voltage unable to affect the LED performance in this circuit?
What information does the power quality of a lamp provide? How
does an LED differ from an incandescent bulb in this respect?
Which of the two lamps offers superior power quality parameters?
Does an AC-driven LED represent a linear or a nonlinear load
in a circuit? What are the two main parameters that are adversely
affected by insertion of an AC-driven LED in the circuit? Explain
the significance of controlling these parameters for wide-scale
adoption of AC-driven LED lamps.
What is the power factor in an AC circuit containing only incandescent bulbs? Is the power factor of a circuit containing AC-driven
LED lamps lower or higher than that of the bulb circuit?
Elaborate on the statement, “Power factor correction is an insignificant matter for DC LED but an essential requirement for AC
LED.”
What is an AC LED? Give one familiar example of AC LED and
point out its limitations.
Argue for and against AC LED as opposed to DC LED. Name
some applications of each approach.
What are the main features of the C3LED approach? Explain with
a diagram.
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LEDs in General Illumination
Learning Objectives
After reading this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾

Familiarize with circular/square/rectangular clustering of LEDs to
form a bulb
Describe linear placement of LEDs to make a tube, strip, or bar light
Know typical wattages of LED bulbs, tubes, and so on
Match the LED tube performance with fluorescent tubes
Compare LED street lights with conventional ones
Acquire an overall perspective of the use of LEDs in general lighting

In the wake of commercialization of LEDs in the 1960s, their first applications appeared as colored indicator lamps in electrical and electronic devices.
Afterwards, LEDs began to be used in alphanumeric displays for providing
information in the form of characters, consisting of numbers or letters, in
electronic calculators and digital watches. This application field was captured
by liquid crystal displays (LCDs) that used liquid crystal cells, which change
reflectivity in an applied electric field. Again, when high-brightness LEDs
came to the market in 1980s, the scenario transformed with their permeation into all areas of artificial light production. The most popular application
niches of LEDs are power signage, displays, and illumination. Other areas are
medicine, sensing, and measurements. In the context of applications, LEDs
are sometimes classified as small and large LEDs (Table 23.1).
In this chapter, general illumination applications of LEDs are described
(Steigerwald et al. 2002, Tsao 2002). LED displays will be addressed in Chapters
25 and 26 and other sundry applications will be taken up in Chapter 27.

23.1 LED-Based Illumination
Illumination seeks out to create a comfortable visual environment in the
work space that warrants clear visibility of objects and patterns. It not
399
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Table 23.1

Small and Large LEDs

Characteristic
Typical power
consumption
Typical drive current
Applications

Small LEDs
40–50 mW (color); 70–80 mW
(white)
20 mA (color); 100 mA (white)
As indicators, for example,
elevator pushbuttons, traffic
lights, and truck tail lights

Large LEDs
1–3 W
350 mA
As light sources, for example,
incandescent bulb replacements,
large-screen TVs, projectors, and
airport runways

only impinges on the mood and temperament but also aesthetic judgment.
Human health and safety are at all times of utmost concern. LED-based
illumination is environment-friendly because the LEDs neither contain any
toxic element such as mercury present in fluorescent lamps nor do they emit
UV. Fluorescent tubes flicker with age causing problem to migraine patients
or epileptics. LEDs do not flicker. The above criteria must be even-handed
with the architectural design and the cost factor (DDP 2007).
23.1.1 Local or Specialty Lighting
This refers to low-power lighting restricted to small areas containing the
objects of interest. Some cases in point are (i) low-wattage red-to-orange
lighting defining the contours of buildings and monuments for decoration
and advertisement; (ii) low-wattage security and landscape lighting for stairs,
cellars, passageways, park, and garden walks for visibility in darkness; and
(iii) low-wattage spotlighting in museums and art galleries. The advantage
is that LEDs do not impair the artworks by warmth effect. Spotlighting is
also supportive for reading maps in automobiles. LEDs fitted on both sides
of goggles are used as visual aids during surgery.
23.1.2 General Lighting
This provides a uniform level of illumination over large areas such as in
educational institutions, hospitals, entertainment theatres, sports arenas,
roadways, and so on. Near the beginning, attempts to use LEDs in general
lighting were not encouraging because the LEDs had insufficient light output or poor color characteristics. But LED technology has now progressed to
the level where the light output and color characteristics are competitive or
go beyond those of conventional lamps.
All luminaires for general illumination are classified into two groups:
functional and decorative. Time and again, these groups overlap each other
because any luminaire used for decoration will also provide light for visibility.
For functional luminaires, the performance metric is luminaire efficacy but
for decorative luminaires, aesthetic appearance cannot be disregarded.
At places where wiring is precarious, optical fibers are used for transmitting the light from LEDs.

LEDs in General Illumination   ■   401

23.2 Retrofit LED Lamps
“Retrofitting” means modifying existing equipment or structures with additional or new components. A retrofit LED lamp is one that can unerringly fit
in the same screw-in socket as was previously used for incandescent or fluorescent lamps. It must also be compatible with the already available electrical
infrastructure, permitting the refitting of existing luminaire with LED. This
means that there must be no flickering or any other functional impairment
when an incandescent bulb is confiscated and an LED lamp is fitted in its
place (Bianco 2011).
Retrofit LED lamps may not function in the desired manner in electrical installations that include triac or trailing edge dimmers and electronic
transformers. As an example, let us consider an LED lamp operated on a 120
or 230 AC mains supply by placing a triac dimmer ahead of it. The electrical
problem is that incandescent bulbs cannot be swapped with LEDs interchangeably because these bulbs constitute purely resistive or linear loads,
whereas LEDs show nonlinear behavior. Owing to this nonlinear characteristic, the input bridge rectifier pulls up high pulses of current when the AC
supply arrives at the peaks and crests of its waveform. This has an adverse
effect on the operation of the triac dimmer. Neither the required starting nor
the holding current is provided to the dimmer. Consequently, the dimmer
does not get going properly and also turns off during function, causing flickering of the light emitted by the LED.
For unremitting and smooth LED operation, one must use circuits that
correctly shape the input current to the dimmer. Only then will the light be
both flicker-free and dimmable. Such circuits are on hand.
Disadvantage of retrofitting: Retrofitting existing fixtures to accommodate
the new LED technology was not very fruitful. Many early attempts simply
used traditional lighting standards and housings. LED technology breaks all
traditional rules and it quickly became apparent that conventional thinking
is not applicable to this new technology.
Although an LED lamp may physically fit into an existing housing, the
housing does not maximize the inherent qualities of the LED. Standard
housings are not designed to handle the challenges of LED thermal management, which is enormously different from that for traditional incandescent or fluorescent lighting. Although LEDs do not emit infrared radiation,
the heat generated by a working LED flows by conduction. LED may fit in
the same-size fixture as the incandescent bulb but heat generated may be
damaging to its driver board lying in its vicinity. For emitting more light,
the LED may be required to operate at a high temperature ~80–100°C. As
a result, the driver board lifetime will decrease. Any electrolytic capacitors
used may not succeed at this temperature.
Also, the traditional fixtures for incandescent sources are not optically
designed to maximize the efficiency of LED.
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23.3 LED Bulbs
Fast substituting the incandescent and fluorescent tube lights, LED bulbs
are available in a variety of shapes, and are offered in different sheens (luminosities). Figure 23.1 shows an
LED bulb without and with the
(b)
top cover. They are also offered in
a range of colors and sizes. A per(a)
son can use a color changing bulb
and can change its colors.
LED bulbs can operate over the
whole day and at low temperatures
too; they are not affected by shocks,
shakes, and high impacts. Less
heat is generated, which reduces
the chance of fire and damage. An
individual will not burn fingers on
touching an LED bulb, which has
Figure 23.1 LED bulb with (a) top open and (b) top
been on for many hours. Because
closed.
of the low power consumption of
LED bulbs, a person does not need to buy many pairs of batteries to keep an
emergency light charged when going out for hunting or camping.
23.3.1 Low-Wattage LED Bulbs
LED bulbs working at less than 1 W power afford a low light output for the
hallways, porches, and cubbyholes. These bulbs provide tender lighting, which
will not blast in the eyes of the viewer. A person working during the night
can turn them on and work with ease. They are best suited for bedside lamps,
certain fixtures, and hallways where too much light is not needed.
LED bulbs using 2–3 W of power are meant for a dispersed light output
that is quite high, and are needed in small rooms, porches, as well as for
reading purpose.
23.3.2 Medium-Wattage LED Bulbs
LED bulbs comprising 6–8 LEDs @ 5–8 W give 300–400 lm luminous
flux. They are used for indoor and outdoor lighting. Generally, LED bulbs of
3–15 W supply 100–1000 lm. A 9.5 W LED bulb giving 600–800 lm replaces
a 60 W incandescent bulb. LED bulbs have applications in homes, offices,
meeting rooms, shops, showrooms, malls, and so on. LED bulbs can be used
on walkways or in a garden. They can complement well with the surroundings
within the garden. The wavelength of these bulbs is within the spectral range of
the plant, which benefits them and they are able to absorb chlorophyll as well.
Example 23.1
If a 9.5 W LED bulb replacing a 60 W incandescent bulb, has a lifetime of 50,000 h, how many kilowatt-hours energy will it consume
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during its lifetime? How much energy will the incandescent bulb
consume if it survived for the same lifetime? Hence, calculate the %
energy saved by using the LED bulb.
Energy consumed by LED bulb = 9.5 W × 50,000 h = (9.5 × 50,000)/
1000 kW-hours = 475 kW-hours
Energy consumed by incandescent bulb = 60 W × 50,000 h = (60 ×
50,000)/1000 kW-hours = 3000 kW-hours
% saving in energy = {(energy consumed by incandescent
bulb − energy consumed by LED bulb)/energy consumed by incandescent bulb} × 100% = {(3000 kW-hours − 475 kW-hours)/3000 kWhours} × 100% = 84.17%.

23.3.3 High-Wattage LED Bulbs
A 50 W LED bulb using 16 LEDs, equivalent to a 100 W mercury vapor
lamp, emits 2000–3000 lm with beam angles: spot (14°), narrow (18°), narrow flood (30°), wide flood (50°), and very wide flood (103°).
23.3.4 Bases of LED Bulbs
Regarding the types of standard bases that come along with the LED bulbs,
the popular type found on the bulb fixtures is the Edison screw, in which
the screw turns in a clockwise direction indicating a right-hand threading,
but there are many that turn in a counterclockwise direction. The reversed
threading is sometimes used to prevent a thief to unscrew the bulbs.
23.3.5 Main Parameters of LED Bulbs
Dimmable/nondimmable bulb, built-in driver, one-sixth to one-eighth power
consumption of incandescent bulb, several colors such as warm white (2500–
3200 K), very warm white (2700 K), neutral white (4000–4500 K), and cool
white (5500–6500 K), yellow, red, green, blue, 100–285 V AC/12–48 V DC
operation. Lens color: diffused/frosted/clear, with diffused cover, never see
LED, good for eyes; no UV, no IR; no flashing, no harm for eyes; restriction
of hazardous substances (RoHs) compliant, screw base lamp, beam pattern/
beam angle: 95°, >325°, 360°. Maximum lumen: 15, 45, 95, 290, 320, 450, 500,
530, 700; can withstand more than 20,000 switch cycles (on/off switching);
Antivibration; not easily broken; aluminum housing/glass/plastic; E40/E26/
E27/MR16 lamp holder, a multifaceted reflector.
As we can see, LED bulbs are offered with different beam angles.
Figure 23.2 shows an LED bulb with 360° beam angle. In contrast to the
LED bulb shown in Figure 23.1, this bulb contains LED chips mounted
on all sides of the central axis; hence, they can radiate light in all directions,
whereas in the previously shown bulb (Figure 23.1), the LED chips could
radiate light only upwards, resulting in a smaller beam angle <180°.
23.3.6 LED Multicolor Bulbs
Example specifications: 5 W, multicolored LED bulb (16-color choice),
10–20 V DC or 9–18 V AC, with IR remote controller, is used for decorative
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(a)

Figure 23.2

(b)

A 360° beam angle LED bulb with (a) top open and (b) top closed.

lighting, mood lighting, landscape lighting, downlighting, and so on. Four
transition effects—flash, strobe, fade, and smooth—are possible.
Blue and green coalesce to produce turquoise; green and red combine
to produce yellow; red and blue combine to make violet; and red, green,
and blue combine to make white. There are literally more than 16,000,000
possibilities with the more sophisticated controllers. With a spectrum of
over 16 million colors choice, a room’s ambience is easily controlled. Simply
selecting a color on the remote, the lamp instantly bathes the room in the
light that reflects one’s personal style. Powered by RGB LED, this bulb
places an entire rainbow of color options at fingertips. The lamp features a
translucent, bubble-like design that allows one to see into its metal interior.
When illuminated, the lamp looks even more stylish. With its sleek modern
aesthetic design and a range of lighting options, this lamp is sufficient to
completely transform a room. With RGB color changing LED lights, one
can either allow the lights to cycle through an uninterrupted color changing
pattern, or stop the controller at any color. The possibilities are endless. The
color scheme can be changed with the seasons, or simply at the customer’s
whim.
23.3.7 LED Bulbs in Cars
LED bulbs are used as headlights in cars as they consume less power and
thus help to prevent unwarranted expenses. Second, they improve the security too. The nippy apparatus of toggling on and off the LED lights enables
the person to see without a doubt and be manifestly seen in the night. In
other words, the level of clear vision increases as the driver can unmistakably
see the road ahead while traveling in the night and become more visible to
others as well. Third, the LED lights provide sparkling-looking clean beams
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and appear more eye-catching. Lastly, the appeal of a car increases as well
and if a person decides to dispose the car, the installed lighting allows the car
to be conspicuous in the midst of many others, thereby increasing the trade
price. The lights for indicators, those for foggy weather, as well as the lights
on the sides and the dashboard can be exchanged with LED bulbs, which
would give a unique and cool look to the car.
LED bulbs are used for the backlighting of a car, which includes indicator
lights, fog lights, side lights, dashboard lights, and tail lights. The LED bulbs
not only enhance the appearance of the car, they also increase safety, and are
easy to install as well. The earth wire of the LED lights should be connected
with the chassis of the car. The wires should encircle the car to create a halo
effect when the parking lights are turned on. Color of LED bulbs may be
chosen to match with or complement the color of the vehicle.
To reinstate the interior lights of the car with LED lighting, one can use
different colored LED bulbs and set technicolored lighting, which would
look amazing as soon as the lights are turned on.
23.3.8 Other Uses of LED Bulbs
There are two ways in which the lighting can be used: (i) for the functional
purpose and (ii) for decoration purpose. LED lighting is unsurpassed for the
lamps and the chandeliers also. In the bedrooms of houses, the brightly colored LED bulbs can be fastened in a proper ceiling fixture in which the bulbs
are easily fixed and are able to provide considerable amount of light. But for a
drawing room, dimmable LED bulbs are chosen. On the other extreme, an
LED bulb having a narrow beam angle can be used as a spotlight for reading
because the light is highly directional. Spot light LED bulbs can be fixed
on the walls of the room for decoration purpose, which can illuminate the
pictures on the wall, sculptures, or any other artwork.
The medical LED flashlight bulbs are mounted on tips of pens. Chargeable
through batteries, they are used for writing and reading combined. Some
bulbs can be positioned on the crown of helmets to provide illumination in
the dark if a person is outdoors. The torch used by constabulary consumes
nearly 3 W of power and the brightness is ~90 lm.
Example 23.2
An LED bulb has a life of 50,000 h. What will be the life span of the
LED bulb if it is kept on for (i) 5 h per day, (ii) 10 h per day, (ii) 15 h
per day, and (iv) 20 h per day?
i. 50,000 h = (50,000/5) days = {50,000/(5 × 365)} years = 27.4 years
ii. 50,000 h = (50,000/10) days = {50,000/(10 × 365)} years = 13.7
years
iii. 50,000 h = (50,000/15) days = {50,000/(15 × 365)} years = 9.13
years
iv. 50,000 h = (50,000/15) days = {50,000/(20 × 365)} years = 6.85
years
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23.4 LED Tube Lights
23.4.1 Fluorescent Tubes versus LED Tubes
In traditional fluorescent tubes, 80% of electrical energy is converted into
heat energy and 20% only used for visible light. For a 36 W fluorescent lamp,
the light output is 2000 lm, so the system efficacy is 55.56 lm/W. If a reflector is used, the light output reduces by 20%.
Owing to its directional output, LED tubes deliver light where it is needed,
that is, on the work surface. For fluorescent lamp, the beam angle is 360°. For
LED light, the beam angle is 120°. LED lights are available with a variety of
beam angles. For an LED tube having a power consumption of 16 W, with
system efficacy 125 lm/W, the total light output is 2000 lm. For LED tube
lights, the reflector is not required because of directivity (beam angle) of LED
lights. Hence, the light output is not frittered away, as in a fluorescent lamp.
They produce less heat, saving air-conditioning costs. Low temperature is
maintained by superb internal air-flow through heat dissipation system design.
A 36 W fluorescent light runs with a ballast that consumes above 12 W
power. Unlike fluorescent tubes, LED tube lights do not need ballast or starter.
LED tube lights are run by constant current and voltage driver. They have an
immediate start up. There is no flickering, no audible noise, in the range of
voltage 85–285 V AC, and dimming is also possible for the LED light.
Fluorescent tube emits 65% of light in 254 nm and 10%–20% of light
in 185 nm. It emits light of a yellowish-white color. It has a low color temperature ~4100 K and CRI ~80. LED tube lights have a high correlated
color temperature of 5500–7500 K and sunlight has a color temperature of
6500 K; therefore, LED tube light is nearer in color temperature to that of
sunlight. Also, CRI is very high; it is >90. They can emit the cool white color
in the spectrum of 380–740 nm. For humans too, the visible spectrum is
380–740 nm. LED tube lights emit soft light without flashing, but with high
CRI favorable to the user’s eyesight and physical health.
Made by assembling a large number of white LED chip modules, LED
tube lights have been designed as replacements for fluorescent tube lights,
consuming approximately half the power
for the same light output (Figure 23.3).
Their power consumption saving rate is 60%
under the same illumination and 80% less
than incandescent bulb. This means that two
equivalent LED-based tubes will consume
the same power as a single fluorescent tube
Figure 23.3 LED fluorescent tubelight.
but give more than twice the light output.
23.4.2 Applications and Parameters of LED Tubes
LED tubes find applications in homes, ware houses, parking lots, factories,
railway stations, buses, trains, metros, residences, schools, hotels, shops,
malls, exhibition halls, passages, and so on.
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Operating voltage and frequency, AC 65–265 V/50–60 Hz; color temperature 2600–8000 K.
2 ft: 600–800 lm; 4 ft: 1100–1800 lm
2 ft, 4 ft, 5 ft, 6 ft, 8 ft
Beam angle 120°, 180°; no mercury, no lead, and no cadmium.
23.4.3 LED Color Tubes
The LED color tube is an exhilarating, bright LED color-changing tube
that consumes very little power, generates no heat, and has an LED life span
of 30,000 h. A 6 W, 100 cm LED color tube contains 32 red LEDs + 32
green LEDs + 32 blue LEDs = 96 LEDs. It includes AC power supply, two
wall-mounting brackets, and a base to stand LED color tube vertically. It
also includes an easy-to-use wireless remote to control: manual color change;
auto color change; flash; rainbow effect; slow to fast color strobing. The tube
produces 15 colors and white.
Contemporary interior designers often fix color-changing LED tubes at
the bottom of furniture for converting any piece of furniture into a colorful
new canvas.
Example 23.3
An incandescent bulb has an efficacy of 17 lm/W while the fluorescent tube has 70 lm/W and the LED bulb has 90 lm/W. If the three
lamps are operated for 8 h a day for 180 days, calculate the energy
consumptions for the three lamps in 1 year. The desired light output
in the room is 1500 lm.
For 1500 lm, power required by incandescent lamp = 1500/17 =
88.235 W, that by fluorescent tube = 21.429 W, and by LED = 1500/90 =
16.67 W.
Energy consumed by incandescent lamp in 180 days = 88.235 W
× 180 × 8 h = (88.235 W × 180 × 8 h)/1000 kW-h = 127.0584 kW-h.
For fluorescent tube, the energy consumed = (21.429 W × 180 × 8 h)/
1000 kW-h = 30.858 kW-h.
For LED, the energy consumed = (16.67 W × 180 × 8 h)/
1000 kW-h = 24.0048 kW-h.

23.5 LED Street Lights
23.5.1 LED Street Lamps versus Conventional Lamps
LED luminaires outputting a fraction of the total lumens emitted by sodium
lamps are actually comparable to or better than mercury and sodium devices.
An LED street light is shown in Figure 23.4. The efficacy of LED street lamp
(50 lm/W) exceeds that of mercury vapor lamp (31 lm/W). Another example
is a 58 W neutral white LED luminaire substituting a 120 W high-pressure
sodium unit. A 100 W power consumption LED lamp replaces 250–400 W
sodium lamps. Power saving of this proportion means the diminution of coal
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(b)

Figure 23.4 LED street light (a) with external cover and (b) the actual bulb.

use, and also reduction in the wastage of sulfide and carbide. Even though
the lumen output of the sodium bulb is much higher, as much as four or five
times that of LED lamp, the effective illumination of white LED is better. Higher efficacy for high-pressure sodium lamps is misleading because it
includes wasted light that in turn dissipates energy.
LED lamps work on very low voltages as well as high voltages depending on
whether a single LED or multiple series-connected LEDs are used. Moreover,
the maintenance of LED lamps is quite cheap. The lifetime of LED can be translated into a 10–15-year life expectancy (Bullough et al. 2005). Quite the reverse,
the old-style street lamps burn out after 3–5 years, incurring higher manpower
and allied maintenance costs for bulb replacement. Generally, a high-pressure
sodium lamp needs repair/replacement every 2 years. But the LED street light
requires no maintenance, and provides trouble-free service up to 5 years.
Since an LED street light has to operate for a longer time, additional special
features must be incorporated, a few of which include the following: (i) Stainlesssteel construction of the lamp body to ensure longer lamp life span. (ii) Small
frontal area and high stability to reduce the wind resistance effectively and load
of lamp pole. The latter is advantageous for withstanding wind pressure during thunderstorms, making the light safe and reliable. (iii) The heating system
of the LED lamp must use high-thermal-conductivity material, for example,
aluminum alloy or the aluminum alloy casting material for enabling rapid heat
dissipation. (iv) The lens of the lamp must use high strength and transmittance
value material such as super white tempered glass (luminance more than 93%).
The major reasons for the superior performance of LED street lights over
sodium lamps are as follows:
1. A vital reason is the directional nature of LEDs. The LED source is
positioned within the luminaire to radiate in the desired direction,
using no reflector and thus eradicating the typical 30%–40% reflector
loss. LED lamp can save 50%–80% energy as compared to the traditionalist sodium lamps.
2. As we may recall, the retina of the eye contains two light-sensitive components: rods, which are sensitive to shorter wavelengths with the peak
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Relative power

at 507 nm, and cones, which are sensitive to longer wavelengths peaking at 555 nm. Rods bestow us night vision capability (scotopic) vision,
while cones furnish us daylight (photopic) vision (Oster 2009). The
wavelengths propping up illumination are defined by the areas under
the scotopic and photopic lines (Figure 2.3), representing the comparative effectiveness of the wavelengths with respect to retinal sensitivity. Hence, the perfect light source will radiate its energy at 507 and
555 nm, with plenty of output at ~600 nm (red) to yield a white color
of maximum efficiency, squandering meagre energy in wavelengths to
which the eye is not as much responsive.
		  The spectral output for a typical lowpressure sodium lamp
Dark vision
(Figure 23.5) is overLight vision
laid with the scotopic
and photopic sensitivity regions. Almost all
the light energy outLP sodium lamp
put falls at ~590 nm,
downwards from the
sensitivity peak of the
photopic region and
more or less leaving
out the more receptive
scotopic region. The
diagram clarifies the
400
500
600
700
reason why low-presWavelength (nm)
sure sodium lamp is a
deprived overall light- Figure 23.5 Spectral distribution of low-pressure
ing source inspite of its sodium vapor lamp.
rated efficiency. Highpressure sodium lamp is a promotion over the low-pressure brand,
shifting the output to other wavelengths and yielding a recovered color.
		  Figure 23.6 shows the output for a typical high-pressure sodium
lamp, aiming toward the area under the orange line. The distribution
of the output wavelengths may be noted; these are just about all in
the 570–600 nm range with a few low-power emissions to a different place. The output, mostly well underneath and toward the right of
the peak for photopic sensitivity, hardly overlies the important scotopic region. Even though a superior distribution than for low-pressure
sodium lamp, it still leaves much to be done. The green and blue emissions below 500 nm jointly with the red above 600 nm explain why the
combined output is whiter in color than low-pressure sodium lamp.
But the weakly improved light color is achieved with a transaction by
the addition of mercury to the carrier gas enclosed in the bulb, which
renders the overall arrangement toxic.
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The output of high-brightness
cool
white and warm white LEDs
Dark vision
is indicated in Figure 23.7 by the
Light vision
areas under the dotted and full lines,
respectively. The difference with
sodium lamp is ardently apparent. A
major part of the output of LED lies
HP sodium lamp
in the wavelength region that keeps
up association with both photopic
and scotopic sensitivity. The scotopic
vision is dominant in low-light conditions when these light sources are
used. Hence, white LEDs have a sizeable advantage in effectiveness. Since
LED output is more aligned with the
400
500
600
700
sensitivity of the eye, fewer lumens
Wavelength (nm)
offer better effective illumination.
The distribution of energy in the red
Figure 23.6 Spectral distribution of high-pressure
wavelengths also explains the better
sodium vapor lamp.
light color of the LEDs compared
to sodium. The eye integrates these
wavelengths, which come together to
produce the light color.
Dark vision
The LED output color is much
Light vision
closer to daylight and is perceived as
Cool white
enhanced, with improved color renWarm white
LED
dering. The road looks brighter and
LED
the driver feels more secure and tranquil. Integrated array lens and lampshade design plays a protective and
spot light role, shunning profligate
duplication of light and reducing its
loss. LED lamp eliminates the glare
caused by the unpleasant commonplace lights and visual fatigue sight
400
500
600
700
interference. It perks up driving safety
Wavelength (nm)
and brings down the incidence of traffic mishaps. It thus fully inculcates the
Figure 23.7 Spectral distribution of LEDs.
spirit of “people-oriented technology.”
The CRI of white light LED lamp
is appreciably high so that the objects are extraordinarily plainly distinguishable. But the luminous flux of white light LED source is less than
that of a traditional lamp. Although the high-pressure sodium lamp
is extremely bright, the vision for primary colors of objects is dismal
due to its low CRI. The very poor CRI of sodium light is 20–25 put
side by side to ~75 for neutral white LEDs. In the narrow-spectrum
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high-pressure sodium lamp, the color divergence looks very faint. This
explains why even four or five times greater total energy output by
sodium sources does not supply better illumination than LEDs.
3. For the traditional streetlight mercury or sodium lamps, the brightness
and working life will be reduced if the working voltage changes more
than 7%, but the same will not influence our LED street lamp at all.
23.5.2 Ratings of LED Street Lamps
100–265 V AC/12–48 V DC, 45–63 Hz, 112 W, beam angle: the horizontal axis: 120°; the vertical axis: 60°, 9000–10,000 lm, 80 lm/W; pure white:
5000–7000 K; warm white: 3000–4000 K.
23.5.3 LED Light Strip Lights
Rigid and flexible LED strip lights (a series of LEDs arranged into a strip to
be affixed to a surface) have been immensely fashionable since topical past for
architectural decorative lighting, archway, canopy and bridge border lighting, lighting of children’s fun park or big theatres for dramas, crisis hallway
lighting, auditorium walkway lighting, stairway accent lighting, car lighting,
and so on. There are chiefly two types of LED strip lights, differing in the
light intensity of the diodes used. These are ultra bright and medium/lowintensity strip lights.
The ultra bright strip lights are used for task lighting to locally intensely
illuminate small areas by excess light, in conjunction with the leading light.
Such task lightings are largely used in the kitchens to enlighten the worktops.
Because LED strips can also be dimmed, they are gainfully used for task
lightings in room furnishings, cabinets for lighting the shelves, or in bathrooms above the looking mirror, and so on, to provide additional light in those
respective areas. These lights are for the most part used by the interior designers to endow a unique look to the rooms, and can create wonders, if used well.
Medium- and low-intensity LED strip lights are used for decorative purposes. Particularly, flexible strip lights are versatile in decoration as they can
be installed in any way one chooses. The proverbial application of flexible
LED strip lighting is in the decoration of outdoor events such as sports arena,
public functions, and so on, where some time back, rope lighting system was
solely used. Rope lights were not as graceful as LED strips. Moreover, LED
strip lights come in waterproof silicone jacket for protection from damage by
water. This helps them to withstand rainy weather.
Apart from the above, the LED strip lighting is also used in display
racks in shops. The LED lighting strips are a resource of innovative interior
designs, with the imagination widening as far as conceivable. On entering a bazaar, one is often mesmerized by the brilliant flashing LED lights.
LED lights are used everywhere in the shopping malls and big markets.
The shops attract customers by decorating with colorful LED lights. The
exhibit racks enlightened by LED lights not only look gorgeous and stunning but are also cost-effective. In festivals, the entire area is radiant and
lustrous with these LED lights. LED lighting strips are presented in such

412   ■   Fundamentals of Solid-State Lighting

an extensive variety that they can even put back the halogen light of 60 W.
They are also used in the cars for headlights, rear lights, and decorative
purposes.
Although there are many advantages of the LED strips in terms of cost
savings and efficacy, they were scarcely used universally because of the color
and the brightness of the lamps. Earlier, one could see the LED lights in blue
white color, which were not usable in all places, especially in homes. But now,
the 12 V LED strips have become trendy as they are available in warmer colors too. They come in warm white and white colors, with an option to choose
the temperature of the lights, which affects the brightness. Their operation at
low voltages makes them comparatively safer.
The 12 V LED strip bulbs can be installed in existing strip lighting system, which will be more economical than replacing the whole domestic
strip lighting system that has already been completely installed. These 12 V
LED strip bulbs are low-priced, effective, long lasting, and long-term cost
savers, and are easily installed. Other bulbs at home can be replaced with
these LED bulbs by clamping them in the strip lighting system without
taking the help of a technician. However, some LED bulbs run only on DC
power and direct current inverters are needed to run those bulbs on a strip
lighting system, which is running on AC power. This adds to expenditure
and involves professional installation. But one can procure LED bulbs that
run on the existing AC power and need no sophisticated system. The new
technology of AC LED bulbs will make the grown-up lighting technologies
redundant.
LED strips are available in both single color and RGB color adjustment
models. For the color adjustment models, additional control is required
but they are able to produce millions of diverse colors to craft a blissful
gaze. LED lights provide a wide spectrum of colors to impart amazing
looks. Without LED lights, the interior designing trade would not have
burgeoned.
LED strip light example: 12 V DC, 5 m, 24 W per spool, beam angle:
120°, neutral white: 435 lm/m, warm white: 263 lm/m, red: 115 lm/m,
green: 216 lm/m, blue: 51 lm/m, yellow: 127 lm/m, can be cut in every three
LED increment.

23.6 LED Light Bars
LED light bars (Figure 23.8) with a wide viewing angle are used in display
cases, under cabinet, and shelf lighting, as well as for bathrooms, dining
rooms, lobbies, living rooms, and bedrooms. They can be incised or trimmed
after a given number of LEDs, holding back the rest of the bar for another
appliance.
Light bar example: 12 V DC, 320 lm per light, 7.5 W per light bar, beam
angle 120°, warm white: 3000–3500 K, neutral white: 4000–5000 K, cool
white: 6000–7000 K, length: 515 mm, waterproof for outdoor application, 15
LEDs, can be trimmed after every three LEDs.
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(a)

(b)

Figure 23.8

Two designs of LED bar lights: (a) for wall mounting and (b) stand-mounted.

23.7 Discussion and Conclusions
The LED general illumination consists of a range of products such as LED
bulbs, tubes, strips, bars, backlights, spot lights, ring lights, strings, line
lights, or light sources for fiber optic illuminators. These products use LED
arrays to produce intense, uniform, or focused illumination over a prearranged object or area. They also provide several different color options for
applications that require specific wavelength assortments. Four components of an LED lighting system are the light source, power supply, thermal
management, and human interface. The accessories include the mounting
brackets, heat sinks, and power supplies for increased mounting options or
replacement needs.
LED Lights for Every Occasion
Whether it is task lighting for study room or kitchen
Whether it is decorative lighting for festive season
Whether it is graceful lighting for drawing room
Whether it is gentle lighting for bedroom
There is an assortment of LED devices
To suit different choices.
There are LED lights for every occasion
To fulfill every customer’s aspiration.
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Review Exercises
23.1
23.2
23.3
23.4
23.5
23.6
23.7
23.8

23.9
23.10

What were the first applications of LEDs? Distinguish between the
features of small- and large-size LEDs.
Indicate some important advantages of LED-based illumination.
Differentiate between local and general lighting. Give examples of
both types. Classify the luminaires for general illumination.
What is a retrofit LED lamp? Mention some problems stemming
from using such lamps in existing fittings and infrastructures.
You go to a shop to purchase LED bulbs. What main parameters
of the bulbs would you check if you need a bulb for your drawing
room, bed room, kitchen, portico, or garden?
How do LED bulbs help in the decoration of a vehicle? Do they
have any unpretentious or utilitarian value?
What are the competitive features between fluorescent and LED
tube lights? What is an LED color tube?
In what respect does an LED street lamp outperform a sodium
lamp? Support your reasoning by comparing spectral power distribution of low-pressure and high-pressure sodium lamps with those
of cool white and warm white LED lamps, and argue from the
viewpoints of scotopic and photopic sensitivities of human vision.
Why are LED strip lights so much in fashion? What are the two
types of LED strip lights in popular demand?
Can an LED bar be cut at a convenient length to use the remaining
bar for a different application?

Chap ter

24

Large-Area OLED Lighting
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾

Reexamine and reframe his/her classical idea of a light source
Make a distinction between point and planar sources of light
Adapt to the new lighting ideas
Be acquainted with the OLED tiles and panels
Realize the hurdles faced in large-area OLED fabrication

24.1 Paradigm Shift in Lighting Industry
With advancements in organic light-emitting diode (OLED) metrics and
manufacturing technology, there have been earnest endeavors in developing
organic solid-state lighting (Lu and Nagai 2010, DOE/EERE SBIR 2011).
24.1.1 Classical Notion of a Glaring Point Source of Light
The intense point source: The classical notion about a light source is “an intense
glaring source” concentrated at a spot like the sun, or an incandescent bulb,
or a linear one such as the tube light or light bar. The source radiates light in
all directions and keeps the surroundings illuminated. One dreads to look
straight at the light source. The glaring headlight of an approaching train
frightens us and we shy our eyes away to escape their direct impact from hurting our vision. Similarly, viewing the sun directly is scaring, lest our vision
be damaged. Selection and specification of lighting systems is done upon
meeting certain predecided criteria such as luminance levels and ratios, peak
lighting power density, color parameters; initial, maintenance, and operating
costs; ease of maintenance; and so on. The designer opts for some luminaires,
locates them on various ceiling plans, and evaluates the design against the
criteria. Several designs are evaluated against each other and compatibility
with aesthetic parameters and architectural concerns is tested.
415
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Reexamining the classical notion: In the classical concept, first, the source
is localized at a small region. Second, the light is abundant in the neighborhood of the source and goes down as one recedes away from it. More light is
provided at locations that appear likely during inceptive design to be spaces
for performing precision tasks requiring meticulous attention and exactitude.
Once allocated, these locations cannot be changed. Therefore, in order to
meet the wide-ranging, indeed endless, user requirements, it is evident that
the light sources must intrinsically offer enormous design flexibilities. The
above notion of light source must therefore be reinspected after the availability of ingenious light sources.
24.1.2 New Lighting Concepts
Surface-emitting planar sources: In the near future, OLED lightings will pilot
a paradigm shift in the lighting industry, together with inorganic LED
lightings. OLED lighting offers consumers and designers much more conveniences than long-established light sources, in terms of lighting experience,
design freedom, and sustainability (Figure 24.1).
Contrary to existing light sources,
such as incandescent light bulbs,
fluorescent tubes, compact fluorescent lamps, and inorganic LEDs, the
OLEDs are not point sources but innate
surface-emitting light sources or planar light emitters that are lightweight
and have thin profiles because they are
made of thin organic material layers
with a thickness just one-fiftieth that
of a human hair. In fact, they represent
planes of light with no perceptible volume. OLEDs are extremely flat panels
that emit light evenly over the complete
surface. Figure 24.2 shows OLED ceiling lamps of different designs.
Figure 24.1 OLEDs of different shapes.
The lean, flat nature of OLEDs
makes it possible to use and integrate
light in different ways than inorganic LEDs can, or any other known lighting source. Many OLED reading lamps are shown in Figure 24.3.
Combined source and luminaire: The total thickness of the resulting OLED
luminaire is, for the most part, the thickness of the glass, metal, or other
substrate used. OLEDs symbolize the only lighting technology capable of
creating an embedded light-emitting surface. The illuminating surface does
not need diffusers or other functional “wrappings” and can function as either
lamp or luminaire. As OLEDs provide soft, glare-free illumination without requiring diffusers, baffles, and so on, they offer the architects/lighting
designers the ability to eliminate the distinction and division between light
source and luminaire.
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Predefinition and form factor:
Illuminated pictograms, patterns, or words can be predefined
on the OLED substrate. OLEDs
can be formed on any substrate
such as glasses, ceramics, metals,
thin plastic expanses, clothes;
supple, bendable, and conformable substrates, and so on,
enabling us to make lightings in
any shape and design, that is, in
any form factor. Upcoming flexible substrates will allow infinite
variations in shapes. The use of
soft plastic substrates will unlock
the way for flexible and moldable
OLED lighting boards, making
it practical for any surface area,
whether flat or curved, to become
a light source (Figure 24.4).
We could see the development
of luminous walls, curtains, ceilings, and even furniture. LEDs
offer a novel form factor for more
effective and imaginative application of white light. They also
afford the ability for light tuning across a range of color temperatures. This functionality
is neither feasible nor practical
when using usual light sources.
By combining color with various profiles and shapes, OLEDs
offer an exhilarating new way of
embellishing and personalizing
surroundings with light. These
unique characteristics allow great
design freedom to lamp manufacturers to create unprecedented
designs and provide dramatic
effects, leading to the creation
of novel lighting concepts for
living milieus in houses, offices,
stores, public places, and vehicles
such as cars, buses, railways, and
airplanes.

Figure 24.2
(a)

(c)

OLED overhead lamps.
(b)

(d)

Figure 24.3 OLED desktop lamps: (a) table
top, (b) inclined top, (c) curved ladder, and (d)
twin-top.

Figure 24.4

Flexible OLED lighting.
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Less heat generation: The surface-emitting OLEDs bring great advantages
due to their capability to be operated at lower luminous intensities to obtain
the same luminous flux simply by increasing the emission area. This is a
highly yearned-for feature since it does not cause much warming up, thereby
smoothening the progress of the implementation of a lithe lighting system.
Transparency: In addition to large-area surface emission and flexibility,
another appealing peculiarity of OLEDs lies in their transparency. OLEDs
made on glass substrate can be transparent in the off state (van Elsbergen
et al. 2008). This attribute makes possible special lighting applications, for
example, windows or furniture with transparent or translucent elements.
OLEDs are not limited to being just a source of light but also function as
furniture elements such as mirrors and surfaces or parts of interiors, rooms,
buildings and more. Many fascinating and novel forms of illumination could
be realized using OLEDs, including glass windows that are transparent during the day and emit light at night, and light-emitting wallpaper or tiles.
Today, OLEDs generally have a reflecting, mirror-finish surface when in the
off state. Transparent OLEDs can be made that emit light from both sides
when on, and are see-through in their off state (using transparent electrodes
and substrate materials). Completely transparent OLEDs will open many
new doors in application promises. See-through OLED panels will play the
roles of commonplace windows during the daytime, and will be illuminated
after darkness, either impersonating natural light, or spreading pretty comfortable interior lighting. During the day hours, they could also act as seclusion shields in homes or offices for privacy of staff.
Wider choice of working place: If instead of lighting a bulb or tube light
at one or two places in a room, an inherently flexible light source such as
OLED with a very natural and pleasing light very close to sunlight, is provided; there is no apprehension of glare from localized sources. The illumination they produce is tranquil, more shimmering and diffuse, and nongarish.
The future of OLED lighting really is glowing walls and ceilings. Imagine
ceilings lustrous with color, glass walls that illuminate at the gesture of your
hand, or windows that provide subtle lighting after dark. The overall result
is seen as a vast area of consistently distributed light that can be adjusted in
vividness, radiance, and color, and can be applied to almost any surface in
more or less, every shape. This is the thrilling world of the futuristic OLEDs.
If the designer has the choice of a whole ceiling emitting light uniformly, all
the places are lighted equally so that any place in the room is equally suitable
as a workplace. In other words, there is no place in the room that is uncomfortable for working and no place that is more preferred. In such an overhead
indoor lighting system, the person is more flexible in choosing the workplace
anywhere in the room.

24.2 OLED Tiles and Panels
OLEDs can be formed into tiles that are extremely thin, light, and capable
of surface emission (Hess 2010, Munters 2011). OLED tiles open up totally
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new design possibilities for architects, lighting planners, and designers to
create luminous surfaces, such as ceilings or partitions.
24.2.1 Representative Commercial OLED Tile Examples
The information provided in this section is based on the referred websites,
and may be updated from time to time by the vendor. The reader may therefore keep a track of latest developments from the Internet.
Osram Orbeos tiles (Osram 2009): The OLED lighting tiles, dubbed Orbeos
tiles, have a circular lamp area with a diameter of 80 mm and a thickness of
2.1 mm, and weigh 24 g. They have an efficacy of 25 lm/W. The tiles can
be switched on and off without delay and are continuously dimmable. Their
brightness level is typically 1000 cd/m 2, with a power input of less than 1 W.
The rated service life is generally around 5000 h.
LumibladeGL350, Philips Lighting (Holloway 2012): OLED panels contain around 3.3-mm-thick diminutive squares of 124.5 × 124.5 mm, emitting 120 lm each at the power consumption of 7.2 W, and luminous efficacy
of 16.7 lm/W, which falls within incandescent territory. It is much lower in
comparison to energy-saving light sources such as fluorescent lighting (50–
70 lm/W) and LEDs, where certain products have efficacies >100 lm/W.
Larger areas are achievable by combining several tiles. On placing three
such OLED tiles end to end, they stretch 373.5 mm in length and deliver a
total output of 360 lm. In comparison, a 300-mm-long fluorescent tube has
a light output of 400 lm. The color temperature of OLED tile is 3250 K and
CRI is >90. Ideally, for a lamp to provide accurate color rendition, it will
have, besides a high CRI, the color temperature of daylight (5000–6000 K).
However, besides symmetric forms, all kinds of free shapes, such as ovals,
rounds, and so on, are possible. Efficiencies depend highly on the colors.
Blue emitters still have ample scope for improvement, while green and red
are highly efficient. In white, tiles provide up to 20 lm/W. Regarding the
lifetime, the brightness is the determining factor. At 3000 cd/m2, the tile
achieves lifetimes of up to 10,000 h to 50% of initial brightness.
24.2.2 Reversible OLED Building Tiles
A designer has advanced a tile concept that joins together organic photovoltaics with OLED lighting to brighten up cityscapes (Mok 2011, Mawani
2011). Meidad Marzan developed the Urban Tiles concept with the Bezalel
Academy of Art & Design, to show how technology could glorify city lighting at night. These two-sided, reversible tiles have photovoltaic cells on one
side, which collect sun energy during the day, and OLEDs on the flip side,
which shine at night using the power that had been acquired from sunlight.
Assembled on a surface, this checkerboard of light-collecting and lightemitting tiles can change the scenario of city lighting at night. The idea is to
make the designing interactive and variable in nature, creating urban works
of art on tall buildings.
Though the flexibility, luster, slenderness, and low-power consumption of
OLEDs make them a prime candidate for replacing other technologies, the
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only current obstacles are their high-price lower-lumen/W capability, and
short lifetime.

24.3 Challenges of Large-Area Mass Manufacturing OLED Technology
For using OLEDs in lighting applications, large-area OLED lighting panels
are fabricated (Eritt et al. 2010, Hori et al. 2012). Lumiotec’s (Lumiotec Co.,
Ltd. 2010) OLED lighting panels are manufactured by vacuum evaporation. The organic layers are formed on a glass substrate, with the transparent
conductive layer of indium tin oxide (ITO) patterned on its surface. The
equipment consists of a vacuum chamber, linear evaporation sources, substrate carriers, and a vacuum pumping system. Glass substrates placed on
trays above a number of linear evaporation sources are sequentially conveyed
to form multiple layers of organic materials on the lower surface of each
substrate. The in-line process enables multilayer deposition by continuously
providing substrates with very little space between them. The process enables
fast manufacturing and efficient use of the expensive organic materials. It
also makes it possible to mass produce large panels with high throughput at
low cost.
Enlargement of the panel size is riddled with several troublesome problems, some of which are touched upon below. Suitable solutions are also discussed (Park et al. 2011).
24.3.1 Short Circuit Issue
The short circuits provide a shorter pathway for current flow, leading to
instantaneous current crowding. They are usually induced by the particles
clinging to a glass substrate and those appearing during thermal evaporation. They also occur when a photomask or metal mask is misaligned during
the photolithography process or thermal evaporation, wherefore the aluminum cathode melts. Sometimes they crop up when an initial bias voltage
is applied, resulting in low fabrication yield. In some cases, they also occur
when the bias voltage is varied. But they also kick-off even during a very
stable operation, thereby introducing a reliability concern. Short circuits are
suppressed to a large extent (i) by increasing the thickness of the transparent
anode, usually, ITO, at the cost of the optical transmittance; (ii) by coating
a buffer layer on the transparent anode using a conductive polymer such as
PEDOT:PSS; (iii) by increasing the organic layer thickness, that is, overall
device thickness; and/or (iv) by polishing the particles on the substrate or
ITO film.
24.3.2 Nonuniform Light Emission
The electrical conductivity of the transparent anode is limited. Hence, the
current injected from the edge of the panel scarcely reaches its central region.
As a consequence, the distribution of light emission becomes nonuniform.
The problem exacerbates with increasing luminous intensity. Nonuniform
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light emission is also induced by a thickness variation of organic films during
large-area thermal evaporation.
To combat this problem, the ratio between the effective horizontal resistance of the anode and the vertical resistance of the OLED device must be
found. When the vertical resistance is much less than the horizontal resistance, current flowing through the OLED device is concentrated mainly near
the panel periphery. Then, the vertical device resistance must be increased
by using a larger device thickness or by taking the help of a tandem device
structure. Another simple method involves the reduction of the horizontal
resistance of the transparent anode by employing a highly conductive metal,
such as silver, sandwiched between two conductive oxides. The other technique is to utilize an auxiliary metal electrode, for example, Cr or MoNb/
AlNb/MoNb that is deposited and grid patterned on ITO. Current flowing
through the low-resistance auxiliary metal lines to the central region produces highly homogeneous light distribution over a large area.
Further enhancement of the uniformity of light emission is possible by
various driving techniques, which entail subdivision of the emission area into
many subsections, each of which is then controlled by an individual driving circuit. The luminance of each section is tuned and thus the luminance
uniformity is improved. This complex lighting system becomes prohibitively
costly.
24.3.3 Heat Generation
Thermal-related issues haunt flat panel OLED lighting also. In OLEDs,
the heat transfer pathway between the in-house heat origin, that is, lightreleasing active area and the external device surface, being very short, the
heat difference between them is very small, comfortably assisting heat dissipation. Nevertheless, as the luminance increases the parasitic joule heating
multiplies accordingly and at the same time heat distribution becomes nonuniform. More heat is generated near the edge of the panel than its central
region due to the electrical resistance of the anode. So, more current flows
through the device near the panel edge. Therefore, the heat distribution map
replicates the light emission distribution. Mounting on a heat sink is inevitable for stable operation and long lifetime of OLEDs used in general lighting
applications producing relatively high luminous intensity and flux. It would be
highly desirable that the heat sink used for OLEDs be sufficiently slim such
that the pertinent feature of ultrathin OLEDs is not compromised with.
As heat transfers to a heat sink through encapsulation layers, it is evident
that heat dissipation is intimately connected with the manner of encapsulation. In the conventional glass encapsulation, heat transfer is moderately
poor due to the nitrogen gas filled inside the device, separating the organic
layers from the heat sink. Thin-film encapsulations exhibit the best heat dissipation due to their shorter heat transfer pathway, as a rule, several tens of
μm. However, their barrier property should be complied with in order to be
germane to OLEDs (Park et al. 2011).
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24.4 Discussion and Conclusions
Although OLED lighting technology is presently immature and costly, it
promises to create cheap, pleasing light sources in unique, flexible form factors. Flexible OLED lighting
panels will find opportuniOLED
ties in designer lighting where
matrix
aesthetic imperatives are the
primary consideration. Unlike
other light sources, OLED
technology is directly embeddable onto architectural materials, such as metal and glass,
OLED
and can be used to create freeOLED
OLED
form luminous objects, as well
as decorative lighting applications in stairways, windows,
dividing walls, wall armor,
and furniture. The technology
allows the window glass, the
walls, and the ceilings of the
Figure 24.5 Flexible OLED lighting on the roof top,
rooms to be lit as decorative
transparent OLEDs on the walls serve as windows during
panels. The super-slim OLED
day and lights at night.
panels are true flat mounts
with evenly distributed light that has no glare, flicker, or hot spots, as the
fixture itself is light. They are expected to drive the trend away from the
ceiling-mounted regular arrays of luminaries to glowing windows, walls, and
ceilings. Residential and commercial buildings will be lighted by ceiling or
wall panels of OLEDs. Figure 24.5 shows a modern living room garnished
with OLED lighting.
H arbingers of A erial Lighting
OLEDs break lighting traditions,
Seeking new goals and ambitions.
Bringing new possibilities
Of various shapes and design flexibilities,
Climbing the footsteps
Towards aerial lighting concepts.
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Review Exercises
24.1
24.2
24.3

What is the classical concept of a source of light? Why should it be
examined in the present scenario?
Explain the new ideas introduced by OLEDs in lighting and justify
the statement, “OLED lighting is confidently poised to lead to an
archetype shift in lighting.”
How do OLEDs unify the properties of light source and luminaire?
Is it possible to make OLEDs transparent in the off state? If yes,
how is this feature beneficial?
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24.4

Why has a person more choice of sitting place in an OLED-lit
room? Explain.
24.5 Give two examples of commercial OLED lighting tiles and panels.
For what applications are reversible OLED tiles designed? How do
OLED tiles offer novel architectural possibilities?
24.6 Elaborate the statement, “Increasing the size of the OLED panel is
fraught with several hindrances.”
24.7 Discuss the short-circuiting issue in large-area OLED tiles. How is
the severity of the problem minimized?
24.8 Why is the emitted light from a large-area OLED nonuniform in
intensity at different points? How can this nonuniformity be minimized (a) during fabrication and (b) during use?
24.9 Do large-area OLED panels face heat dissipation problems? How
does it affect the performance of the display? How is it avoided? Is
it in any way related to the encapsulation of the panel?
24.10 The emitted light distribution from an OLED follows the map of its
heat allocation. Explain.
24.11 OLED lighting offers several advantages. Then, what are the problems inhibiting its widespread adoption?
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Inorganic LED Displays
Learning Objectives
After reading this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾

Get familiar with the important terms used in displays
Know the main components and types of an LED display
Explain the construction, configurations, and operation of sevensegment displays
Relate minimum viewing distance with pixel pitch of an LED screen
Discuss geometrical and interpolated virtual pixel abstractions
Understand the color and luminance control of an LED screen by
applying gamma correction
Describe the different types of LED TVs

25.1 Definitions
LEDs are used for displaying information to make it decipherable and easily readable from a distance and even in unswerving sunlight. This has been
achieved through advances in high-brightness LEDs based on AlGaInP and
AlInGaAs. These displays almost invariably manipulate multiplexed driving
circuits to minimize the number of driving circuit blocks. Table 25.1 introduces the main terms necessary to understand display technology.

25.2 Main Components of an LED Display
An LED display en masse has the following components:
1. Display tile: It consists of a PCB board on which LEDs are seated along
with the driver chips that regulate the brightness of each LED. The
driver chip accepts delivery of the signal from an onboard controller for
transmuting a digital signal into the required color for each signal. The
425
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Table 25.1

Display Terminology

Sl. No.

Term

1.

Monochrome
display

2.

Color video
display

3.

Pixel

4.

Pixel pitch

5.

Resolution

6.

Matrix

7.

Viewing angle

8.

Horizontal viewing
angle
Vertical viewing
angle

9.

10.
11.

Frame
Frame rate

Meaning
A display that produces images of one color only
using, for example, red or amber LED; mainly applied
to display textual information.
Display showing all colors exhibiting true-to-life vibrant
images comparable to TV or high-quality.
advertisement. It is made with three LEDs by mixing
light signals of different strengths.
Picture element. Small points of black-and-white or
colored light over the surface of a display.
Center-to-center distance between any two elements in a
display, expressed in millimeters, for example, 12 mm
and 16 mm.
Ability of a display to show details of an image. The
larger the number of pixels, the higher the resolution.
Rectangular grid in which the pixels on a display
surface are arranged.
Double the half-brightness angle, the angle of view at
which the brightness decreases to 50% the value in
head-on direction.
Viewing angle in the horizontal direction. It is usually
large in value to capture a wide audience.
Viewing angle in the vertical direction. It is usually
small in value to prevent unnecessary light emission
into the sky.
Isolated images comprising a video signal.
Flipping speed of frames given in frames per second,
for example, 60 frames per second. A faster frame
rate provides a smoother video.

tile has a front cover to safeguard it from impact. The cover also acts
as a shield at odds with sunlight. The display surface should not reflect
light because then it will be visible in sunlight and doubtlessly discernible from long distances.
	  The onboard controller of the tile is a minicomputer outfitted with
LED control software, image processing algorithms, and other amenities. It infuses intelligence into the tile.
	  The data connectors of the tile are used for data input and output.
They are very rugged and corrosion resistant.
2. The cabinet: It includes the supporting frame for mounting the tiles and
also serves as the enclosure for the system.
3. Power supplies: They provide regulated 12 V DC from 220 V AC mains
for LED operation at LED voltage.
4. Internet connection: The display communicates with the external world
through this connection.
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25.3 Types of LED Displays
LED displays are packages of many LEDs arranged in a template. The most
recognizable patterns are the seven-segment displays for showing numbers
(digits 0–9) and alphanumeric characters (0–9, a–z, A–Z, and signs). The
LED-based displays fall under one of the two classes: alphanumeric or
video types.
25.3.1 Alphanumeric Displays
The pluralities of displays have the form of variable message signs (VMSs).
They are used for news display and advertisements. They are used in sports
stadia as score boards in cricket, football, and other games. They are used in
bus stands, railway stations, and airports for showing the status of services
available. Time and temperature displays also use LEDs.
The size of characters in the display is determined by the viewing distance, for example, 5 cm for 30 m distance, 150 cm for 1 km distance, and so
on. The characters are contrived from pixels, each of which can accommodate from one to several LEDs according to LED brightness and watching
distance.
25.3.2 Color Video Displays
The perennial cathode ray tubes seem to evanesce into obsolescence, expressly
for large video displays in outdoor locations. The main incitements are the
high brightness levels achieved for LEDs and the avoidance of high-voltage
driving circuits, besides the usual gratification accompanying LED usage.
The rudimentary element of a color display is the trichromatic pixel, and the
working principle is additive color mixing. Pixels in displays are of varied
sizes. Small pixels are made up of one LED of each primary color. Bigger
pixels comprise 2–6 LEDs of each color. Large horizontal viewing angles
up to 170° together with vertical angles from 30–90° are used. 10–12 bit
drivers at 1024–4096 intensities drive each assemblage of LEDs, enabling
1 × 106 –6.8 × 107 combinations of intensities.
Display management is computerized and controlled by a remote-located
desktop computer for feeding the required information. Signal processing
for displays involves operations such as digitization of signals, image resizing, video mixing, color adjustments, and so on. A coaxial or fiber-optic
cable inputs the data from the control unit to the LED driving circuit.
Multiplexing and pulse width modulation techniques are ordinarily used in
these systems.
The information shown by colored video displays bears a resemblance to
a limited extent to that done by CRT displays. However, it must be clarified
that there is no matching between CRT phosphors and LED chromaticities.
But the mature AlGaInP and AlInGaN LEDs are proficient for emitting a
multiplicity of wavelengths. By well-planned color mixing, desired hues are
readily obtainable, superseding those achieved with TV standards.
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25.4 Seven-Segment LED Displays

Common

Common

25.4.1 Construction
Most fundamental electronic display devices capable of exhibiting digits from
0 to 9, the seven-segment LED display, also referred to as a seven-segment
indicator, is used for displaying decimal numerical information, alphabets,
and other characters in electronic meters, digital clocks, microwave ovens,
clock radios, VCRs, timers, wrist watches, calculators, toys, and many other
domiciliary articles. Other appliances include radio-frequency (RF) indicators, odometers, and speedometers for motor vehicles, and virtually any other
display that exploits alphanumeric characters without the need for graphics.
The seven-segment display is more than a century-old veteran but earlier
displays were made from incandescent lamps.
A seven-segment LED display contains an array of eight LEDs arranged
in the pattern of squared-off figure “8,” with seven LEDs assigned names
using lowercase letters from “a” to “g” for representing Arabic numerals, and
8th LED named as “h” for the decimal digit or dot when the number is a
noninteger. By this nomenclature, the LEDs can be easily identified. Thus,
a seven-segment display can be defined as a special arrangement of seven
bars forming a square figure of eight, enabling the simplified representation
of any letter or figure by illuminating chosen bars. Figure 25.1 depicts this
display. Both the pin diagram and outward outline are shown.
The seven segments are
systematized to form a
rectangle comprising two
a b
g f
vertical segments on each
side with one horizontal
segment on the top, one
(a)
(b)
a
in the middle, and one at
a
f
the bottom, resulting in
f
b
b
g
horizontal bisection of the
e
g
rectangle by the seventh
c
d
e
c
segment. By lighting the
dp
seven LEDs of the display
d
dp
in different combinations,
various numbers from 0
to 9 can be seen. For easy
reading, the seven LED-lit
c h
e d
segments of the display are
placed in slightly slanted
positions to produce an
Figure 25.1 Seven-segment display: (a) pin diagram and (b)
oblique, italicized group of
outer appearance.
characters. Generally, the
seven segments are of the same size and shape but sporadically the vertical
side is longer to improve readability.
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f

a

g

b

(a)

f

Positive

g

Ground

25.4.2 Common Cathode and Common Anode Configurations
Seven-segment LED display is available in a 10-pin package (Figure 25.2),
in which eight pins correspond to one terminal each of the eight LEDs while
the 9th and 10th pins at the middle are shorted together. This shorted terminal is either a common cathode in which the cathodes of all the eight LEDs
are brought together and clinched at one point; hence called common cathode
(CC) configuration (Figure 25.2a). Or a common anode in which the anodes
of the eight LEDs are tied at one pin; hence known as common anode (CA)
configuration (Figure 25.2b).
In the CC configuration, the negative terminal of the supply is connected
to the common cathode, which is grounded. When a positive voltage (logic
high or logic 1) is applied to the anodes of the a–h LEDs, they glow with
light. In the CA arrangement, the positive terminal of the supply is connected
to the common anode. On applying a negative voltage (logic low or logic 0)
to cathode(s) of any one or more of the a–h LEDs, they start glowing. On
activating all the elements, the numeral eight is seen. Turning on some of the

a

b

(b)

a

f

b

a

f

g

b

g

c

e

c

e

d

d
dp

d

c

h

e

d

Positive

e

Ground

dp

c

h

Figure 25.2 Two popular configurations of seven-segment displays: (a) common cathode and
(b) common anode.
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elements but not others results in portrayal of any single-digit numeral from
0 to 9, as well as uppercase and lowercase letters of the English alphabet, for
example, to display a number 7, only segments a, b, and c should be turned on,
whereas the remaining segments should remain off.
It may be noted that a seven-segment plus decimal point package requires
only nine pins. However, mercantile displays generally have more pins and/
or spaces, where pins would set out. This is done in order to follow the rules
of industry standard pinouts. The full state of an LED display is encoded by
a single byte, the voguish encodings being gfedcba and abcdefg. Herein, each
letter signifies a fastidious segment in the display.
Apart from the numerals 0–9, the six hexadecimal “letter digits A–F” can
be shown on seven-segment displays. Since the letter “B” may be befuddled
with number “8,” both uppercase and lowercase letters are used for nonambiguous depiction. Further, seven-segment displays are also used for scripting short communiqués such as “no disk” for a CD player.
25.4.3 Advantages and Limitations
Although LCD displays have replaced LED displays in some applications,
the high visual contrast of LED displays has favored their usage. However,
LCD segments allow arbitrarily convoluted shapes because they are fabricated by a printing technology, whereas LED displays permit little aberration from the rectangular shape because of the plight in physically molding
the segments in the desired appearance.
Seven-segment display packages can be procured from a variety of merchants, usually in the form of rectangular boxes with protruding pins, with a
countenance similar to that of an integrated circuit (IC) package, but larger
than it in size. A few seven-segment
displays have even more dot-shaped elements to show time. The format is hours
a
and minutes, for example, 12:30.
f
h
The inadequacy of the simple seveni
j
segment display is obvious. It can display
b
g1
numbers and some letters clearly. What
g2
e
needs to be done if one has to develop
k
the capability to display unequivocally
l
m
the small and capital letters, numerals,
c
d
and some symbols? Naturally, better displays must be constructed. An example
dp
is the 14-segment display containing
14 segments that can be turned on or
off (Figure 25.3). It is called by various
appellations such as a Starburst Display or
a Union Jack display. It is an outstretched
rendition of the seven-segment display
having four diagonal and two vertical
segments with the midway horizontal
Figure 25.3 A 14-segment display.
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segment divided into two parts. Further improvement in the legibility of
letters or symbols is achieved by a 16-segment display.
In a multiple-digit LED display used in pocket calculators, the requirement of a large number of IC pins for managing the display is dodged by
resorting to a multiplexing technique. Integrated displays have their own
internal decoder. For the reproduction of large numbers in decimal notation, abbreviation and acronym contractions of bigger words and phrases,
and short words, multiple packages are arranged in a horizontal row.
25.4.4 Operation
To easily grasp the operation of an LED display, one must apprentice to seek
expertise on the addressing of LEDs arranged in an array and the multiplexing or scanning method.
Addressing individual LEDs in an array: Figure 25.4 shows a 4 × 4 LED
array in two configurations in which the rows are marked by letters W, X,
Y, Z, and the columns by letters P, Q, R, S. Now, each LED is addressable
by its coordinates, for example, the top left LED is recognized as (W, P),
whereas the bottom right LED is (Z, S). In the CC configuration (Figure
25.4a), negative voltage is applied to rows W, X, Y, Z and positive voltage to
columns P, Q, R, S. To switch on the top left LED, negative voltage will be
applied to row W and positive voltage to column P. Hence, (W, P) LED is lit.
For switching on the bottom right LED, negative voltage will be applied to
row Z and positive voltage to column S. Hence, (Z, S) LED is lit. Similarly,
each LED in the array is addressed. Remember that the anode of each LED
is connected to supply through a current-limiting resistor (not shown here),
which is determined by referring to the datasheet of the LED used from
its forward voltage and current rating. In the common anode arrangement
(Figure 25.4b), the voltage polarities are reversed.
Multiplexing: Clearly, for wiring a seven-segment display, each single digit
requires seven connections (wires) for the seven segments and one connection for common cathode (or anode), that is, a total of 7 + 1 = 8 connections.
(a)

(b)
P

Q

R

S

P

W

W

X

X

Y

Y

Z

Z

Figure 25.4

Q

R

The 3×3 digit multiplexing: (a) common cathode and (b) common anode.

S
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Duplicating this procedure for three seven-segment LED displays, 8 × 3 = 24
input/output connections or wires will be required, which needs unnecessary
resources and is not affordable. To overcome this, multiplexing technique is
used for feeding multiple digit seven-segment displays. Multiplexing is also
termed scanning. A multiplexed display is an electronic display where the
full display is not driven at one time but subunits of the display, for example,
the different digits in a multiple-digit display, are multiplexed, that is, driven
one at a time. If this is done slowly, one sees blinking LED rows. When
done hurriedly, the human eye fails to distinguish between individual digits
and witnesses the complete pattern representing the number together. This
phenomenon is commonly known as persistence of vision. Thus, with the
assistance of electronics and the persistence of vision, the viewer is made to
believe as if the entire display was continuously active.
The underlying theory of the multiplexing technique is passably simple.
All the similar segments of multiple LED displays are hooked up together
and driven through a single input/output pin. In Figure 25.5, a schematic
of three-digit multiplexing is shown (PIC Microcontroller Note 2008).
Following this note, segments a–g of each digit are connected together.
Each digit is switched on or off by controlling signal at first digit, second
digit, and third digit. When the first digit is “1,” the first digit will be on.
If the first digit 1 is “0,” the first digit will be off. Thus, the distinctive
segments of each digit, connected in a two-dimensional array, will only
illuminate if both the row and column lines of the array receive the correct
electrical potential. Onlookers will see all the three-digits display simultaneously if each digit switches on and off unobjectionably fast that eye cannot
perceive them separately. For displaying all the three digits together, the
seven-segment display for each is activated sequentially using an appropriate
refresh frequency so that it will appear that all of them are turned on at the
g
f
e
d
c
b
a

1st digit

2nd digit

3rd digit

Ground

Figure 25.5

A 4×4 LED array.
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same time. The switching among the three digits is so swift that one gets an
impression of simultaneous light emission.
Three transistors are used as switches to connect or disconnect the
common anode/cathode terminals of LEDs from the supply. When the
emitter–base junction of the transistor is forward biased, the transistor
conducts and the common terminal of the corresponding digit is connected
to the supply. Therefore, the transistor plumps for the digit in the display
that is active.
To construct four-, five-, or six-digit displays, the respective numbers of
seven-segment displays of the individual digits are linked in parallel mode.
The common-cathode line is drawn out separately and this line is made negative or low for a short period of time to turn on the display. If the display
is turned on at a rate >100 times per second, it seems to the onlooker that
all the displays are turned on at the same time. Simultaneously, with the
turning on of the display, the appropriate information is conveyed to it so
that it will indicate the correct digit. Each display is turned on very hard for
one-sixth time, and the persistence of vision of the human eye misleads us
to observe that the display is turned on over the full duration. Owing to this
reason, the program has to guarantee the proper timings of events; otherwise, the repugnant blinking of display will come about.
The main blessings of multiplexing are the use of fewer connection wires,
intelligible electronics, and reduction in both cost and power consumption.
But for the basis that in a multiplexed display, presentation of the entire
display is not done together, it is liable to “break up” if the observer rapidly
swings vision across such a display, when a jumbling of individual digits may
be seen instead of a coherent meaningful display. The multiplexed nature of
the display is revealed when it is viewed through a stroboscope.
Moving message LED display and other opportunities: LED-based movingmessage displays mounted either indoors or outdoors are gaining popularity
for publicizing information to large groups of people pronto. Such displays
are frequently found in localities such as railway platforms, airports, public administrative centers, banks, restaurants, training institutes, nightclubs,
and shopping precincts. A moving or scrolling LED display is implemented
through simply turning the LEDs on and off in a sequence that moves in one
direction. This gives the appearance of motion along that direction. At the
heart of the moving-message display is a microcontroller. The display circuit
uses the required number of single-digit displays of alphanumeric type in
CA configuration, to show the intended number of characters at a time. The
display can be programmed to execute whatsoever is fancied to be a magnet
for a person’s attention. Some displays are programmed to show a particular
phrase or set of phrases depicting different occasions; others are connected
to a computer and altered from a software application. As programming
requires a lot of data memory or program memory space, an external RAM
is needed to complement a microcontroller. Usually, programming is done
to make the characters move in a seamlessly incessant fashion. A message
appears on the panel from the right-hand side, hangs about for a few seconds
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when the first character arrives at the leftmost place, and then disappears,
going out from the left-hand side.
Some display boards enclose single-color LEDs; a few others employ combinations of LEDs of different colors, while a few other more sophisticated
displays use bicolor or tricolored LEDs. The color that a bicolored LED emits
is determined by the direction of motion of the display, for example, if a display
is sailing to the left, then the color might be red but if the display is moving
to the right then the color would change. When to-and-fro motion is done at
abundantly high frequency, the effect of moving the light back and forth is
that a third color is composed. Further, a simple flashing LED display may not
inevitably be programmed to flash. The flashing effect is many a times actualized by using an LED connected to a multivibrator circuit, which is timed to
flash at intervals. Typically, the flashing interval is adjusted at 1 s. Other LED
possibilities include the utilization of RGB diodes that are red, green, and blue,
and can be used to emit either several, all, or particular monocolor.
25.4.5 Examples of LED Displays
Seven-segment display 10 mm character: Viewing distance up to 6 m, yellow,
green, and orange red, wide viewing angle, angle of half intensity: ±50°,
Restriction of Hazardous Substances (RoHS) compliant, evenly lighted
untainted segments, test and measuring instruments, panel meters, pointof-sale workstations and domestic paraphernalia, luminous intensity at
10 mA is (4500–9000) μcd, reverse voltage per segment or DP = 6 V,
DC forward current per segment or DP = 0.15 A, power dissipation = 480 mW, thermal resistance of LED junction/ambient = 120 K/W,
dominant wavelength = 58–594 nm, peak wavelength = 585 nm (yellow),
dominant wavelength = 562–575 nm, peak wavelength = 565 nm (green),
dominant wavelength = 612–625 nm, peak wavelength = 630 nm (orange
red), package dimensions and pin connections.
Outdoor LED information sign: LED billboard to display letter text, with
yellow color; different colors and letter sizes can be tailored to need, display
function: text display, pixel configuration; yellow, pixel pitch: 16 mm, average power consumption: 3000 W/m2.
Other examples: LED bar sign, moving message bus LED display sign.

25.5 Resolution of LED Video Image
25.5.1 Minimum Viewing Distance and Pixel Pitch
The resolution of the image of an LED display is unhesitatingly decided by
minimum viewing distance (MVD) of the display and implemented by picking up the necessary pixel pitch from available choices. Figure 25.6 shows
the arrangement of pixels on a portion of a display such as a TV screen.
When the image is viewed from a distance less than the MVD, each LED
can be distinguished separately as a luminous dot, and this gives a vexatious,
scratchy, discretely broken, or discontinuous perception of the image. But
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Figure 25.6 Pixel arrangements on a portion of a TV screen with each pixel formed from four
LEDs (two red LEDs, one green LED, and one blue LED).

on viewing the image from a distance equal to or exceeding the MVD, the
image looks continuous and presents an integrated picture. So, the MVD is
the least distance from the display at which the image can be watched as a
continuous picture like the actual natural scene it represents, and not broken
down into illuminated dots approximating it as a replacement for its constituent pixels. MVD is the closest distance of separation that a person can
approach the screen before the pixels start appearing as dots.
A rule of thumb for determining the MVD of a display is: If the pixel
pitch of the display is x mm, the MVD of the display is x m, that is, MVD in
meters is the same as the pixel pitch given in millimeters. For a display with
pixel pitch of 5 mm, the MVD will be 5 m.
25.5.2 Choosing the Correct Pixel Pitch: Image Quality and LED Screen Cost
If the pixel pitch is high, that is, the intervening distance between pixels is
large, the image will be indigent in quality, for example, the letters may not
be easily readable or human faces may not be distinctly recognizable. Let us
now turn the situation around by selecting a low pixel pitch and therefore
closely placing the LEDs. This arrangement will undeniably give a clearer
image. If the pixel pitch is further trimmed down, the image will be of a
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higher definition. In this manner, if one goes on pruning the pixel pitch, at
some stage, the image clarity will be dramatically improved.
But it must be realized that this reduction of pixel pitch is being achieved by
making the display more and more expensive. The display is two-dimensional
and hence the decrease in pixel pitch makes the total number of LEDs rise exponentially. As an example, for a pixel pitch = 10 mm = (10/1000) m = 0.01 m
in a 5 × 5 m LED screen, there will be 5/0.01 = 500 LEDs placed in horizontal rows and similarly 500 LEDs in vertical columns. The total number of
LEDs in the display = 500 × 500 = 250,000. If instead of 10 mm, the pixel
pitch is halved to 5 mm, the required number of LEDs = 5/0.005 = 1000
in the horizontal direction and 1000 in the vertical direction, giving the
total number of LEDs = 1000 × 1000 = 1000,000. Thus, when the pixel
pitch is decreased by a factor 2, the number of LEDs increases by a factor
of 1000,000/250,000 = 4. This means that a small decrease in pixel pitch
results in a large increase in the number of LEDs. Using marginally more
LEDs for building the display makes it tremendously costlier. Hence, the
increase in the number of LEDs cannot be done indefinitely. Rather, it ought
to be done circumspectly reserving the display cost in consideration.
Another factor that cannot be overlooked is that by lowering the pixel
pitch, the image quality improves and cost increases but the advantage of
the above two changes may not be appreciated by the human eye. This may
happen if the LED screen is to be viewed from a large distance at which the
improvement in image quality will not be discernible. If a person watches
a giant LED screen from an enormous distance, it is unnecessary to have a
high-definition screen when the eyes will be unable to appreciate the superior
performances. Therefore, these changes will only add to cost of the screen
and will not serve any useful purpose. Then there is no justification for using
a smaller pixel pitch. It is evident that the pixel pitch is to be diminished only
up to the limiting value at which the improvement in image quality is justifiable from the pecuniary viewpoint. A compromise between image quality
and screen cost is essential.

25.6 Virtual Pixel Method to Enhance Image Quality
“Virtual” means to craft by software the effect of an object that is nonexistent
in reality. It seems that the object is present where it is actually not. Virtual
pixel technique, also called shared pixel, dynamic pixel, multiplexing or pixel
decomposition technique, is a screen-software feature. This video management feature is acclaimed to apparently increase the resolution by twofold
in one dimension, and hence provide clearer vision of a display through the
practice of sharing pixels.
25.6.1 Necessity of Virtual Pixel
The necessity of video management feature to improve picture quality is felt
because an LED screen has much lesser number of pixels than on the common
computer screen. A normal computer screen has 1024 × 768 = 786,432 or more
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physical pixels, whereas 5 m × 4 m LED screen has only 200 × 150 = 3000
physical pixels. Therefore, for better picture quality, it is essential to increase
the number of pixels by some artificial ersatz means.
25.6.2 Misleading Resolution Claims
Virtual pixel pitch is perceptually deceptive. In most cases, virtual pixel is a
delusive, smart marketing gimmick to boost the sales in the highly competitive market. Often, screens are offered on their virtual pixel pitch, quoting
a 10 mm product when in fact, it is a 20 mm screen. The technology has no
novelty and the small advantages accrued are offset by deficiencies that suppliers prefer to suppress into the veil of secrecy. Virtual pixel technology does
not double the “real resolution” of a display. Moreover, it does not diminish
the MVD of the screen. Definitely, the picture quality shows improvement.
The picture looks pragmatic but surely it is not equivalent to that on actual
resolution screen. It makes color and line actions smoother in video content
and bolsters the appearance of the screen from a distance. Conceptually, virtual pixel is an effort in striving to smoothen out digital images as displayed
on a screen. It may be noted that virtual pixel technology on large screens
was introduced a long time ago. It was first adapted to lamp screens made of
bulbs, which had a low resolution and markedly bigger pixel size. Attempts
were made to smooth the edges of images. Afterwards, the same approach
was applied to LED screens.
However, the picture of an actual 10 mm pixel pitch screen is much
superior and also its viewing distance is smaller than that for a virtual pitch
10 mm screen. The actual 10 mm pixel pitch screen is also costlier because it
contains 3–4 times more LEDs in it. Keeping the above remarks in mind, a
true comparison of screens must always be based on their actual pixel pitches.
An LED screen with smaller actual pixel pitch appears sharper.

25.7 Types of Virtual Pixels
Virtual pixels are of two different types: geometrical/squared and interpolated.
25.7.1 Geometrical/Squared Virtual Pixel
The geometrical/squared virtual pixel is based on simple geometrical concepts. From two indistinguishable shapes lodged next to each other, two
more shapes, impossible to tell apart, are created by taking half of each
shape (Figure 25.7). Hence, if there are two identical pixels located next to
each other, by taking half of each pixel, two more pixels matching the first
two can be produced, like two peas in a pod, doubling the number of pixels
from two to four. Thus, a virtual pixel allows, starting from four preparatory
images having a pixel area = A, to produce one image with a pixel area = A/4.
As the number of pixels in length and in height are doubled, it is
declared that virtual pixel method doubles the actual resolution of screen
in each dimension, that is, an LED screen with the resolution = 300 × 200
pixels in reality is transformed into the screen with the virtual
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Figure 25.7 Creation of one more shape from two similar shapes located next to each other, by
taking half segment of each shape.

resolution = 2 × 300 × 2 × 200 = 4 × 300 × 200. Theoretically, LED screen
resolution with the virtual pixel technology is four times of a real pixel LED
display, and effectively, the number of pixels perceived by the human eye is
increased by four times.
Figure 25.8 clarifies this further. In this diagram, considering a portion
of the screen, three virtual pixels formed in the first row together with three
real pixels double the number of pixels horizontally. Another three virtual
pixels generated in the first column are combined with three real pixels,
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Figure 25.8 Formation of virtual pixels from real pixels by sharing LEDs from adjacent pixels in
the horizontal and vertical directions.
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doubling the number of pixels vertically. Effectively 6 × 6 = 36 real plus virtual pixels correspond to 3 × 3 = 9 original real pixels, increasing the number
of pixels 4 times.
Averaging of values is pursued tenaciously. In spatial averaging, an algorithm generates a mean value of the initial four image pixels and transfers
this information to the screen. In temporal averaging, one of the four pixels
of the initial image is displayed on a screen at a higher frequency, either doubled or quadrupled. Sometimes, a combined spatial and temporal approach
is adopted.
25.7.2 Side Effects
In the normal operation mode, each pixel of the original image (Figure
25.9a) pertains to a definite equivalent pixel on LED video screen, for example, for a pixel in the top left corner of an embryonic image with R, G,
B color, there exists a counterpart pixel in the top left corner of the video
screen, presumptuous of that color elements in a pixel are well balanced in
brightness and colors, and require no over-and-above correction. However,
in the virtual pixel mode (Figure 25.9b), each pixel of the initial image does
not correspond to an LED screen pixel but to the light source, that is, part of
the pixel. Four pixels of the top left corner of the initial image are reflected
due to virtual transformation in one screen pixel in the way shown in Figure
25.9b. Thus, in the virtual pixel mode, one screen pixel contains information
on four pixels of the initial image. In fact, one screen pixel cannot seize and
display all information from the initial four pixels, resulting in partial deprivation of information. As a result, petite details and spiky color boundaries
exhibit distortions or artifacts that are not palpable in the primary image.
(a)
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Figure 25.9 Normal and virtual pixel modes: (a) A pixel of an image displayed on a TV screen in
normal mode. (b) Reflection of four pixels of a portion of the initial image in the form of one screen
pixel in the virtual pixel mode.
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The performance is acceptably satisfactory for smooth color slopes or on
inconsistent images when color distortions are not clear.
Furthermore, the geometrical approach to virtual pixel works admirably
well when the distance between the LEDs equals that between the pixels.
But for an LED screen with a bigger pixel pitch for higher viewing distances,
the distance between LEDs and pixels may not be same. In such cases, the
virtual pixel cannot replace the real pixel anymore. It is more stretched than
the real one, degrading the overall image quality.
Even when LEDs are equidistantly placed, the method suffers from some
drawbacks, mainly concerned with the MVD, color faithfulness, and contrast percentage.
Minimum viewing distance: When the LEDs are dispersed apart, the pixels get bigger, and the image must be viewed from a greater distance, otherwise it appears pixilated. So, the MVD increases, an effect that is more than
ever emphasized when installing an LED screen indoors.
Chromatic fidelity: When the LEDs are closer to each other, their single
colors will mishmash better, and the eye more easily perceives the resultant
pixel color as the sum of the three primary colors. On the opposite side, the
larger the distance between LEDs, the greater the viewing distance in order
to recognize the true color mixture, which implies that not only are images
at small distances pixilated, but they also have a deprived chromatic fidelity,
for example, the yellow color dot appears as a half red and half green dot.
Contrast ratio: Contrast ratio is a ratio = luminance between the brightest white and the darkest black of a particular device or environment. TV
assumes a contrast ratio of about 30:1 in the living room.
The LED screen surface might not be as black as required for the best
contrast ratio because each LED has a white or clear background that is
much lighter than the black surface of the screen. Disseminating these white
LEDs on the black surface produces a grayish shade. Since the contrast level
is the ratio between the light emitted by the LEDs and the environmental
light reflected by the screen, the surface must be as dark as achievable.
25.7.3 Interpolated Virtual Pixel
Interpolated virtual pixel technology does not depend on the distance
between the pixels because the geometrical distribution of the LEDs on the
screen surface is not a decisive factor for image quality. Its principle is for all
intents and purposes parallel to commonly used MP3 technology in the music
industry or JPEG, an image compression format. MP3 is an audio-specific
compression format utilizing the acoustic perception of the human ear to
provide a representation of PCM (pulse-code modulation)-encoded audio
in much less space, by using psychoacoustic models to discard components
less audible to human ear and recording the residual information efficiently.
The interpolated pixel algorithm compresses the images in the same way
that MP3 compresses sounds. Combining this compression with the image
persistence on the retina to control the visual perception, it allows showing a pixel where there is nonentity, hence the tag “virtual.” All customary
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designer tools have a large anthology of such algorithms. The method yields
predictable results, that is, the screen displays accurately the same image as
seen on a PC monitor devoid of any spare artifacts.
25.7.4 Advantages over Geometrical Pixel
Interpolated pixel technology evades the shortcomings of the geometrical
pixels because it permits closer placement of LEDs to form a cohesive pixel
unit in distinction to the LEDs scattered at larger distances in case of geometrical pixels. It assures a lesser MVD because the pixel has a smaller surface. It provides a higher chromatic fidelity because LEDs are closer and
therefore colors blend faster. It increases the contrast ratio because the larger
the space between pixels, the more black does the surface look.

25.8 Building Larger LED Screens by Assembly of Elementary Modules
An LED display screen manufacturing company receives orders for different
dimensions of LED screens. Some people require temporary screen structures for organizing particular events such as for onstage performance before
a live audience; others need long-lasting screens for wall mountings, while
still others need huge outdoor screen installations. Sometimes square screens
are requested; every now and then, rectangular screens or other shapes are
asked for. To cater to these broad market demands, it is necessary to assemble together smaller units or modular screens to fabricate larger structures.
A modular approach is adopted for display construction to meet the diverse
requirements of customers. Fetching together 25 elementary modules of
1 m × 1 m size will result in a bigger square screen of 25 m 2 area comprising
five rows and five columns.
The modules of the display panel contain pixels with number counts from
4 to 512. The size of the pixel is decided according to the distance from
which the display is expected to be clearly visible and legible. For indoor
applications, the pixel size is 0.4–1.5 cm and for outdoor mounted displays,
it is 1.5–4.0 cm. Panels thus assembled are arranged side by side to erect the
complete display. Using 106 –107 LEDs, large-size displays have dimensions
of several tens of meters width multiplied by several tens of meters height.
The advantages of this manner of building screens are the possibility of
realizing various shapes and sizes, and easy maintenance of the screens. But
this should not be misconstrued as meaning that a big screen of 25 m 2 size
will provide pictures of the same quality as its smaller 1 m × 1 m constituent
modules. The upscaling of screen dimensions must be invariably accompanied by gamma correction.

25.9 Gamma Correction
A fundamental video management feature when visualizing images on every
type of screen, including the TV, the PC monitor, and the huge LED screen,
the gamma correction controls and manages the brightness and color levels
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of the whole image. If not properly performed, figures will appear either
bleached out or too dark.
To understand the need of gamma correction, it is necessary to draw
attention to a biological phenomenon that human vision has a nonuniform
perceptual response to luminance. The reaction of the human eye to the
luminous stimulations is logarithmic, meaning that the eye is able to see the
flash of a lightning strike as well as the quivering light of a star. Had the
reaction to luminous stimulations been linear, human beings would have
been totally blind below a specific illumination level and also dazzled by
bright lights.
The luminance generated by any physical device is expressed as a nonlinear function of the applied signal voltage. All the computer monitors have an
intensity/signal voltage response curve that is ~2.5 power function, so that on
transmitting a message to the computer monitor that the intensity of a certain pixel should be x, luminance produced at the face of the display is proportional to the applied voltage raised to the power 2.5, that is, x2.5. Because
voltages sent to the monitor lie in the range 0–1, the displayed intensity value
is always less than desired, for example, 0.72.5 = 0.40996. Thus, monitors are
said to have a gamma of 2.5. The numerical value of the exponent of the
power function is colloquially known as gamma.
In a video system, luminance of each of the linear red, green, and blue (tristimulus) components of light is converted into a nonlinear video signal by
gamma correction in the form of a 0.45-power function applied at the camera.
Thus, the gamma correction is the exponential correction of color levels on which the video image is based, and it is accomplished to adapt the
colors to the logarithmic vision of the human eye. The gamma (symbol γ )
represents a numerical parameter describing the nonlinear relationship
between pixel value and luminance. Only through a proper gamma correction is it possible to perfectly visualize natural pictures and videos. An ideal
correction calls for years of research and experience, resulting in better
quality of the images and greater depth of the colors. Thus, gamma correction controls the general brightness of an image. Varying the magnitude of
gamma correction not only influences the brightness, but also the ratios of
red to green to blue color.

25.10 Examples of LED Screens
25.10.1 Single-Color LED Display Module
Pixel pitch 10 mm, pixel configuration: red, blue, green, yellow, amber,
white, and so on; pixel density: 10,000 pixels/m 2; display function: single
color image and text display; scanning mode: 1/4 scan; power consumption:
300 W/m 2; drive manner: constant current driver.
25.10.2 Dual-Color LED Display Module
Pixel pitch 20 mm, pixel configuration: 2r1g (2 red, 1 green); pixel density:
2500 pixels/m 2; display function: dual-color image and text display; scanning
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mode: static scan; power consumption: 220 W/m 2; drive manner: constant
current driver, maximum brightness: 5000 cd/m 2.
25.10.3 Full-Color LED Display Module
Both indoor and outdoor modules for plaza, shopping mall, street side, highway, school, restaurant, club, bus station, metro station, terminals, airports,
stadia, sports, shows, entertainments, and different commercial advertising,
industrial enterprises, transportation, education system, and other public
places.
Pixel pitch: 10, 16, 20, 25 mm; pixel configuration: 1R, 1G, 1B (1 red,
1 green, and 1 blue); pixel density: 10,000 pixels/m2, 3906 pixels/m2,
2500 pixels/m2; display function: full-color video display; scanning mode:
static scan; power consumption: 300 W/m2; drive manner: constant current driver; refresh frequency: more than 300 Hz; brightness: 80,000 cd/m2;
module size: 320 × 320 mm or 160 × 160 mm for 10 mm, 256 × 256 mm
for 16 mm, 320 × 320 mm for 20 mm; view angle: horizontal 110/vertical
50; working temperature: −30°C to +50°C; cabinet material: iron/steel; best
color uniformity and white balance with strong visual impact; good heat
dissipation, antishock.
Other features: Low light decay; high brightness, visible even with direct
sunshine; large viewing angle; any malfunctioning LED is repairable, reducing display maintenance cost; dustproof and waterproof.

25.11 LED Television (LED-Backlit LCD Television)
Tacit in the true sense, the designation “LED TV” would suggest a television
producing images using LED devices. However, such TVs are only installed
in big sports stadia or auditoriums. For general household purpose, LED TV
refers to an LCD TV with LED backlighting (Figure 25.10). This television is incorrectly called LED TV but this name is prevalent and accepted.
Therefore, LED label pertains to the backlight system used in LCD televisions, not the chips producing the images. This implies that the television is
still an LCD television using LCDs for image construction and LEDs only
for backlighting the display.

Display screen

Antiglare
coating

Figure 25.10

LCD panel

Polarizer

Diffuser

Constituent layers of an LED-backlit LCD television screen.

Backlight
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The requirement of LEDs arises because LCDs do not emit light. It might
be enquired as to what type of lighting was used before LEDs were introduced?
In a standard LCD TV, cold-cathode fluorescent lamps (CCFLs) were used
for this purpose. An LED TV simply replaces fluorescent lighting by LEDs
as the backlighting source.
In an LCD, liquid crystals are sandwiched between oppositely polarized
transparent glass electrodes. An LCD TV comprises a gigantic number of
infinitesimal liquid crystals and a bright backlight illuminating the crystals to create various intensity levels and colors. The intensity of light passing
through the crystals varies in accordance with the current flowing through them.
Thus, LCD crystals serve as shutters arranged in a grid, and these shutters open and close to pass a controlled amount of white light from LEDs
through them. Because LCDs block light instead of producing it, they must
obstruct all the light where it is required to produce a black region. Light
cannot travel through a pair of polarizers arranged perpendicularly. Hence,
the display is black. Application of a voltage across it from front to back turns
a shutter off. Furthermore, three elementary subpixels, red, blue, and green,
together constitute each individual picture element called a pixel. When
properly illuminated, these subpixels can produce a large variety of colors
because the liquid crystals change color according to the voltage applied.
LED TV technologies are broadly divided into three classes: (i) edge-lit
LED TV, (ii) full-array RGB LED TV, and (iii) dynamic RGB LED TV,
which are explained in the following subsections.
25.11.1 Edge-Lit LED TV
This is the most widely used type of LED TV. In this television, white LEDs
are positioned around the border line or periphery of the TV screen, and
light is carried through light guides toward the inner sections of the screen
(Figure 25.11). The intent of positioning the LEDs along the edges, instead
of stationing them underneath the screen at regular intervals, is to decrease
the thickness of the display.
A diffusion panel is used as light modifier-cum-conditioner between the
screen and the light source. By uniformly spreading the light illuminating the LCDs, it serves to diffuse or soften light. Generally, this panel is
a translucent material that filters harsh light from a hard source to produce
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Figure 25.11

Edge-lit LED-backlit LCD television screen.
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appeasing and homogeneous illumination. It is constructed in the form of a
metal or plastic frame covered with a semitransparent material that allows
light to pass through it. The light striking the panel is smoothened and softened, producing a gentle mollified light, wrapping around contoured surfaces and creating a gradual fall off. Although a diffusion panel is used, edges
of the screen tend to receive more light than the central portions, leading to
a brighter center than the edges. When a white image is viewed, the outer
edges of the screen appear brighter or hotter. But for an all-black image, the
edges of the screen will appear lighter or grayer.
Besides nonuniform distribution of light intensity, black levels are not
adequately deep. Occasionally, the screen corners are lighted intensely, and
white blemishes are sprinkled across the screen. These effects are not pronounced for viewing daylight or well-lighted interior scenes but they are disconcerting to varying degrees, when watching night or dark scenes in a TV
program/film.
However, the main advantage of this arrangement is that the overall
thickness of the resultant TV is very small, which was the intended objective.
25.11.2 Full-Array RGB LED TV
This kind of LED TV is also well known as full LED TV or direct-lit LED
TV. Here, the LEDs are not affixed at the sides of the screen as in edge-lit
TV but are moved at the rear of the screen. Naturally, this placement of
LEDs will make the screen thicker.
In a full-array LED TV (Figure 25.12), several rows of RGB LEDs
are mounted behind the screen covering its entire area. The chief benefit
derived is a more even distribution of light over the screen without perceptible difference between the central and peripheral regions, as compared to
the edge-lit LED TV. In this respect, it performs better than the edge-lit
TV but the TV display panel has a larger generously proportioned thickness
than edge-lit type.
25.11.3 Dynamic RGB LED TV
This has essentially the same construction as the full-array RGB LED
TV. But in the full-array RGB LED TV, there is no resource for localized
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Figure 25.12

Full-array LED-backlit LCD television screen.
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(b)
dimming.
Localized (a)
dimming implies that
each LED or group
of LEDs is disjointedly switched on or off
within
denominated
areas of the screen
(Figure 25.13). This
enables strict control Figure 25.13 LED backlighting with (a) local dimming
of brightness and dark- and (b) global dimming.
ness for each area of the
image being displayed. This additional feature is incorporated in the dynamic
TV to target the selected areas for dimming.
Because local-dimming LED backlights dim or switch off individually
and independently, as and when required to do so, by local dimming, chosen
sections of the backlight can be murky or made brighter on their own when
different areas of the picture get darker or brighter, for example, the LEDs
behind the words in a sequence continue to be lighted while those behind the
black background are dimmed. Ability to dim portions of the screen helps
in reducing the amount of light managing to trickle through to darkened
pixels. Consequently, the black portions appear darker and more unpretentious. Since the black levels are decisive in enhancing the contrast ratio, the
deeper the black levels, the more penetratingly the picture and colors appear
to pop out, and the image as a whole gives a crisper look. As a result, this TV
gives a scrupulously faithful replication of black and white regions.
Some edge-lit LED/LCD TVs offer local-dimming or micro-dimming
feature. Here, variation of the light output is implemented with the help of
light diffusers and light guides. This local dimming is less accurate than the
direct local dimming method used in full-array LED TV.
Local dimming too has its limitation. It often produces an effect called
blooming, in which brighter zones bleed into darker ones and reduce the
darkness of the neighboring black levels. The blooming effect varies widely
among TV models. Incidence of blooming is directly related to the number
of local-dimming LED elements or dimmable zones behind the screen.

25.11.4 Pros and Cons of LED TV
Among the three LED TV classes, dynamic full-array RGB LED TV, in
particular, provides better contrast and clearer picture definition than either
edge-lit or full-array LED TV. In LED/LCD TVs using the full array black
lighting, there is negligible light leakage in dark scenes, contributing to better
black levels than LED edge-lit LCD television. But edge-lit LED TV offers
the benefit of a thinner format. Efforts are being made to improve edge-lit backlighting to the degree that it equals or exceeds full-array LED backlighting.
Before comparing LED TV with plasma TV, it is necessary to understand
the operation of plasma TV. Unlike LCD TV that functions on a transmissive technology, where each pixel is illuminated from behind, or backlit,
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plasma TV employs emissive technology, where each pixel is its own discrete
light source.
A plasma display is made from large numbers of small gas fluorescent
cells containing a mixture of inert gases and a small quantity of mercury.
Excitation of the inert gas by a charge from an electrode, one per pixel of the
display, turns it into plasma, causing the emission of ultraviolet light between
two glass panels. The emitted light strikes phosphor spots on the screen to
make a red, green, and blue picture.
Plasma TV uses almost the same power per square meter as a cathode ray
tube. Plasma TV does not work satisfactorily at altitudes >2 km above the
earth. This happens due to pressure differential between the gases inside the
screen and the air pressure at these heights. But plasma TV offers the best
viewing angles, and is noticeably superior to LCD TV.
Among the TV choices such as LED TV, fluorescent lighting TV, and
plasma TV, the notable points of distinction are as follows: Unlike plasma
TV, one of the main disadvantages of LCD TV is degradation of the picture
when the viewer sits off to the side or the TV is placed too high or low, based
on eye level of the viewer. LED backlighting does not offset this disadvantage. Off-angle viewing remains problematic. While watching a plasma TV,
the viewer can be seated to the side of the TV and the picture does not
degrade. Blooming and other uniformity problems are nonexistent.
LCD TVs have long been deficient in producing the deep blacks of plasma
TVs. The introduction of LED backlighting with local dimming enabled
blacks on LED TVs to be competitive with those on plasmas.
Over the fluorescent lighting-based LCD as well as plasma TVs, LED-lit
LCD TV has the advantage of less heat generation, lower power consumption, and smaller weight. Moreover, unlike fluorescent backlight system or
plasma TV, no mercury is used in an LED TV, eliminating disposal issues.
Additionally, more balanced color saturation is produced in an LED TV.
Thus, on the whole, LED backlighting represents a major technological
advancement in bringing LCD TVs at par with plasma television in terms
of black level performance, and, at the same time, making thinner LCD TV
designs realizable. A disadvantage of LED TV is its higher cost than either
plasma or fluorescent LED TV. Nonetheless, companies producing LCD televisions, monitors, laptop displays, and assorted custom-sized panels are rapidly
substituting CCFL with LED backlighting sources, largely for the reason that
the LED-based backlighting system enlarges the palette of reproducible hues
by ~45%. Already, the LED-based systems have attained 105% imitation of
the NTSC color space. In dissimilarity, the best CCFL-lit LCD TVs mimic
65%–75% color space only. The color reproduction and brightness of an LEDbased system is superior to even a cathode-ray tube display (Green 2007).

25.12 Flexible Inorganic LED Displays
Inorganic LEDs displays offer superior brightness, lifetime, and efficiency
than displays formed with OLEDs. Fabrication, assemblage, and connection
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of inorganic LEDs on a flexible substrate have been reported (Park et al.
2009, Jones 2009, Greenemeier 2009) using this technology, which outperforms OLEDs in brightness, energy efficiency, permanence, and dampness
resistance. The modus operandi begins by the growth of a four-layer semiconductor sandwich. The ingredient layers are (i) AlInGaP quantum well
structures (In0.56Ga0.44P wells, with barriers of Al0.25Ga0.25In0.5P on top and
bottom), (ii) cladding films (In0.5Al0.5P:Zn and In0.5Al0.5P:Si for the P and
N sides), (iii) spreaders (Al0.45Ga0.55As:C and Al0.45Ga0.55As:Si for the P and
N sides), and (iv) contacts (GaAs:C and GaAs:Si for the P and N sides),
all grown on AlAs. These layers together create an inorganic LED on the
surface of a layer of aluminum arsenide-coated GaN substrate. Making use
of photolithography technique, followed by chemical etching and a polymer process, Park et al. (2009) engineered an array of 100 × 100-μm LEDs
slackly affixed to the GaN substrate by polymer anchors. They then used a
computerized printing tool consisting of a soft rubber stamp with embossed
features that acted as suction cups, which attached to the tops of the LEDs.
On peeling away the stamp, the polymer anchors were broken down and
the stamp then dumped the LEDs on to a glass substrate coated with fairly
strong adhesive to prevail over the suction force.

25.13 Discussion and Conclusions
LED seven-segment displays are regularly used in electronics for displaying
decimal numeric feedback on the internal operations of devices. Economical
and convenient to use, they offer the handiness of serial control with a bright
and easy-to-see display. Using these seven-segment displays, microprocessor-based bright numeric and alphanumeric display systems are presented in
different sizes and colors.
LED display screens are available in various sizes according to the need
for various applications such as music recitals, merrymaking, social gatherings, celebrations, community events, trade fairs, sporting occasions,
festivals, conferences, dramas, film, TV and radio endorsements, and so
on. The display products include LED indoor and outdoor displays, and
customized displays to meet the variegated requirements of clients. Ticker
displays are scrolling LED displays using a PC, which collects the data
automatically from the server through a broadband modem, processes the
data, and converts them into the desired form. LED moving systems can
also show animation or graphics of moving objects or figures. LED signs
provide impressive visual impact. Moving message display boards with
prominently visible LEDs are used to display advertisements, statutory
warnings, sales messages, time, fun messages, and so on. These LED
signs are particularly suitable for use during night time. LED dot matrix
displays are used as notice boards or billboards. Large-size jumbo information display systems are specifically meant for distant visibility. These
display boards grab the attention of the people to important issues or
urgent announcements.

Inorganic LED Displays   ■   449

LED TVs are LCD TVs using light-emitting diodes for backlighting to
illuminate the screen. They have a longer life and far lower energy consumption
than plasma TVs and conventional LCD TVs in which CCFLs are installed
behind the screen. Hence, LED TVs are called LED-backlit LCD TVs or
LED-based LCD TVs. There are three main variants of LED backlighting
technology: (i) Local-dimming LED TV in which LEDs are switched on and
off behind the LCD matrix so that particular areas on the screen are darkened
by switching off the LEDs there separately from other brighter areas where
the LEDs remain switched on, contributing to reduced light leakage and significantly deeper blacks. This essentially necessitates compromise in the form
of circumferential flaring/blooming around the brighter elements overlaying
a dark background due to the spilling or bleeding of light from brighter areas
on the screen into neighboring darker zones. Despite circumferential blooming, black levels are conspicuously deeper. (ii) Edge-lit LED TVs in which
white LEDs are mounted along the edges of the screen to illuminate an ingeniously arranged array of reflective plates to guide the light forward on the
screen. The requirement of less LEDs enables a thinner design, making these
TVs aesthetically appealing. Also, the higher energy efficiency resulting in
lower power consumption makes them more ecofriendly. However, due to the
global nature of backlight adjustment, edge-lit LED panels display poorer
black levels for sequences with mixed brightness, and lower contrast perception for mainly dark content. (iii) Direct-lit LED TV in which nonlocal-dimming LEDs are arranged behind the LCD screen instead of along the edges,
have thicker side profile but on the upside, give better screen uniformity. As
far as picture quality is concerned, TVs with these rear-mounted static LEDs
perform comparably to the traditional CCFL-backlit LCD TVs.
Watching LED Displays Attentively
Viewing the LED scoreboards in sports stadia and playgrounds
The spectators follow the game around
With exhilaration profound
In shopping malls, everyday
Scrolling advertisements portray
The new goods and purchasing options
For buyers’ selection.
Watching LED displays attentively
Helps getting information quickly.
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Review Exercises
25.1

Define the following terms in relation with an LED display: (a)
pixel, (b) pixel pitch, (c) resolution, (d) viewing angles, horizontal
and vertical, and (e) frame and frame rate.
25.2 Name the main components of an LED display. Describe their
functions.
25.3 What are the most familiar patterns used in LED displays? What
is an alphanumeric display? Where are they used? What decides the
size of characters in the display?
25.4 How are the eight LEDs arranged in a seven-segment display?
Draw the pin diagram and label the pins with lowercase letters.
Explain the common cathode and common anode configurations of
the display.
25.5 Explain with the help of a diagram the working of a 4×4 LED
array.
25.6 What are the difficulties experienced with a seven-segment display?
How does a 14-segment display overcome these problems?
25.7 What is meant by multiplexing? Explain the use of multiplexing
technique in operating a three-digit LED display. How many input/
output connection wires will be required if no multiplexing is done?
25.8 What is the basic element of a color video display? Describe the
modular approach followed in constructing an LED display. How
is the display managed?
25.9 What is the expected true meaning of an LED TV? In what sense
is the designation generally applied? What are the common LED
TV technologies? Which of the three technologies gives the most
precise reproduction of blacks and whites?
25.10 Outline the main features of the three types of LED TVs. Mention
their advantages over fluorescent lighting-based LED TV or plasma
TV. Give one disadvantage of LED TV.

Chap ter

26

Organic LED Displays
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾

Understand the construction, features, and applications of AMOLED
and PMOLED displays
Describe the need of the active matrix driving
Know the role of backplane in display functioning
Converse on the available backplane technologies
Decide the criteria for selecting the required backplane technology
for a particular application
Get glimpses of the use of OLED displays in mobile telephones,
televisions, and laptop computers
Judge against each other: LCD, plasma, and AMOLED TVs

26.1 Evolution of Displays
26.1.1 From Bulky to Lightweight Displays
Display technology has unfolded from the bulky and heavy cathode ray tubes
(CRTs) requiring large amounts of power, to the flat and lightweight plasma
screens and liquid crystal displays (LCDs) consuming much less power.
A mesmeric alternative to all these forerunning technologies is offered by
organic light-emitting diodes (OLEDs) (Ammermann et al. 1995, Sepeai
et al. 2007).
26.1.2 Two Types of OLED Displays
Organic LED displays are principally of two types: passive matrix organic
LED (PMOLED) display and active matrix organic LED (AMOLED)
display.
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26.2 Passive Matrix Organic LED Display
26.2.1 Construction and Working Principle
The PMOLED display consists of rows and columns systematically arranged
in the form of a ribbed structure (Figure 26.1). In this display, the columns of
cathodes are superimposed on rows of anodes. The organic film lies between
the anode and the cathode. By turning on particular row and column lines,
individual pixels located at their intersection points are kindled (Figure 26.2).
26.2.2 Advantages
As the organic film and cathode metal in the PMOLED display are deposited by standard processing techniques, large-scale fabrication is possible at
low disbursement.

Anode lines

26.2.3 Drive Arrangements and Difficulties
Driving complexity: Although the concept of PMOLED display looks
somewhat simple in design and fabrication, the drive arrangements are
indeed very complex because of the essential requirement that every line
must have current limitation for each diode. This arrangement changes in
accordance with the number of diodes that are activated in a given row.
The time available to drive each pixel rapidly decreases with the number of
rows. This reduction of available time necessitates that the peak brightness
levels be kept high, engendering the row line currents to rise.
It was found that a peak brightness of
Cathode lines
72,000 nits was necessary to accomplish
a split addressed, VGA display with an
average luminance of 300 nits. This deciphered into a peak current of 1.6 A on the
row lines (Hosakawa et al. 1998, Dawson
et al. 1999). Large driving currents needed
to attain adequate mean brightness in the
Pixel
passive matrix addressing displays are
inimical due to the soaring drive voltages
involved. These in turn lead to outsized
voltage drops in the row lines and push
the OLED operation to the less powerefficient higher-voltage regime.
Higher voltages, lifetimes, and power consumption: The higher voltages bring about
increased power dissipation, excess flicker,
and shortened lifetimes. The lifetimes
decrease because high brightness levels
Figure 26.1 Pixel formations in a
require the display driving voltage levPMOLED at the points of intersection of
els to be increased, which trades off with
cathode and anode lines. Intervening organic
the expected lifetime. For most OLED
layers are not shown here.
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Figure 26.2 PMOLED addressing.

materials, the relationship between driving voltage level and lifetime is nearly
linear. Active matrix addressing is used to overcome such quandaries. Overall,
PMOLED has larger power consumption than the AMOLED display.
26.2.4 Applications
The high power consumption by PMOLED display restricts its use to those
applications only in which either the display size is 50–80 mm, as measured
across the diagonal, or the number of rows is <100. It is generally used in
petty applications requiring text and icon displays, such as cell phones, automobiles, and some audio equipment.

26.3 Active Matrix Organic LED Display
26.3.1 Benefit of Driving with Active Matrix
Driving the OLEDs with an active matrix leads to lower voltage operation and
smaller peak pixel currents. It thus results in a display with much greater efficiency and brightness. Given that the brightness is proportional to the current
driven through the OLED, the role of the active matrix is to provide a constant
current flow throughout the entire frame time, eliminating the high currents
that were encountered in the passive matrix approach (Dawson et al. 1999).
26.3.2 Construction and Operation
Like a PMOLED display, an AMOLED display comprises a matrix of
OLED pixels. Each pixel has an anode, a cathode, and an intervening
organic film (Figure 26.3).
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Anode supply

TFT
Substrate
Anode
Organic layers

Cathode supply

Figure 26.3 AMOLED addressing through TFTs. Only half the portion of the cathode plate is
drawn to show the underlying OLED structure.

Anode supply

Cathode supply

Appropriate scan and data lines are provided for selective pixel addressing. The distinctive feature of this display is that the pixels are activated by a
thin-film transistor (TFT) array (Figure 26.4). This array controls the current flowing through each pixel and enables its discriminatory activation.
Whenever current flows in a particular pixel, light is produced by that pixel.
Each pixel is actuated by two transistors (Figure 26.5), after Pode and
Diouf (2011). The function of one
transistor is to turn the pixel on and
off, and that of the other transistor
TFT
OLED
is to provide the necessary constant
current for the pixel. The circuit
required for each AMOLED display pixel contains one switching
transistor, one driver transistor, and
a storage capacitor. The driver transistors supply sufficient current for
the OLED pixels, higher than that
required for LCD elements, usually
in the 1–5 μA/pixel range for highConnected to the top cathode plate resolution displays. Thus, the need
of high drive current, as required in
Figure 26.4 A 6×6 AMOLED addressed through the PMOLED display, is evaded in
TFTs.
the AMOLED display.
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Figure 26.5 Two-TFT circuit for OLED display.

26.3.3 Backplane of the Display
The backplane technology is the vital piece of technology that largely sets the
limits of display industry. The backplane is responsible for turning the individual pixels on and off, as demanded. It is built of thin film transistors, represented by the acronym TFTs, which act as the switches; hence called TFT
backplane. The TFT backplane has very low power consumption. Unlike
LCD, it is refreshed very fast, which makes it convenient for TV and other
displays where moving pictures and graphics are broadcast.
26.3.4 Advantages
AMOLED displays are extensively used in high-performance applications
because of the beneficial features of broad visibility range from long viewing distances along with wide viewing angles, slimness ~1.3 mm and tiny
dot pitch sizes, high color saturation and contrast, fast response times ~μs
reducing the blurring effects, less heat dissipation, and satisfactory low-temperature operation.
26.3.5 Problems and Applications
The cardinal problem with AMOLED displays is their small lifetime. The
first products had lifetimes ~15,000 h, which needed to be considerably
improved. This restricts their use in TV sets or computer monitors. However,
these displays are being used in televisions, and efforts are underway to
improve the lifetime. But they are easily usable in mobile phones, which are
often changed by users. The lower costs of AMOLED displays strongly favor
their use.
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26.4 TFT Backplane Technologies
AMOLED fabrication involves TFT backplane technology, besides regular
organic LED processes. Reliable TFT backplane showing good and uniform
electrical characteristics is indispensable. Under TFT technology, active
matrix backplanes are fabricated by either amorphous silicon (a-Si) or polycrystalline silicon (poly-Si) methods at temperatures below 150°C, so that
flexible plastic substrates can be used. Another technique that has been proposed is the metal-oxide thin-film transistor (MOTFT) method. No doubt,
organic thin-film transistors (OTFTs) are compatible with low-temperature
processing and some are optically transparent too. But they have relatively
low carrier mobilities. They typically utilize relatively long channel lengths,
demanding large transistor areas to provide the required drive current. Lowmobility channels also put a ceiling on drive circuitry operating frequencies,
limiting the display response time.
26.4.1 Conventional and Hydrogenated Amorphous Silicon
(a-Si and a-Si: H) TFT
Amorphous silicon TFTs are basically metal–insulator–semiconductor
field-effect transistors (MISFETs) based on three preeminent materials: a
gate metal (refractory metals or alloys such as chromium Cr or Mo/Ta for
stability on exposure to deposition environment), a gate dielectric (silicon
nitride SiNx), and a semiconductor active layer (undoped a-Si) (Long 2006).
For ohmic contact between the active layer and the source–drain metal, a
phosphorus-doped N+ a-Si layer is used. The customary a-Si TFT structure
is an inverted-staggered structure with bottom gate and top source/drain.
The reasons for its popularity are superior electronic properties and ease of
fabrication.
There are two versions of the inverted staggered structure: back-channel
etch or etch-stop structures, as shown in Figures 26.6a and 26.6b, respectively
(Long 2006). According to Long (2006) thesis work, fabrication of the backchannel etch structure requires insubstantial overetching into the undoped
(a)

(b)

SiNx

Cr
Source/drain
a-Si (N+)
a-Si (undoped)
SiNx
Cr gate
Glass

Figure 26.6

Amorphous silicon TFT structures: (a) back-channel etch and (b) etch-stop.
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a-Si layer for guaranteeing complete removal of the N+ layer from the channel,
compelling the undoped channel layer to be made very thick, which leads to
higher off currents and greater photosensitivity. However, the advantage of the
back-channel etch structure is its plain sailing fabrication. It needs one mask
step less and one layer less to be grown than the etch-stop structure.
The etch-stop structure can have a very thin undoped layer because a second insulator layer, deposited on top of the intrinsic layer, serves as an etchstop during removal of the N+ layer from above the channel. Thus, there
is no peril of overetching into the intrinsic layer, which can be made very
thin. Although the etch-stop structure avoids the problems faced by the
back-channel etch structure, the etch-stop structure is more complicated
and requires more fabrication steps than the back-channel one. Hence, the
back-channel etch structure is commonly used because of its simplicity.
Conventional amorphous silicon (a-Si) TFT is fabricated with high
uniformity and low cost, but its mobility and electrical stability are poor.
Therefore, OLED pixel circuits employing hydrogenated amorphous silicon
TFTs (a-Si: H TFTs) have received considerable attention (Shin et al. 2006).
They provide good uniformity in the threshold voltage and mobility of the
a-Si: H TFTs. In addition, the infrastructure of hydrogenated amorphous
silicon (a-Si: H) technology has matured over several years and the fabrication cost is also reasonable. But the threshold voltage of driving a-Si: H
TFT undergoes severe degradation by electrical biasing during the emission
process. With the anode of OLED connected to the source node of a driving
TFT, the threshold voltage shift of OLED decreases the gate-source voltage
of driving TFT, resulting in the deterioration of display quality. The pixel
circuit should recompense threshold voltage shift of TFTs. The instability of
a-Si: H TFT is compensated by suitable circuits.
26.4.2 Low-Temperature-Poly-Silicon TFT
Low-temperature-poly-silicon (LTPS) TFT has high mobility and stability, but it has impecunious uniformity. The OLED with LTPS TFT has
nonuniform brightness because of the threshold voltage variation caused by
the nature of excimer laser annealed poly-Si material. Moreover, difficulties
are faced in large-size crystallization and the cost is also high. The variation
in the performance of the LTPS TFT display is indemnified by the circuit.
Further, owing to the size limitation of excimer laser process used for LTPS,
the dimension of AMOLED was limited. To tackle the hurdle related to
the panel extent, the amorphous-silicon/microcrystalline-silicon backplanes
have been employed, and large display prototypes have been evinced.
26.4.3 Metal-Oxide Thin-Film Transistor
MOTFT is a promising TFT to drive OLEDs because of its high electron
mobility, good uniformity, transparency, low-temperature process, and low
cost. Peng et al. (2012) fabricated MOTFTs using amorphous In–Zn–O
(IZO) as the active layer and Al 2O3 as the gate dielectric. This kind of
MOTFT showed high mobility, low threshold voltage, and good electrical
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stability under gate bias stress. A 5-inch full-color AMOLED display driven
by this MOTFT was demonstrated. The MOTFT showed unfaltering performance, giving a threshold voltage shift <0.3 V after 9000 s gate bias stress.
26.4.4 Nanowire Transistor Circuitry
Ju et al. (2008) described the first transparent AMOLED display in which
the switching and driving circuits contained nanowire transistor electronics
fabricated at room temperature by a simple and scalable process. They used
In 2O3 nanowires as active channel materials, a high-k organic self-assembled
nanodielectric (SAND) as the gate insulator, and indium tin oxide (ITO) as
the transparent conducting gate and source, drain electrodes. They exhibited
2 × 2 mm nanowire transistor-based transparent AMOLED displays using
polymer OLEDs.
26.4.5 Choosing among Different Backplane Technologies
Interestingly, there are many different backplane technologies that have
developed to a mature level and are readily available; others are fast emerging. These include technologies such as amorphous silicon, low-temperature
polysilicon, solution-processed or evaporated organic semiconductor, nanocrystalline silicon, a multiplicity of emerging nano-systems, for example,
nanowires, graphene, carbon nanotubes; and MOTFT technologies. They
form a vast canvas covering silicon TFT (amorphous, nanostructure, and
polycrystalline), organic semiconductors, nanostructured semiconductors,
and metal oxides.
Three-dimensional and ultrahigh-resolution displays need elevated refresh
rates. This enlarges the switching speed constraints past the capability limits of present leading technologies, such as amorphous silicon (a-Si) TFTs.
System-on-panel thinking requires ever more processing power to be integrated onto the panel, and therefore the backplane. Reduction of power consumption implies improvements in the entire lifecycle of the display, right
from decreasing the thermal resources for the period of the processing all the
way to the more efficient energy use during operation. It thus affects TFT
design, fabrication, and operation.
Each TFT technology offers a different set of characteristics, catering to
different needs, and none offers a universal solution fulfilling all needs. This
suggests that initially, as a minimum, several different technologies will subsist, each rising to satisfy a section of the budding range of needs and thus
each clinching a different slot. In addition, some of these opportunities are
highly developed while others hold great promise. Bringing them from laboratory to merchandising will take time and there are unforeseen technical
stalemates to be resolved.

26.5 OLED Mobile Phone, TV, and Computer Displays
The OLED technology is revolutionizing smartphone screens, and TV and
computer monitor displays. All and sundry will be exultant if the mobile

Organic LED Displays   ■   459

phone battery lasts much longer. Everyone will appreciate making the flatscreen TV less expensive, much flatter, and even flexible. Perhaps, everyone
will like to be able to read off the screen of laptop in direct sunlight. These
are some of the many features that OLEDs are capable of providing.
Cost: Since OLEDs are printed onto any suitable substrate using an inkjet
printer or even screen printing technologies, they theoretically have a significantly lower cost than LCDs or plasma displays.
Backlighting, power consumption, black level, and viewing angle: Most of the
flat monitors and laptop displays these days use thin-film transistor liquid
crystal (TFTLCD) devices. These devices are made from arrays of pixels
composed of three switched elements allowing light passage through red,
green, and blue filters. They need a very bright light behind them, because
even when switched on, each filter blocks around two-thirds of the light, and
this backlight remains on even when the screen is black. Moreover, as LCDs
use a backlight, they cannot show true black while off because the LCD element itself produces no light. While backlighting is a crucial component for
improving brightness in LCDs, it also adds significant initial cost as well
as requires extra power during operation, which is the reason for the heavy
batteries used in the laptop. Energy is also squandered in LCDs because
they require polarizers that filter out about 50% of the light emitted by the
backlight. Likewise, color filters used in color LCDs filter out two-thirds of
the light.
Organic LED displays use a material with self-luminous properties that
gets rid of the backlight. OLED displays have the same array of pixels
with three elements for red, green, and blue, but because each element
generates its own glow at the correct frequency, no light is ever produced
that does not contribute to the image. With an organic display, the laptop
is comparatively lighter to carry around, or the battery lasts much longer
than a laptop equipped with a time-honored LCD screen. The obvious gain
accrued is large power saving. Equivalent LCDs use three times as much
power.
Further, because OLEDs do not need the backlight or nearly as many
layers as TFTLCDs, they can be fabricated much thinner. Because they do
not use polarized light filters and OLED pixels directly emit light, they have
a much wider viewing angle than LCDs. OLED pixel colors appear correct
and unbudged, while the viewing angle moves toward 90° from normal. They
also have a much wider working temperature range.
Color range and brightness: OLEDs enable a greater range of colors and
brightness.
Response time: OLEDs have a faster response time than typical LCD
screens. Whereas an LCD presently has an average response time of 8–12 ms,
that of an OLED is <0.01 ms.
In the field of TVs, computer monitors, and allied areas, OLEDs have
to compete with both LCD and plasma technologies. OLED TV displays
are presently smaller in size than LCD or plasma displays. A comparative
assessment of the three screen technologies is carried out in Table 26.1.
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Table 26.1

Screen Technologies at a Glance
Screen Type

Sl.
No.
1.
2.
3.
4.

Cost
Power consumption
Backlight
Half life

5.

Color range

Medium
Medium
Yes
600,000 h after
which backlight
replacement required
Not good

6.

Screen burn potential

No

LCD TV

Feature

Plasma TV
Highest
Highest
Yes
60,000 h

Displays very
deep black
Yes

AMOLED TV
Lowest
Lowest
No
10,000–40,000 h
for red and green,
1000 h for blue
Wide
No

26.6 Discussion and Conclusions
OLED displays are available with versatile features for applications in various areas such as in mobile telephones, individual care equipments, digital
cameras, and so on. Some of the features of OLED displays are that they
can operate at low temperatures, have wide viewing angles, and provide good
visibility from long distances and also excellent color saturation. Because
these displays are not covered with glass, they are more durable and virtually shatter-proof. In TVs, OLED technology offers the potential for better
picture quality than standard LCD screens, with sharper picture resolution,
quicker response times, and immense contrasting images. It also allows
curved televisions, which offer a depth to the image and so enable a more
life-like viewing experience for panorama landscapes and nature scenes.
Active matrix OLED (AMOLED) displays are likely to have the greatest impact on smart devices. AMOLED is a hybrid display technology that
couples the active matrix backplane from a traditional TFT display with an
OLED display. AMOLED displays have faster pixel switching response
times than traditional OLED displays, which have a tendency to ghosting
when flaunting fast-moving animation. They can embody true colors closest
to natural colors with their color space more expansive, as much as 1.4 times,
than that of LCD displays. By offering a broad color gamut, AMOLED will
expand the range of displays well suited to printing industry, where dedicated
and specialized color is recurrently required. Flexibility and transparency of
AMOLED displays maximizes portability by making devices foldable and
rollable, and they can also pilot modernization in product designs with advantages in curvature forms, transparent panes, and lighter mass than other display technologies.
The basic difference between OLED and LCD is the need for a backlight. LCDs need light behind the pixels so that one can see them, whereas
OLEDs are self-emissive. The backlight necessary with LCDs adds weight
and thickness to a device. So, by adopting the OLED technology, the display
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is made thinner and lighter to keep in the pocket. Another key benefit of
OLED technology is the contrast ratios it can provide, so that the blacks are
as dark as can be and the white portions exceptionally clear.
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Review Exercises
26.1
26.2
26.3
26.4
26.5

What are the two main types of OLED displays called? Mention
one advantage and one application of each type.
What is the benefit of driving OLEDs with active matrix?
What is meant by the backplane of a display? What is the responsibility of the backplane?
What is the meaning of TFT backplane? Why is it so called?
Name two main established TFT backplane technologies. Give one
advantage and one disadvantage of each technology.
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26.6

Comment on the statement “A TFT backplane technology may
be suitable for some applications but unbefitting for others.” Give
examples.
26.7 Elucidate the main features of metal-oxide thin-film transistor and
nanowire transistor circuits as OLED backplanes.
26.8 What is the impact of OLED technology on mobile phone, TV,
and computer displays? Explain with reference to cost, backlighting, power consumption, and response time.
26.9 Why is a laptop with OLED display lighter to carry around, and
why does its battery last longer than that of a laptop having an LCD
screen?
26.10 Prepare a comparative chart of LCD, plasma, and AMOLED
screen technologies, highlighting their power requirement, half life,
and color range.

Chap ter

27

Miscellaneous Applications
of Solid-State Lighting
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾

Get acquainted with LED applications in power and automotive signage and traffic lights
Describe the use of LEDs in fiber optic and wireless communications
Confabulate about the LED materials and structures used in
communication
Discuss the use of LEDs in treating oral mucositis, skin disorders, and
other ailments
Become aware of the role of LED illumination on plant growth

27.1 Power Signage
Power signs are the strong dazzling, colored light signals, discernible from
far-off distances, with wide-ranging information-carrying possibilities, for
example, traffic lights, automotive signs, exit signs, safety beacons, airport runway lighting, and so on. Let us enquire how LEDs entered this
application?
Avoiding power losses in signage: Tralatitious light sources used in these
applications were the incandescent and halogen lamps. The main annoyance
with these sources was that they employed light filters to produce signals of
different colors. Filtering is an energy-wasting process involving the conversion of a broadband spectral distribution into narrowband distribution with
the unwished-for wavelengths transformed into heat. Therefore, the conventional lamps unnecessarily dissipated energy and called for replacement. As
LEDs are narrowband sources, available in almost all colors without filtering, they are unrivaled over incandescent and other lamps in this respect.
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Assurance of clear visibility in sunlight: The bright LEDs are unmistakably visible even under direct sunlight so that they have ample luminance to
facilitate signs to be easily resolved. Hence, there is no wavering or hesitation
about signal declaration in broad daylight. This feature of unequivocal signal
recognition in bright sunlight from a remote location is an explicit advantage
of LEDs.
Requirement of a breakdown-free signage: A strong point in favor of LEDs
is their longer life and less failure risk because power signage demands high
reliability. Its breakdown will lead to chaos and confusion causing damages
to life and property.
27.1.1 Traffic Lights
Representing the first mass-scale application of solid-state lighting, traffic lights (Figure 27.1) employ red “STOP” LEDs with green “GO” LEDs
and amber “CAUTION” LEDs, in
different duty cycles, for example,
(a)
65% duty cycle for red, 3% cycle for
amber, and so on (Lewin et al. 1997,
Traffic Signal Unit 2003).
These lights do not suffer from
the sun phantom worriment encountered with incandescent sources
(b)
(Martineau 2003). The sun phantom
problem originates due to the inclusion of large reflectors in incandescent sources. Sunlight falling on
the traffic lights rebounds from the
reflectors behind the lamps and gives
Figure 27.1 LED traffic signals: (a) STOP and
the deceptive appearance that light is
(b) GO.
impending from the traffic light, that
is, the light is on when it is actually
off. Usually, it becomes strenuous for the automobilist to distinguish between
a red LED in the on state and green LED in the off state. Such misjudgments
usually occur in the morning or evening sunlight, and incapacitation to make
proper demarcation often leads to accidents.
It should not be surmised that LEDs contain no reflectors. They too contain
reflector cups but these cups are small and therefore the sun phantom effect is
less pronounced. Also, the sunlight reflected from the LED cups is not colored
because LEDs are naturally colored and usage of filters is unwarranted.
Traffic lights must comply with guidelines and standards that include
maintaining maximum and minimum luminous intensity values for horizontal and vertical view angles. Further provision of 80% light output must
be assured from the drive circuitry in the event of failure of an LED chip.
Generally, the LEDs used for the three colors are the following: AlGaInP or
AlGaAs red LEDs with emission peak >620 nm, AlGaInP 590-nm amber
LEDs, and 505-nm AlInGaN green LEDs.
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27.1.2 Automotive Signage
Hundreds of LEDs are used in an automobile (Figure 27.2) for applications
such as stop, tail, rear and front turning, side marking, and other functions
(Davies 2007). Surveying the yearly automobile manufacturing on a global
scale, a huge market for high-brightness LEDs exists. The reasons are easily understandable. The lifetime of the LED far exceeds that of the automobile itself so that neither maintenance nor replacement is necessary. For
LEDs, space and energy requirements are very small. Safety is associated as
a natural endowment. Further, LEDs are instantaneously switched on with
insignificant delay, which is much less than ~0.1 s, the typical warm-up
time for an incandescent bulb. Effectively, this translates into a large time
interval for the driver to respond and is equivalent to several meters of space
available for a driver when the driver in the vehicle at the front suddenly
applies brakes.
Good shock resistance enables LEDs to be mounted on vibrating components of vehicles such as a truck lid. The same cannot be thought of with
incandescent bulbs. Absence of heat generation in LED operation allows
the use of plastic optical systems, which is not a leeway with incandescent sources. The latter produce a lot of heat, nocuous to the plastic parts
lying nearby. Efficient and compact plastic fixtures are easily designed for
LEDs.
Like traffic lights, automotive lights usually employ AlGaInP LEDs.
Also, they must follow several national/international regulations laid down
regarding luminous intensity, color, mounting position, and so on.
(a)
Front side marker
Headlight
Front turn signal

Headlight
Front turn signal
Fog light
Parking light
License
plate
light
Fog light

(b)

Rear turn signal
Rear side marker

High mount stop light
Trunk light
Stop light
License plate light

Tail light
Reverse/backup light

Figure 27.2

Car signage and lighting by LEDs showing (a) front side and (b) rear side.
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27.1.3 Other Signage Applications
LEDs are a great lighting choice for areas that are lit-up for long durations.
Exit signs in large public buildings are in perpetuity kept lighted to enable
them to be vacated during power break(a)
down. Signs containing radioactive
tritium are not liked by public due to
apprehension of radiation effects. Longlife LED signs kept everlastingly ON
serve the purpose very well. Common
use of LED signage for path indication
and in cricket score boards is shown in
Figure 27.3.
Flashing safety lights on aircrafts and
towers
as well as those on off-road auto(b)
mobiles help people in sighting them
from a distance, preventing collisions.
Workers engaged in highway construction duty use flashing handheld lights
made with LEDs. Flashing safety vests
decorated with LEDs are also used.
In airports, runways must be clearly
visible in darkness. Closely spaced
LEDs whipped into shape in the form
Figure 27.3 Examples of LED signage applications: (a) as path indicators and (b) in cricket
of strips are embedded for showing the
score board.
pathways to pilots during the night.

27.2 Fiber Optic Communication Using LEDs
27.2.1 Structures and Materials of the LEDs Used
The impressive accomplishments of fiber optic communications have their
roots firmly implanted in two critical photonic innovations: the development of the LED as a light source and that of the low-loss optical fiber as a
light pipe. The first-generation systems were primarily LED-based but many
present local area networks (LANs) perdure using LEDs.
LED structures: In present-day fiber optic communication systems, both
the LEDs and laser diodes are used as light sources. In these applications,
surface-emitting LEDs have the advantages of sturdiness, consistent performance with long lifetime, low cost, and guilelessness of design. Their chief
stricture is their relatively extended linewidth >100 nm in the 1.3–1.6 μm
band. Hence, modulation frequencies up to 100 Mb/s are feasible for operation at maximum power but at reduced powers, higher speeds up to 500 Mb/s
are achievable. The edge-emitting LEDs having structures resembling the
diode laser with the reflectors taken away, produce more power output with
relatively smaller spectral linewidth at the outlay of complexity.
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LED materials: At the transmitter, AlGaAs light-emitting diodes are used
as sources at 0.87 μm while InGaAsP LEDs are used in the 1.3–1.55 μm
band with moderate speeds and powers. For detection at the receiver, silicon
P–I–N photodiodes and avalanche photodiodes (APDs) are used at 0.87 μm,
whereas germanium and InGaAs P–I–N photodiodes are both used for 1.3–
1.55 μm band.
27.2.2 LEDs versus Laser Diodes
As compared to LEDs, favorable features offered by laser diodes include
high-power capability ranging in tens of mW, high speeds lying in the
GHz region, and narrow spectral widths. But they fall short from variations
induced by temperature sensitivity. Especially, multimode diode lasers are
afflicted by random distribution of laser power among the modes, which is
termed partition noise. This partition noise in conjunction with chromatic
dispersion in the fibers produces random intensity fluctuations and reshapes
the conveyed pulses. With the modulation of the optical power, laser frequency changes. This effect is called frequency chirping. Chirping crops up
due to the refractive index variations associated with changes in charge-carrier concentrations that occur as the injected current is altered.

27.3 Wireless Communication with Infrared and Visible Light Using LEDs
As the term insinuates, wireless communication allows exchange of information between two devices unconnected with wires or cables.
27.3.1 Optical Wireless Technology
Infrared (IR) and visible light communication (VLC): Like radio waves and
microwaves, IR and visible light can also be used for wireless communication. The use of IR region over visible light is preferred to make the communication system unconstrained by ambient light fluctuations such as those
brought about by the sun emerging from behind the clouds for outdoor communication or a high-intensity lamp switching on in a room for indoor communication. Both these events may disturb the communication signals. In
VLC, such interferences have to be carefully corrected for.
Advantages of optical wireless technology: Optical wireless technology is a
promising supplement to radio (RF) as well as microwave transmission. It offers
elephantine, worldwide and free bandwidth without electromagnetic interference (EMI) with radio bands, which makes it very attractive for RF-sensitive
operating environments. The radio wave of wireless communication system is
ubiquitous because of the proliferation of cell phones and stretching regions
where wireless network has reached and therefore can be readily accessed. Also,
frequency allocation problems plague the radio-frequency spectrum utilization
due to the lack of available radio-frequency spectrum. Optical communication
does not have any frequency allocation issues such as the omnipresent RF.
IR technology addresses a broad variety of wireless applications in remote
control. IR rays operate remote controls of TVs, VCRs, and CD players.
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Using IR waves, computers transfer files and other digital data bidirectionally. The wavelengths of IR and visible light sources are close to each other,
and therefore the signals qualitatively exhibit similar propagation behavior.
IR and visible light communications span very short distances, within a few
feet <5 m. IR and visible light signals work only in the direct “line of sight”
and cannot penetrate walls or other stumbling blocks.
Beneficial aspects of VLC: For visible light, there exists a noticeable distinct
advantage of a synergetic potential for simultaneous use of light sources for
lighting and communication with extension of the application of LEDs from
the primal aim of illumination to the secondary duty as a digital data communication source (Komine and Nakagawa 2003). White LEDs serve two purposes
at the same time: lighting and high speed wireless data transmission. Thus,
VLC uses visible light LEDs for data communication. VLC has gained much
interest with the increasing deployment of lighting LEDs not only in vocation
houses but also in homes. The main incentives to VLC are provided by the following: (i) White LEDs are gaining entry into many areas of our everyday life
to replace light bulbs in private and business homes and even in street lamps,
as headlights of planes, trains, and cars, as their back lights, and for object
illumination in museums. (ii) Unbounded bandwidth. (iii) Possible utilization
of existing local power line infrastructure. (iv) Inexpensive transmitter and
receiver devices. (v) Inability of eavesdropping (unauthorized real-time interception of a private communication) because lightwaves do not pass through
opaque objects; it is therefore very difficult for an intruder to stealthily pick up
the signal from outside the room. (vi) Freedom from health hazards providing
acceptability and trustworthiness in hospitals and private homes. Unlike IR
transmission, there are no health regulations to restrict the transmitted power.
(vii) No interference with RF-based systems, so that the use in airplanes is safe.
27.3.2 Use of LEDs in Wireless Communication
On–Off keying with LEDs: The LEDs have the ability to switch on and off at
the rate of thousands of times per second. No other lighting technology has
such potentiality. At the transmitter, primarily OOK (on–off keying) is used
for digital data modulation. Because of the fast response time of LEDs, they
are intensity modulated (blinked) at ultrahigh speeds, far beyond the limit of
human vision perception, so that the light appears to be constantly on, to the
human observer. Eyes can detect changes in light brightness and power when
these changes occur over a stretched time scale, but they cannot recognize the
fast light changes when light is switched on and off very rapidly, for example,
at 200 Hz or more, depending on the eye. These embedded signals are emitted from the LEDs in the form of a binary code: off equals zero and on equals
one. This switching is used to communicate digital data at bit rates >100 Mbps
over short distances even when the light appears on to an observer.
Detection with photodiode or LED: The receiver uses a photodiode as a
photodetector that produces an electrical current proportional to the optical power incident on the photodetector surface, thereby easily recognizing the rapid on–off modulation. An LED can also sense light in a narrow
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 andwidth slightly lower than but overlying its illumination frequency, so
b
that the LED also serves as a VLC receiver (Dietz et al. 2003).

27.4 Medical Applications of LEDs
27.4.1 Operation Theater Light
LED-based lights are used in operation theaters for conducting surgical
operations, as shown in Figures 27.4 and 27.5.
27.4.2 HEALS Treatment
Oral mucositis is a hackneyed, acutely painful side effect of chemotherapy and
radiation treatment. To treat oral mucositis, according to NASA (Whelan
et al. 2002, Roy 2011), in a 2-year clinical trial, cancer patients undergoing bone marrow or stem cell
transplants were subjected to
a far red/near-infrared LED
exposure called high emissivity
aluminiferous luminescent substrate, or HEALS. The healing
device uses the LEDs to release
energy in the form of wavelengths of light that stimulate
cells promoting healing. This
device was able to minimize Figure 27.4 Surgeon attending a patient in
the side effects of treatment LED operating theater light.
from mouth lesions, diabetic
skin ulcers, and burns. There
was a 96% likelihood that the
improvement in pain of highrisk patients was brought about
by the HEALS treatment. Less
mouth sores mean shorter hospitalization period, making it facile for the patients to enjoy eating
and thus being able to consume
the nutrients for which their
recovering bodies are facing
deficiency. The HEALS treatment can also restore to healthy Figure 27.5 Adjustable operating theater LED
condition any wounds that occur light.
during long-term spaceflight.
27.4.3 Skin-Related Therapies
Effects of LED light on skin: The ability of LED lighting to rework the function of mitochondria within cells helps its utilization for dermatological
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Figure 27.6 Wavelength-dependent effect of optical radiation on different skin layers for LED
therapy.

applications in skin therapies. It improves laceration healing by virtue of its
anti-inflammatory effect, and succors convalescence of sun-damaged skin by
hastening the growth of new collagen.
The influence of LED light on layers of human skin depends on its wavelength, as shown in Figure 27.6.
Blue-light skin therapy: Although the narrow spectrum LED lighting, for
example, blue-light therapy is not as effective as oral antibiotics in clearing
active acne, blue light in the 405–420-nm range provides distinct improvement in acne patients for which ancestral therapies are ineffective. For effective treatment, in-clinic treatments must be given up to thrice per week.
For in-home treatments, blue-light devices are also becoming prominent,
although they are less effective.
Red and green light skin therapies: LED-based red- and green-light therapies are also being examined. The red light works by stimulating the mitochondria in the skin, which makes older cells to behave like younger cells.
Red light in the range of 600–950 nm is used to treat acne, rosacea, and
wrinkles. Light of wavelengths in the range of 532–595 nm, or green to yellow, reduces skin redness in some patients with age-related central facial
redness and blood vessels, or rosacea. More research is needed to study LED
light therapy in this area of dermatology.
27.4.4 Treating Brain Injury
LED-based light therapy, administered by patients themselves, can help
their recovery from brain injury. Two brain injury patients (Wright 2011)
with long-term cognitive impairments (the disabilities to think, concentrate, formulate ideas, reason, and remember) caused by brain injury, underwent 4 months of treatment at night with LED lighting by placing red or
near-infrared LEDs on the forehead and scalp. After the treatment period,
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the patients showed clear indications of improvements in cognitive ability.
Moreover, they reverted to their initial states when the LED light therapy
was abandoned, indicating the relationship of cognitive improvements to the
LED lighting. Red/near-infrared LED exposure provided through the cranium is an inexpensive, noninvasive remedy, suitable for home treatments
for improving the cognitive function. It also helps in relieving the severity of
symptoms in posttraumatic stress disorder.
27.4.5 Vitamin D Synthesis and Cytometry
As UV radiation causes the natural production of vitamin D3 (cholecalciferol) in humans (Wright 2011), installing a UV LED in a luminaire benefits
health by helping in vitamin D synthesis. Further, UV LEDs combined with
fluorescent dyes administered to patients endow fast and automated life-saving analysis in cytometry diagnosis procedure that is employed to decide
between the natural cycle
Snap switch
of cell death, called apopUSB port
ON/OFF and brightness switch
tosis, and cell death due to
toxins, trauma, or disease
called necrosis.
27.4.6 LED-on-the-Tip Endoscope
Brüggemann et al. (2012)
used LEDs as external coldlight sources for endoscope
illumination, and proposed
heat transfer through heat
pipes for efficient heat
removal. Figure 27.7 shows
an LED endoscope.

Flexible pipe

Lens
LEDs

Figure 27.7

LED endoscope.

27.5 LEDs in Horticulture
On earth, most plants receive light from the abundant source, the benevolent sun. But for growing plants on spacecraft, whose position is constantly
irresolute and is usually not oriented optimally for plant growth, artificial
light sources must be used. LEDs show huge promise as supplementary or
sole-source lighting systems for crop production (Grow Save 2011, Philips
LED Lighting in Horticulture 2013), both on earth and in space. Spectral
quality of LEDs can strikingly influence crop anatomy, morphology, uptake
of nourishment, and pathogen development. Far-red light plays a vital role in
stimulating flowering of long-day plants and for promoting internode extension, whereas blue light monitors phototropism, and stomatal opening, and
has far-reaching impact on restraining the growth of young plant sporophytes on their emergence from a growth medium.
Tamulaitis et al. (2005) described a four-wavelength illuminator-based
solid-state lighting facility with the main photosynthetic component
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distributed by advanced high-power AlGaInP LEDs, as a flexible equipment for studying the growth of plants. They conducted growth experiments
on lettuce and radish using light of different spectral compositions. The
study involved the comparison of biometric parameters and concentrations
of chlorophyll and phytohormones in plants grown under illumination by
high-power LEDs and HPS lamps with equivalent photon fluxes. Growth
of lettuce and radish under illumination having the main wavelength of
640 nm with appendages of 455, 660, and 735 nm components was found to
improve significantly over that under the HPS lamp in photosynthesis and
plant morphology traits. It was experimentally discerned that the application
of advanced high-power AlGaInP and AlInGaN LEDs in plant cultivation
provided a large reduction in the lighting costs than with habituated tools.

27.6 Discussion and Conclusions
Signage, a challenging LED application, covers a broad and diverse market
segment consisting of monochrome and multicolor informational signs such
as entrance and exit signs, simple message signs, destination signs in bus and
train stations, and displays inside malls, train, and subway stops, sports venues, and so on. Large LED signs contain modules made of LEDs, drivers,
power supplies, control units, and sensors along with the processors that create the LED sequencing data. With the development of high-speed/highly
reliable transmission networks and the advancement of digital content distribution and management technologies, digital signage networks have been
transformed. The LED screens can be connected to PCs and the Internet
so that new advertising or informational content is publicized in nearly real
time over a standard network connection.
Consuming less power and lasting longer than incandescent bulbs, LED
traffic lights, prove very economical in the long run. LED-to-LED VLC
systems using LED as both transmitter and receiver, are being developed to
create super high-speed, highly protected, biologically convivial communication networks. More LED medical diagnostic and therapeutic equipments
are becoming ready for use. Owing to the compact LED technology, blue
light therapy for skin diseases has become pervasive. Blue light also has a
positive effect on sleeping patterns and depressive moods of patients. LEDs
have found usefulness in medical instrumentation such as endoscopy and
surgical appliances.
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Review Exercises
27.1
27.2
27.3
27.4
27.5
27.6

Give two reasons in favor of the use of LEDs in power signage.
What is the sun phantom effect faced with incandescent bulb traffic
lights? Is this problem experienced with LED traffic lights also? If
not, why?
Explain the reasons for enormous market prospects for LEDs in
signaling lights for automotives.
What are the signage applications of LEDs in large public buildings and airports?
Name the two LED structures used in fiber optic communications.
Make a comparative assessment of the structures for these applications in terms of their strengths and weaknesses.
What constructional materials are used for LED sources for communication in 0.87 and 1.3–1.55 μm bands? What are the materials
used for fabricating P–I–N diode detectors in these bands?
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27.7
27.8
27.9
27.10
27.11
27.12
27.13
27.14

Mention two disadvantages of laser diodes in optical fiber
communications.
Can IR and visible light be used for wireless communications? For
what reasons is IR preferred? What are the arguments in favor of
visible light as a communication medium?
Explain visible light communication by on–off keying through
LEDs and P–I–N diodes.
What is the full form of HEALS? For what purpose is this treatment used in dermatology? How does it help in faster recovery of
cancer patients?
What is the therapeutic role of LEDs in skin ailments? How do
blue, red, and green LEDs help in skin treatments?
How does LED lighting help in treating brain injury? What type of
impairments are curable by this method?
Is the installation of a UV LED in a luminaire beneficial for health?
If so, how?
What are the effects of LED lighting on plant cultivation? How
does LED lighting compare with conventional tools?

Chap ter

28

Smart Lighting
Learning Objectives
After completing this chapter, the reader will be able to
Apply intelligent concepts to lighting for making it adept and resourceful
Become familiar with the important instrumentalities influencing
lighting design before and after the construction of a building
◾◾ Know the functioning of the control system for quality light provision
at minimum expense
◾◾ Discuss the considerations for night illumination
◾◾ Design a smartly lit room taking into account pre- and postconstruction steps
◾◾
◾◾

28.1 Infusing Intelligence or Smartness in Lighting Buildings
28.1.1 At the Planning Stage of a Building
Pondering over the rebuttal to the inquisition, “How can the minimization of energy consumption in the lighting of a residential or office block
be achieved?”, the primary cogitation that strikes the intellect is that special care should be taken in designing a building in which the rooms are
well lighted by natural sunlight during the day time, keeping away from the
need of supplementary artificial lighting. This obviously is an obligatory step
required before the construction of the building. Electric lighting is complementary to daylight direction and distribution. Daylight provides a congenial
relief, views, and an association with the outdoor scenery. Some direct sun
penetration may be hunky-dory acceptable but it should neither impact on
cooling loads nor cause disabling glare at changes in elevation, for example,
in the stairs. Glare is not only wearisome but it also adversely affects the ability of safely maneuvering the stairs. Shiny surfaces reflect glare and ought to
be roughened (Samton 2006).
475
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28.1.2 Five Steps after the Building Is Constructed
After the construction of a building, the first step would be to select the
lighting sources that have high luminous efficacy, for example, one could use
LEDs instead of incandescent lamps and fluorescent lights.
The second consideration is that in a room/portions of a room where people
are not sitting, the lights should be off. This may be implemented either by
people themselves or by automatic instruments using suitable occupancy sensors.
Third, and as already emphasized in the preceding section, a time-honored approach to energy conservation and visual quality entails using natural
light as a primary source of illumination. Daylighting diminishes not only
the energy consumption but also lighting and cooling loads during highdemand hours, lowering the stress on the power grid of a city. Daylight must
be brought deeper into the building to create a more balanced, complacent,
and comfortable effect. Artificial light needs to be varied with weather conditions, for example, when sun is shining in its full glory, artificial light
requirement is evidently less. During a rainy or cloudy day, more artificial
lighting is resorted to. Therefore, such variations in the brightness level of
lighting during different parts of a day or different seasons are demanded.
Brightness level variations are also dependent on whether a person is working or at rest. When a person is engaged in a skilled job such as machine
operation or reading, he/she may need more illumination, for which intensity
control is required. Examples of the types of buildings are offices, libraries,
hospitals, correctional facilities, laboratories, workshops, and so on. When
the person goes to sleep, dimming control must be activated, for example,
in bed rooms, and so on. Dimming may be done manually or by automatic
methods. Manual control is extremely difficult. Hence, daylight or brightness
sensors measuring intensity of light are essential.
Fourth, depending on the mood, it may be desired that the lighting system
should be able to fine-tune the color conditions of ambience. Artistic beauty
and taste come under aesthetics, which calls for color sensing and adjustments.
Aesthetic effects are of paramount importance in theaters, historic restoration, museums, and so on. Proper color spectrum must be entrenched for
comfortable conditions.
The last bit of advice is that when leaving a room, one should make it an
unfailing habit to switch off the lights. The same may be effected by the
occupancy sensors.
28.1.3 Aims and Scope of Smart Lighting Technology
Smart lighting is a technology catering to the needs of energy efficiency and
working moods or temperament in a building with minimal human intervention (Galano 2009). It uses occupancy, daylight, color, and other sensors
along with automatic instrumentation and control systems to create changes
in light quality as demanded by the situation. By automatically adjusting
light levels or turning lights off when/where they are not needed, it can drastically cut down energy wastage, particularly in office and school buildings.
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These adjustments are more efficacious than instructing people and forcing
them to switch lights on/off. Buildings may be equipped with wireless sensors that are able to detect light levels and also sense whether people are
present in the room. Placed every 10 m 2 apart, these sensors are wired to a
control at the ballast of the overhead light. Users may customize their own
light settings not only for user satisfaction but also for simultaneously reducing energy wastage. In order to provide as much control as possible, users can
stipulate which luminaires are activated and at what brightness—therefore,
not all lights need to be on at one time.
28.1.4 Computer Networking
One can easily brainstorm that for building a smart lighting system, each
light source must be connected in a computer-controlled network, preferably wireless sensor network, with a unique address affixed to it (Thompson
et al. 2011). Therefore, for managing lights or monitoring energy use, the
sensors are connected wirelessly to a corporate network. Such distributed
control network with computerized lighting controls is also beneficial in
other types of office automation, such as security, or making a database on
office occupancy rates.
28.1.5 Programming Needs
The lighting conditions may be programmed in the computer, and upon
receipt of signals from the sensors, the actuators must respond, bringing
about the estimated alterations. Thus, smart lighting is a technology operating through a computer-controlled, wireless sensor network to meet the programmed lighting demands of a building. Frequent recalibration of lighting
controls and emergency systems is necessary to ensure that paraphernalia are
working as planned.
28.1.6 Emergency Lighting
In the event of an emergency, corridors and stairs are the crucial means of
exit in a building. A portion or all of the lighting in exiting corridors and
stairs should be on an emergency circuit with power supplied by an emergency generator, battery packs, or inverter ballasts. When emergency batteries are used, they must be reviewed and taken stock of minimum once every
2 years.

28.2 Smart Lighting Control System
Also called robust lighting control system, it is a system used to provide
quality light in the work environment with visual comfort at minimal energy
and cost (Benediktsson 2009). A simple system uses a microcontroller with
embedded algorithm along with sensors for occupancy and dimming controls. The strategies employed for energy saving are described in the following subsections.
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28.2.1 Daylight Harvesting
Applicable areas: This method is applicable to rooms of offices, factories, or
schools, which allow direct entry to sunlight during a major part of the day.
When the external light from the sky is plenteous for the chore being performed, the system should reduce the load on artificial lighting, either partially or wholly. Daylight should be used at whatever time possible so that
electric lighting is not required during the mainstream hours of occupancy.
Daylight is the most desired amenity in interior spaces, but cannot salvage
energy unless the lights are dimmed or turned off when daylight is going
begging. While these arrangements can be made in rooms receiving sunlight, in those rooms where sunlight does not reach directly, special mirrors
may be used for reflecting sunlight.
Choosing between dimming and switching LEDs: LEDs may be used with
light sensing and dimming control. Dimming in proportion to daylight not
only saves energy but is also far less distracting to occupants than multiplelevel switching or stepped dimming, which is a reasonable solution in spaces
without full-time stationary occupants, such as warehouses, atria, dining
halls, vestibules, passageways, and nursery school classrooms.
Generally, dimming is preferred over switching but for spaces where daylight compensates to furnish the sought-after light levels for the greater part
of the day or year, a switching system is cost-effective. If a space is daylighted, a simple photosensor on–off or two-level switching strategy suffices.
In corridors or stairs that are actively used, that is, are occupied at least once
every 20–30 min throughout the working day, lighting controls should be
designed to automatically shut off most or all lights after the spaces are no
longer occupied. For spaces that are only intermittently used (service corridors) or rarely used (fire stairs), occupancy sensing controls can hoard considerable energy over the life span of the building.
Extraordinary care should be taken to ensure avoidance of large changes
in light intensities, or cycling of LEDs on and off. Occupancy sensors should
invariably be used in multiple-level designs so that the working area is never
in total darkness when a worker is performing a precarious task. Dualtechnology occupancy sensors must be arranged to foil false off and on alerts.
In buildings with multiple tenants or those for the general public, the
occupants will feel unsafe if the lights suddenly turn on a completely dark
space. Here, a small fraction of lights (5%–10%) can always remain on during
extensive hours of occupancy.
To maximize the efficiency of daylight harvesting, modular control is often
used. In this control, small sectors of a room are independently addressable.
Thirty to seventy percent energy savings are likely, conditional on the site
and orientation or direction of a room toward the sun.
28.2.2 Occupancy Control
Keeping lights off in unoccupied rooms: The use of artificial lighting in a room
should be reduced/eliminated when there is no occupant. In a classroom
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when students are not present, or in a waiting room when there are no guests,
lights may be automatically switched off, as decided by occupancy sensors,
saving up to 20% energy.
Lighting during the night: For the whole night after the building is vacant,
only minimum lighting should be operative. Using occupancy sensors for night
lighting controls, provision must be made for minimal night lighting necessary for security and well-being. Night lighting must be always on at the entry
points to help the employees and emergency personnel to find local switches.
Helplessness feeling in toilets, storerooms, and showers: Bearing in mind the
sense of helplessness in toilets, storerooms, and showers, the lighting controls
should be prudently designed to maintain a sense of protection and tutelage.
Automatic on–off occupancy sensors serve well but should never turn off all
the lights. Except in daylighted spaces, at least 25% of the lights in toilets,
store rooms, and showers should be guaranteed to remain on all through the
hours of occupancy. No sooner than the occupancy period is over, a time
or sweep-off control system turns off these orientation lights. These lights
should be tactically located, so that in the event of a false-off triggered by the
occupancy sensor, people will not panic or be scared during the short time of
complete darkness before the lights are on.
28.2.3 Personal Control
Room occupants may sometimes desire to adjust light levels or colors according to their needs, through software benefactors, web-based interfaces, or
distant controllers. The energy saving depends on the customer.
28.2.4 Time Scheduling
Lighting conditions differ on working days, holidays, during various seasons
(summer, winter, rainy, etc.), and during different parts of the day (morning, afternoon, evening, night). These conditions can be built in a computer
program and maintained by time scheduling during off beat parts of the year
or the same day itself.
28.2.5 Task Tuning
In conference rooms, workshops, offices, and classrooms, the same room is
used for executing different types of jobs. Light adjustments must be carried out in accordance with specific assignments to save energy. Task tuning
allows the system to control lighting according to tasks, deciding the light to
be provided based on the requirements imposed by the particular task at hand.
28.2.6 Control by Load Shedding
The lighting requirements in various parts of a building are listed in terms
of antecedence, that is, through prioritization, or by dynamic response, and
then loads are selectively shed to varying degrees in different parts of the
building. In this way, the power consumption of a building is brought down
during pinnacle demand or periods of energy cost escalation.
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28.2.7 Other Options
Apart from the above controls, the brightness and warmness of interior
lighting are varied to follow rhythmically changes in outside lighting so that
the occupants have a pleasant experience to remain bustling. This is dynamic
lighting control.
Heating, ventilation, and air conditioning of a room must be interwoven
to lighting control. This transpires because some windows must be kept open
to permit light to reach inside the room, while keeping these windows open
constitutes a load on air conditioning system. Window curtaining must also
favor minimization of artificial lighting use.
28.2.8 Dirt Accumulation Prevention and Removal
It is easily understandable that all efforts of smart lighting will be rendered
wasteful unless personal interest is taken to avoid the gathering of dust,
paint, or airborne particulates generated in industrial activities and adhering to lamps and luminaires as well as walls and other room surfaces. For
reducing airborne pollution, luminaires with open tops and bottoms may be
used because they are cleaned by convection air currents. Lamps and lighting
fixtures may be cleaned periodically but at least once a year.

28.3 Occupancy Sensing Devices
Primarily used for switching off the lights when occupants are absent, an
occupancy sensor consists of a motion sensor, a control unit, and a relay,
with the motion sensor and control unit connected to the luminaire by lowvoltage wiring.
28.3.1 Types of Occupancy Sensors
Occupancy sensors come in three basic forms:
1. Infrared sensors: Operating at line of sight and used only for small rooms
or a portion of larger space, these sensors detect motion from the infrared heat of the persons (Figure 28.1). If there are partitions, these sensors are unable to reciprocate. Also, they cannot detect motion around
corners. False-off readings due to failures across partitions or around
corners are therefore more up and coming than false-on.
2. Ultrasonic sensors: These sensors use a quartz crystal as a generator of
ultrasonic waves. The waves are transmitted in the room (Figure 28.2).
Where they detect motion, there is change in frequency of ultrasonic
waves through Doppler effect. Their ability to move across partitions or
around corners makes possible motion detection beyond line of sight.
This advantage becomes a disadvantage when their ability to penetrate
into an adjacent room reports a motion taking place in that room, which
provides a false-on signal for the room under surveillance. Hence, they
must be used with manual on switches to prevent false-on.
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Figure 28.1

Operation of the infrared motion sensor.

3. Hybrid or dual-technology sensors: Figure 28.3 shows the detection
fields of infrared and ultrasonic occupancy sensors. As infrared sensors
are vulnerable to false-off readings and ultrasonic sensors are susceptible to false-on, a combination of both types of sensors is often taken
recourse to sidestep false signals. Thus, occupancy must be detected by
both sensors before turning on the lights. Thus, a combination of both
technologies provides a definite unambiguous signal. But these sensors
are more extravagant than individual sensor of either variety.
Ultrasound
transmitter/receiver

Reflected
waves

Distance
axis

Incident
waves

Person
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Figure 28.2

The ultrasonic occupancy sensor.
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Figure 28.3

Detection fields of (a) infrared and (b) ultrasonic sensors.

28.3.2 Occupancy Sensor Features
1. Mounting location: Mounting on the ceiling provides versatile adjustments because the view is least obstructed. For small open spaces, wallbox mounting is unobjectionable.
2. Time delay: The time delay between the instant a sensor stops sensing
an occupant and the time it turns off is variable between 30 s and 1/3 h.
3. Multiple-level switching: These sensors are effective for multiple-level
switching in rooms in which full off is not accepted, but occupancy is
intermittent. The lowest level of lighting may be operated for most of the
time, but when occupancy is detected, the light level should be raised.
They are useful for enclosed stairs, jail corridors, restrooms, and so on,
where security or shelter requires light, although at low level, always.

28.4 Daylight-Sensing Devices
These are photoelectric devices used for switching off or dimming the lights
depending on the availability of natural light. The photosensor varies the light
level according to the amount of sunlight sensed by transmitting a signal to
the dimming ballast. Various types of photosensors are used such as the photocell (Figure 28.4), the
photodiode (Figures 28.5
Electrode 2
Electrode 1
Cold weld contact
and 28.6), the phototranSerpentine photoconductive film (CdS)
sistor (Figure 28.7), and
heterojunction diode and
Ceramic plate
transistor (Figure 28.8).
Heterostructures provide a
high conversion efficiency.
PIN photodiode heterojunction structure has
Connection terminals
the additional flexibility
Figure 28.4 Construction of a conventional light-dependent that light can be received
from the substrate. The
resistor-based photoconductive photocell.
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Planar phototransistor: (a) cross-section and (b) circuit diagram symbol.
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Heterojunction light sensors: (a) mesa diode and (b) mesa transistor.

28.5 Design Aspects
A high-quality, energy-efficient lighting installation is a cooperative effort
requiring the attention and coordination of all parties: the project manager,
the design team, and reviewer. The two pathways: The design team chooses
one of the two pathways: (i) Prescriptive path in which each energy component
of a building such as electrical/lighting, HVAC (heating, ventilation, and
air conditioning), envelope, and service hot water complies with individual
regulatory requirements. Primarily, the lighting precinct includes minimum
requirements for lighting controls, maximum connected load calculated from
watts per square meter for the building interior lighting, and limitations on
exterior lighting. (ii) Performance path in which all the energy systems of a
building are analyzed following an integrated whole-building design approach
using energy-simulation computer software. Foundation-case energy consumption is determined using the minimum prescribed permissible values.
The tangible design is then simulated using the same software, and the energy
performance must be the same or better than that of the foundation case.
Exemptions: The exemptions include some types of buildings, for example,
those of historical relevance, those demanding minimal renovation or some
types of specialty lighting such as a surgical operation theater.

28.6 Night-Time Exterior Lighting
While during the day, the exterior environment is flooded with ambient
light from the sun and sky, the night-time environment is poles apart, with
a dark sky vault and lots of local man-made light sources. Owing to the high
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contrast and glare problems at night, the schemes of exterior lighting are
widely mismated with those used in building interiors.
28.6.1 Preferred Light Sources for Night Illumination
Blue and green versus red and yellow: For night-time visual acuity, lamps that
are rich in blue and green with reasonably good color rendering (above 65
CRI) are mandatory. These lamps are far more desirable than those rich
in red and yellow, such as incandescent and high-pressure sodium (HPS).
Although the standard HPS lamps enable comfortable illumination for
highway driving, they do not have adequate color rendering for most exterior
applications. Owing to the offsetting of lower lumen output by the better
visibility resulting from a cooler CCT and higher CRI, lamps such as metal
halide, fluorescent, and white LEDs or red–green–blue arrays of LEDs are
more effective at night. These lamps should be used to improve peripheral
mesopic visualization, intelligibility, and depth of field.
Mesopic or scotopic vision: The above is axiomatic from the fact that in very
dark, moonlit night, our eyes employ scotopic vision. In most urban environments, our eyes use mesopic vision, representing the combination of both
photopic and scotopic types. Therefore, the lighting should maintain the eye
adaptation to mesopic or scotopic vision, and should not set up high light
levels initiating an imbalance in the visual field and causing the eye to exert
to use photopic vision.
28.6.2 Glare Reduction
As glare originates from the high contrast between the glaring source of
light and circumambient light conditions, contrast ratios between average
and maximum luminance should be abutting 1:5. This is the reason why the
automobile headlights that look blinding on a dark road are only uncomfortable on a well-lighted urban street, and are unable to cause glare during
the day. Glare is prevented by reducing light level, distributing light uniformly over a larger area, shielding the lamps with covers, and decreasing the
brightness ratio between lighted and dark surfaces.
28.6.3 Preventing Light Pollution
The orange sky glow over a city at night due to the stray light going into the
atmosphere originates from light pollution. As light reflected off the ground
contributes ~20% of light pollution, a luminaire with a very narrow distribution pointing directly downwards produces more reflected light pollution
than one having a wider distribution, where the reflected light at low angles
is absorbed by obstructions.
28.6.4 Light Trespassing on Neighborhood
For avoiding any light trespassing into the property or windows of nearby
buildings, the luminaires mounted on top of buildings and on poles should
be aimed or properly shielded.
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28.6.5 Light Uniformity, Facial Recognition, Shadow Effects, Surface
Reflectances, and Finishes
For a sense of security to prevail, the light should be uniformly distributed,
avoiding shadows, and presenting natural appearance of people with their
normal colors. Good-quality lighting is serendipitous to the general public.
It establishes the relative importance and character of buildings, landmarks,
and landscape essentials. Conversely, poorly planned lighting bewilders the
viewer, giving deceptive visual clues, and reducing the sense of security and
asylum of a building or locality. Because specular reflections reduce visibility,
polished, glossy, and shiny surfaces should be avoided.
28.6.6 Biological Effects of Colors
As the shorter blue wavelengths agreed for night-time visibility are more
disruptive to sleep patterns, night lighting near residences should always be
directed away from bedroom windows or fitted with house-side shielding.
28.6.7 Exterior Lighting Controls
Keeping lighting off in daytime: At least, exterior lighting should remain off
during times of bounteous daylight, and the same should be ensured through
the use of time switches and/or photosensors. Only the few fixtures incumbent on safety or security should be on all night. Security cameras can operate under low light levels.
Maintenance and emergency: In a maintenance program, all luminaires
should be reconnoitred regularly, replacing burnouts, along with cleaning
and resealing fixtures containing moisture or dirt. The emergency system
should contain two separate light sources, with either two lamps in one fixture or two separate fixtures to take care of the possible burnout or ballast
failure of one of the sources. The system should be located on each egress
route. In the absence of an emergency backup generator, it is bounden to use
fixtures with battery backup for safety, security, or exiting requirements.

28.7 Discussion and Conclusions
Smart lighting, considered as a wave in lighting evolution, and enabled
through the confluence of semiconductor-based digital light sources such as
LEDs and OLEDs with intelligent decision-making devices, seeks to increase
user satisfaction while minimizing energy consumption and expenditure, by
making lighting dynamic in color and intensity, interactive in control, and
adaptive in demand. Smart lighting can save up to 80% of energy compared
to traditional lighting in homes, public buildings, and offices. Integration of
sensors and new functions into lighting systems, will allow the occupants of
a room to adjust lighting with snowballing accuracy and flexibility, according to their locomotion and vivacity. It will enable the direction, power, and
color of lighting to be adjusted automatically with high meticulousness and
suppleness in conformity with whether a room is being used for watching
television or for a dinner party and according to which portion of a large
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room is occupied by people. Lights located close to windows will transform
color in consonance with outside temperature. Wall-mounted light switches
will perceive the entry of a person into the room. Intelligent techniques such
as fuzzy-based wireless sensing and communications platform will be used,
and any new smart features for light fittings will be easily downloadable from
the Internet. Thus, it will outperform the commercially available systems by
opening up new functionalities and rip-roaring new applications of lighting.
Lighting Intelligently
Lights switch off automatically
When rooms are unoccupied.
Lights dim unknowingly
When the sun is bright outside.
Lights change colors according to mood
Pleasing to the eyes and feeling good.
Lighting with smartness
Brings calmness and naturalness.
Instils vigor and cheerfulness.
Lighting intelligently,
Consumes power and resources, efficiently.
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Review Exercises
28.1
28.2
28.3
28.4
28.5

Give suggestions for reducing power consumption by automation in
lighting. Why is networking necessary for this purpose?
What is smart lighting? Describe briefly how is it implemented in a
building.
What is meant by daylight harvesting? Under what conditions is dimming recommended? When is multiple-level switching advisable?
What is occupancy control? Describe the three types of occupancy
sensors. Discuss the situations for which each is best.
What is task tuning? How does load shedding help in saving energy?
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28.6

What is a daylight sensor? What are the correct locations where daylight sensors must be placed in closed-loop and open-loop systems?
28.7 What are the main design considerations for a smart lighting system? What are the two possible paths from which the design team
chooses?
28.8 What light sources are preferable for night-time lighting? Give reasons for your answer.
28.9 Why is glare produced at night? How can it be avoided?
28.10 What is light pollution at night? How is it overcome?
28.11 What are the biological effects of colors? How are they taken into
account for night lighting near residences?
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Opportunities and Challenges
of Solid-State Lighting
Learning Objectives
After completing this chapter, the reader will be able to
◾◾
◾◾
◾◾
◾◾
◾◾

Visualize the expected progress in solid-state lighting in the future
Know the predictions made by experts
Identify the research areas and problems in this field
Discuss LED efficiency droop issue and phosphor limitations
Get an idea of the projections beyond 2014

29.1 Prospective Growth in Solid-State Lighting
The following projections for inorganic LED and organic LED general
lighting (Figure 29.1) are envisaged in the US DOE 2012 Report.
29.1.1 LED General Lighting during the Years “2012–2020”
Depending on the color temperature and CRI, the utmost feasible efficacy
for packaged LED devices is touted to be ~250 lm/W. Progress will continue indefatigably, forcefully driving this technology to its efficiency limit.
By about 2020, this destination is predicted to be reached. Owing to the
electrical and optical losses from other sections of the luminaire, LED package efficacies are, by and large, 20%–40% higher than when the package
is mounted in a luminaire. Hence, efficiencies of LED luminaires will be
>200 lm/W, that is, 15 times that of incandescent bulbs. Consummation of
LED fabrication and packaging techniques, and introduction of novel technologies will incessantly reduce their costs.
29.1.2 OLED General Lighting in the Years “2013–2020”
The diffuse illumination of OLEDs, in extreme disparity to the concentrated light of inorganic LEDs, may be more opportune for general ambient
491
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Inorganic and organic LEDs compensate the deficiencies of each other.

lighting. Additionally, with the advent of flexible substrate materials, it is
more compliant to easier shaping and tighter integration into architectural
designs. Small OLED light panels with up to 68 lm/W assembled into
luminaires will undergo further improvement. Not only OLED efficiencies
will get near at hand to inorganic LEDs over the next several years, but
other concerns are also likely to be resolved. These are the construction of
larger panels of area 200 cm 2, and solution to the problems of environmental
stability, lifetime, cost, and manufacturability. No sooner than these challenges are surmounted, OLED products will be in market rivalry with the
technology readily available.

29.2 Haitz and Tsao Predictions for the Years “2010–2020”
Haitz and Tsao (2011) noted that the 2010 efficacy performance values of
100–120 lm/W for cool-white and 80–100 lm/W for warm-white inorganic
LEDs had met the optimistic expectations made by Haitz et al. (1999). This
was possible due to the tremendous progress in blue pump efficiency and in
adapting mature phosphor technologies.
By 2020, Haitz and Tsao (2011) predict luminous efficacies of 150–
180 lm/W. It is prophesied that by this year, solid-state lamps will perform
better than all conventional lamps by factors of 2× to 10× in efficacy. Also,
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in 2015, the original equipment manufacturer (OEM) price of cool-white
lamps will be $2 per klm, while in 2020, it will decline to $0.6 per klm.
Cool-white LEDs will surpass this trend line significantly in 2015 but even
in 2015 and 2020, the retrofit Edison-socket incandescent and compact fluorescent lamps will still constitute a major market segment.
By about 2015, when the LED lamps become available at a retail price as
low as the current price of CFLs, government will promote LEDs instead
of CFLs because of the lower efficacy and mercury pollution of CFLs. By
2020, the LED street price will fall to $2–3 per klm. Then, the CFLs will
be disallowed by government legislation like incandescent bulbs due to high
energy consumption and hazardous mercury-spreading waste disposal. Thus,
the use of traditional lamps will start ending in all applications. In 2015 or
beyond, the incandescent lamps may no longer be visible and CFLs will no
longer be available at subsidized rates, eventually losing their cost benefit
over solid-state lamps.
A serious apprehension is that the office buildings and residential houses,
now wired for medium-voltage AC power, are not suitable for LED lamps
that run on low-voltage DC power. A conflict will ensue between two philosophies, one proposing that LEDs be modified to run on the standard AC
power against the other arguing that wiring must be modified to supply DC
mains power for running LEDs.
As one strategy to overcome this situation, it is possible to install a separate
DC power grid requiring only one or a small number of power converters per
building together with a single current driver for each light fixture. This grid
will supply 12, 24, or 48 V, and will be constructed in new buildings or will
be implemented through major modernization of an old building. At the
opposite extreme, one must not disremember that LED lamps can be operated on AC lines in several ways. The simplest child’s-play scheme involves
the addition of an AC-to-DC power converter from AC line voltage to lowvoltage DC, costing at $5 street price. But LED lamps can also be designed
for direct operation from 110 or 220 V AC power lines. Integration of the
required number of P–N junctions in series connection markedly increases
the drive voltage and decreases the drive current for a given light output.
Hence, a blue pump LED chip can be designed with two antiparallel chains
of LED junctions that operate both as light source and as a rectifying device
in a lamp directly fed from AC mains. Although this scheme looks very
simplified at the outset, it is quite intricate because all the manufacturing
processes have to be reengineered to meet the quality-of-light parameters.
But it is a winning concept, looking at the enormously large market with
its performance and cost incentives. It is particularly interesting for small
candle-shaped replacement applications. The reason is that for these applications, the large space occupied by a power converter is irreconcilable with the
compactness of the lamp base.
It is difficult to conjecture as to who will be the winner of the battle
between DC wiring and AC LED lamps. This battle will be raging for more
than 10 years from now and will most likely conclude in a tie or draw with
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the two approaches coexisting and the customer choosing the best solution
for the particular application. Residential lighting might employ AC LED
lamps using existing AC wiring while commercial applications may adopt
DC wiring for best efficacy and lowest life-time system cost. At the end, AC
lamps may slowly fade away. DC wiring may win with remodeling motivations, driven by energy conservation considerations encouraging the reworking of the existing residential base.

29.3 Research Areas and Technical Challenges
The lighting-color problems that have beleaguered the less-efficient fluorescent
tubes continue to harass LEDs (Figure 29.2). Research on both OLEDs and
LEDs, is largely focused on materials, for example, striving to obtain an efficient deep-green LED emitter, or a more efficient blue-emitting OLED. Major
areas of interest include the efficient extraction of light from an LED chip or
a film of OLED material, or improvement in the efficiency of a phosphor.
Rapid heat flow for thermal management is a burning topic. With advances
in the understanding of luminaire design, more work is steered at the provision of environmentally robust devices offering consistent and unfluctuating
performance and longer lifetimes. Haitz and Tsao (2011) and also DOE have
identified key research areas, a few of which are succinctly presented below.
29.3.1 Preventing Droop
LEDs suffer from the well-known drooping effect (Figure 29.3). On raising the LED forward current from 350 to 700 mA, the relative efficiency

Research Challenges of Solid-State Lighting

1. Avoiding the drooping effect
2. Introducing new GaN LED substrate materials
3. Developing narrow-band red-rich phosphors
4. Preventing phosphor heating and related losses
5. Bridging the red-to-green efficacy gap
6. Restraining AC LED flicker
7. Improving light extraction
8. Homogenizing light dispersion
9. Replacing the expensive indium
10. Designing smart luminaires
11. Laying down standards and regulations

Figure 29.2

Key research areas of solid-state lighting.
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photon flux densities are Figure 29.3 Droop in the relative efficiency of an LED
at the helm for the drop with increasing forward current.
in efficacy. Divergent and
incommensurable mechanisms have been proposed but the scientific explanation still remains controversial (Figure 29.4). Added to this is the fact
that the droop has serious economic implications because of its impact on
the power consumption. Diminishing LED wafer cost per unit area may be
helpful in circumventing the droop disadvantage because doubling the chip
area enables twice the drive current without any effect on efficacy.
29.3.2 GaN LED Substrates
1. Cubic gallium nitride: The presence of a piezoelectric field in c-plane
wurtzite GaN (Park and Chuang 2000, Thomsen et al. 2011) diminishes the internal quantum efficiencies of LEDs fabricated on this substrate due to shift in electron and hole wave functions, known as the

What it is:
Loss of efficiency at high currents
above 10 A/cm2
The possible reasons:
1. Active MQW region of LEDs
(where the light is generated),
contains materials with mismatched polarization at the
heterointerfaces, causing
electron leakage followed by
recombination with holes
outside the active light-emitting region.
2. High threading dislocation density in GaN active
layer grown by heteroepitaxy.
3. Quantum-confined Stark
effect (QCSE).
4. Auger recombination.

Figure 29.4

Droop, its cause, and remedy.

The solutions:

LED
efficiency
droop

1. Replacement of the conventional
GaInN/GaN layer of the LED active
region, with polarization-matched
GaInN/AlGaInN layers, reducing the
driving force for electron leakage
out of the active region and hence
the efficiency droop.
2. GaN-on-GaN homoepitaxy.
3. Semipolar or nonpolar GaN
active layer.
4. Reducing the dislocation density
in GaN active layer.
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quantum-confined Stark effect (QCSE) (Figure 29.5) (Lai et al. 2001,
Park et al. 2010), minimizing the wave function overlap required for
radiative recombination due to the in-built electric field that reduces the
radiative recombination probability (Kuo et al. 2007, Han et al. 2012). No
such in-built electric field exists in cubic gallium nitride structure, and
thus LEDs fabricated on cubic gallium nitride are expected to exhibit
high internal quantum efficiency. However, the widespread use of cubic
gallium nitride for LED fabrication is prevented by lack of suitable substrates for the growth of cubic GaN phase. Therefore, extensive research
is being carried out for heteroepitaxy of cubic GaN on silicon substrates.
Overlap of
wavefunctions
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2. Growing LED on semipolar and nonpolar wurtzite GaN planes: The
LEDs grown on c-plane GaN suffer from significant losses due to the
in-built electric field. The c-plane GaN growth has been successfully
carried out on a number of substrates such as silicon, sapphire, and
silicon carbide. Other planes of wurtzite GaN are now being studied for their electroluminescent properties (Hatcher 2007). The LEDs
fabricated on nonpolar m-plane (Schmidt et al. 2007, Ni et al. 2009,
Detchprohm et al. 2010) and a-plane (Detchprohm et al. 2008) GaN
have been found to be free from efficiency losses due to the QCSE
described above, in c-plane LEDs (Zhao et al. 2012). Other semipolar
planes, on which LEDs can be fabricated easily, are also being exploited
for improving GaN LED quantum efficiency (Yamamoto et al. 2010).
3. Homoepitaxy of GaN on GaN: For the fabrication of reasonable performance GaN LEDs, a buffer layer, a few microns thick, is grown on
silicon, silicon carbide, or sapphire substrates prior to the definition
of LED active area (Cao et al. 2002). This buffer layer is required for
reducing the threading dislocation density in the active layer stemming
from lattice mismatch between GaN and the substrate. Threading dislocations act as the sites for nonradiative recombination and can significantly lower the light output from the LED (Monemarand Sernelius
2007).
Therefore, efforts are being made to carry out homoepitaxy of GaN active
layer on GaN wafers for the reduction of threading dislocation density in the
active layer, thereby improving the light output and efficiency. However, for
homoepitaxy, only 3″ GaN wafers are available in the market and research
is being carried out for growth of larger-dimension and lower-cost GaN
wafers. This approach is mainly limited by the cost involved in the process.
29.3.3 Using Narrow-Band Red Phosphors
Inorganic LEDs continue to have dilemmas with light color. Their white
colors appear too bluish, thereby rendering other colors poorly relative to
traditional bulbs. Most of the LED fixtures and devices make icy white-blue
light, and objects do not look naturally vibrant under their white illumination. Hence, the color temperature of blue LEDs must dwindle into more
reddish and warm-white values. Both novel phosphors and mixes of existing
phosphors, turning some blue light to green-on-yellow, must be investigated
to achieve the desired lighting color. Furthermore, in the present-generation
warm-white LED lamps, appreciable efficacy loss occurs through the wide
spectral distribution of conventional red phosphors. Phosphors with a narrower line width or nanotechnological light converters such as quantum dots
can minimize the efficacy loss in the long-wavelength red and near-infrared
parts of the spectrum. However, such phosphors should absorb well at the
blue wavelength (~460 nm) that best optimizes the trade-off between human
visual sensitivity and CRI. Thus, optimized phosphor systems and packaging
for LED down-conversion need to be developed.
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29.3.4 Eschewing Phosphor Heating by Stokes Shift
The well-received design of all the current LED lamps requires that one
side of the chip be mounted on a metal heat sink, permitting the light to
escape the chip only from the top surface. Side emissions from LEDs have
been considerably reduced in the popular modern chip designs. The phosphor must, therefore, mantle the top of the chip so that the heat produced by
the Stokes loss is transmitted from the phosphor to the chip. As the phosphor consists of a small grain powder bound together with a transparent
organic binding material, and all transparent organic materials are pauperized heat conductors, the unavoidable consequence is a large self-heating of
the phosphor with a corresponding reduction in light conversion efficiency.
The temperature effect is to some extent mitigated in a design using phosphor embedded in a ceramic material. Nonetheless, the phosphor remains
the hottest part of the LED lamp.
29.3.5 Closing the Red-to-Green Efficacy Gap
Presently, the efficiencies of red, yellow, and green direct-generation LEDs
are well below that of the blue pump. This is due to the generation of defects
in the InGaN active layer with the incorporation of high percentage of
indium. The growth of defect-free InGaN layers on GaN for green-to-red
LEDs by MOCVD remains a challenge and would require innovative solutions to fabrication-related issues/challenges. By closing this gap, especially
at the higher junction temperatures needed for power LEDs, the more efficient color-mixing approach for white light generation will be applied, avoiding the ~25% energy loss caused by the Stokes shift. This breakthrough will
obviate the phosphor heating described above as phosphor will no longer be
necessary. Moreover, it will make color tuning more attractive.
29.3.6 Suppressing the Flickering of AC LED Lamps
Flicker in lighting can lead to averse symptoms in people who suffer from
chronic health disorders such as migraine, epilepsy, and so on. When LED
lamps are operated directly from AC lines without an intermediary AC–DC
converter, 50/60 Hz or 100/120 Hz flicker is observed. This flickering is not
worse than that associated with conventional fluorescent lamps or CFLs.
DC operation is the best option for flicker-sensitive applications.
29.3.7 Coating with a Reflective Plastic for Uniform Light Dispersal
Inorganic LEDs are point sources of light, radiating lots of lumens of light
from a bright, hot area that is hardly a millimeter square. Frequently, the
lighting designers position multiple LEDs closely in clusters to produce the
light output tantamount to other lighting sources, giving the light a piercing,
pixelated appearance. As people are not accustomed to seeing dotted lights,
but preferably wish to see uniform, well-distributed lights, suitable lenses
are, every now and then, placed over the top of the LEDs for directing and
dispersing the light. However, these lenses lower the light output. A plastic coating on the LED that reflects 97% of light in a diffuse, eye-friendly
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manner will improve lighting efficiency by 15%–20%. Research is being pursued to develop such plastic materials.
29.3.8 Improving White OLEDs to >100 lm/W Efficiency
Efforts are underway to fabricate white OLEDs with >100 lm/W efficiency
after light extraction enhancement and >10,000 h operating time. At the base
of these efforts lie the investigations for new classes of emissive OLED materials. New materials will improve light extraction from them. Like regular
inorganic LEDs, the thin OLEDs absorb some of the photons produced by
them. So, different coatings and structural appendages, such as photonic lattices, which are replete with holes that channel light out, need to be developed.
29.3.9 Replacing the Costly Indium in OLEDs
Indium is both rare and expensive. Therefore, a cost-effective replacement
for indium tin oxide for use as an electrode in OLED lighting devices is the
need of the hour.
29.3.10 Designing Intelligent Luminaires
Replacement solutions for fluorescent luminaires, for example, a solution
comprising intelligent control electronics, LED modules using remote phosphor expertise, and a power source, all surrounded by a metal enclosure,
must be devised. The intelligent controls will sense occupancy and ambient
lighting conditions. For additional energy savings, switching and dimming
ought to be used, a feature that is not possible in conventional fluorescent
lamps without performance degradation.
29.3.11 Formulating Lighting Standards
Formulation of proper lighting standards holds the key to successfully introduce LEDs into the market. Differences between LED technology and conventional lighting have formed ruptures in the industry standards and test
protocols, which create puzzlement and misunderstanding while comparing
products and their ratings. DOE is working with standards-setting organizations, for example, the Illuminating Engineering Society of North America
(IES), the National Electrical Manufacturers Association (NEMA),
Underwriters Laboratories (UL), the American National Standards Institute
(ANSI),and so on to speed up the acceptance of standards for LEDs.

29.4 Moving beyond 2020
29.4.1 Haitz Prediction
Haitz believes that the cost of metals, plastic, distribution, inventory, government mandates, and so on will dominate over that of the basic LED lamp
element, which will then become a nugatory factor. By the end of 2020, the
OEM cost of light will drop to <$0.5 per klm and vanish into the mist of
other disparate cost issues, thereby terminating the cost line of Haitz’ law.
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Ultimately, the government taxes may approach or override the cost of the
basic LED lamp element.
29.4.2 Tsao’s Prediction
Tsao believes that the efficacy of LEDs will continue to increase, reaching a saturation level near 250–300 lm/W. He puts forward three reasons
for this belief: (i) The capital cost of light from the white LED lamp will
decrease to the point where the ownership cost of light is lower than its
operational cost, so that the consumer will be eager to pay a little more for
a more efficient LED lamp that will save sufficiently in the energy costs
incurred in a reasonable time span. (ii) Consequent upon the increase
in efficacy, there is production of less waste heat per unit light flux, and
lamp packaging will become easier and less expensive, per unit light flux.
(iii) The allure of the inclusion of additional features into lamps besides
the production of light will gain importance due to the opulent set of
functional and integration possibilities offered cheaply by semiconductor
technologies. Digital tuning of the chromaticity and the temporal/spatial
placement of light within the environment being lit are precedents of such
features. Their advantages will push the development of electroluminescence in the shallow red region, providing higher efficacy via a reduced
Stokes loss as a side benefit.
29.4.3 Closing Stages of the Lighting Revolution
Ever since Edison and Swan’s invention of electric bulbs changed our lifestyles more than 130 years ago, the lighting industry developed several new
electrical lighting technologies. Each of these technologies brought in its
wake, successional improvements in efficacy and quality of light, along with
reduction in costs. It is felt that during the 2020–2030 decade, solid-state
lighting will be reaching the terminus of the efficacy ladder. Then, it will
either comply with or go beyond the market’s needs on cost and quality. At
this juncture, there will not be much room to defend the sizeable investments
made to develop alternative newer technologies. The series of upheavals in
lighting history of mankind from campfire to candles, then to light bulbs
followed by solid-state lighting will cease. The lighting revolutions will then
have attained completeness and plenitude.

29.5 Discussion and Conclusions
Solid-state lighting provides gargantuan energy economy and enduring
light sources. If LEDs are to dislodge the incumbent fluorescent technology, the initial cost premium will mean that the new systems need to
offer the demeanor that customers value. LEDs have long been used as
signaling devices such as red indicator lights on far-flung controls and exit
signs, and are already the light of choice for traffic signals and flashlights.
Technological underpinnings in the last two decades have allowed the use
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of LEDs in some limited illumination applications. But LEDs and OLEDs
have so far been unsuccessful in making serious inroads into residential and
commercial lighting, primarily because of cost and color. Among the new
uses for LEDs in the general illumination market may be mentioned the
small-area lighting, for example, task and fixtures under shelves, lighting for
decorative purposes, corridor and step blotting, internal downlights, al fresco
parking set, and area lighting, to name a few applications. Perhaps, most
alluring is an LED’s potential to reach efficiencies around 70%, corresponding to 286 lm/W efficacy. That could make a gigantic impact on the global
energy consumption. As the efficacies of white OLEDs increase, they will
be used in more general illumination applications, probably with entire walls
and ceilings becoming the lighting system.
LEDs have inconvenience with light color as their white light appears bluish and thereby renders other colors awkwardly compared to traditional bulbs.
The main issue with GaN devices is that the efficiency plummets at the higher
currents required for general lighting. The mechanism behind this droop is
not fully explicit, and it is a subject of active research and strong altercation.
Several experimental studies have ascribed the efficiency loss to Auger recombination, an effect in which three charge carriers are involved and which is
noticeable at higher current densities. Researchers have also proposed optional
theories, asserting that the Auger effect should be frail. Further, the conversion of blue wavelengths to longer yellow and red wavelengths involves an
inescapable 20%–25% energy loss. Red phosphors also emit part of their light
outside the visible spectrum, thereby reducing the efficiency. This problem is
solvable by using phosphors with narrow emission spectra. While progress in
fundamental materials science will boost the efficiency and quality of white
LEDs, cost reductions will appear from the industrial side.
On the whole, understanding the technical progress and potential of semiconductor light sources vis-à-vis analyzing their market adoption by training
professionals engrossed in LEDs and solid-state lighting through workshops
and seminars will reveal useful insights into challenges and opportunities in
the growing field of solid-state lighting.
Haitz and Tsao forecast that by the year 2020, luminous efficacies of
LEDs will reach 150–180 lm/W. Tsao believes that beyond 2020, efficacy
will saturate around 250–300 lm/W than to 200 lm/W.
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Review Exercises
29.1
29.2

29.3
29.4
29.5
29.6

29.7
29.8

29.9
29.10
29.11
29.12
29.13
29.14

What are the main projections of the US DOE 2012 report regarding the anticipated progress of solid-state lighting up to 2020, based
on inorganic and organic LEDs?
Describe the salient points of Haitz and Tsao projections on solidstate lighting, focusing on expected luminous efficacies and LED
prices. Highlight the tussle between DC wiring and AC LED
lamps.
What is the light color problem afflicting present-day white LEDs?
Mention three important research areas on white LEDs that require
the immediate attention of scientists.
Explain the urgent requirement of narrow-band red phosphors to
improve the color rendition of white LEDs.
What is the reason for phosphor heating in a white LED? What are
its consequences? Is it avoidable? If yes, how?
Which phosphor will be more effective in improving the luminous efficacy of a white LED: a green phosphor with FWHM of
50 nm or red phosphor with FWHM of 10 nm? Depending upon
your argument, choose one for which research efforts need to be
accelerated.
What is remote phosphor technology? What is its advantage?
What is red-to-green efficacy gap in solid-state lighting? How does
it prevent us from producing white light effectively? How will closing this gap pave the way toward the realization of more efficient
source of white light?
Define “Green Gap.” What are the potential research trends with
respect to GaN material system and phosphors to solve this problem? Compare the GaN and phosphor-based approach.
Discuss the challenges related to the use of GaN material system for
the fabrication of high-efficiency LEDs with emission wavelength
in the visible spectrum.
Describe the phenomenon of efficiency droop in GaN LEDs. What
are the possible ways to mitigate its effect on LED light output?
Compare the various methods to achieve high efficiency in GaN
LEDs, that is, use of cubic GaN, semipolar/nonpolar GaN substrates and GaN-on-GaN homoepitaxy.
Define quantum-confined Stark effect. How does it affect the radiative recombination processes in gallium nitride LEDs?
Why is AlGaInP system preferred over AlInGaN for fabrication of
LEDs in the orange-to-red range?
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29.15 Are LED lamps operated directly from AC mains line liable to suffer from flickering disturbances? How is this flickering avoided in
flicker-sensitive applications?
29.16 What is the need for reducing flicker in AC-LEDs? Describe some
potential ways to accomplish the same.
29.17 Mounting several LEDs close to each other to produce a light
source results in pixelated appearance of the source. Point out one
way to help in producing a diffuse, eye-friendly LED source.
29.18 What is meant by photonic lattices? How will they help in channeling out light from LEDs?
29.19 Point out the problem with the use of indium in OLEDs.
29.20 Briefly describe Haitz and Tsao’s projections for solid-state lighting
beyond 2020. How do they differ? How and when is the lighting
revolution likely to end?

Chap ter

30

Laser Diode and Laser
Diode-Based Lighting
Learning Objectives
After completing this chapter, the reader will be able to
Understand the difference between LED and laser diode
Know the conditions for stimulated emission
Discuss the drawbacks of a homojunction laser diode
Describe carrier and optical confinement in heterojunction laser diode
Acquire a theoretical understanding of laser diode operation
Write equations for gain and loss coefficients, transparency and threshold current densities, and output power of a laser diode
◾◾ Be on familiar terms with the method of production of white light
using laser diodes
◾◾
◾◾
◾◾
◾◾
◾◾
◾◾

30.1 Light-Emitting and Laser Diodes
After being proven to be more efficient and reasonably priced compared to
incandescent and fluorescent lighting, LED bulbs have pierced the marketplace and begun swapping them. However, it appears that next-generation
lighting may evolve from a dissimilar type of solid-state device, namely, the
laser diode (LD). This speculation is made on the premise that LD-based
lighting has the potential to be more proficient, provided the de rigueur
safety measures are adopted and felicitous circuitry is used. These diodes
have a comparably long lifetime if they are fastidiously looked after.
LEDs work by spontaneous emission in which an electron annihilates a
hole releasing a photon. Here, the carriers recombine with an average lifetime but not with any specific lifetime indentured to a particular carrier.
Electron–hole recombination, and therefore photon emission, takes place
even after the withdrawal of bias voltage. Also, this photon emission occurs
at a rate which is independent of any external perturbing electromagnetic
505
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Two types of emission: (a) spontaneous and (b) stimulated with simple analogies.

radiation. Moreover, the photons emitted in this process have many different
wavelengths and ramble in random directions; hence, they are incoherent or
disjointed. Such emission is essentially an unprompted or voluntary emission; hence termed “spontaneous.”
On the other hand, laser is the acronym for light amplification by stimulated emission of radiation. Laser is a source of highly directional, monochromatic light (Pospiech and Liu 2004). Unlike the spontaneous emission-based
LED, an LD having a similar light-generating structure, works on stimulated emission originating from mirror faces formed in the diode by crystal
cleaving, that amplifies the amount of light; hence called “light amplification.” Spontaneous and stimulated emissions are differentiated in Figure
30.1. Stimulated emission will be dealt with in more details in the following
section.
The differences between LED and LD are summarized in Table 30.1. The
progression from LED to LD is shown in Figure 30.2.

30.2 Homojunction Laser Diode
Laser action with the resultant monochromatic and coherent light output is
achieved in a P–N homojunction diode formed between two doped gallium
arsenide layers (Kasap 2001). A homojunction LD is one where the P–N
junction uses the same direct bandgap semiconductor material throughout
the diode, such as GaAs. Besides LD, other names of the device are diode
laser or semiconductor injection laser. It is basically a semiconductor optical
amplifier. Figure 30.3 shows a homojunction LD, following Kasap (2001).
Coherence of light emitted by an LD means that the photons emitted from
it have the same frequency and are phase-linked, implying that they have a
zero or constant phase difference. This coherence results from a stimulated
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Table 30.1

LED and LD

Feature

LED

Working principle
Beam width

LD

Linearity
Coupling efficiency to a fiber
Speed
Frequency modulation
Handling

Spontaneous radiation
Broad output beam difficult
to capture and focus
No
Broad spectral profile
(30–100 nm)
Low up to 1 mW
No
Weak
Low to moderate overall
efficiency
Bad
Low
Moderate to high
Up to several 100 MHz
Easy

Cost

Inexpensive

Coherence
Line width and spectrum
Output power
Threshold device
Temperature dependence
Efficiency

Stimulated radiation
Narrow, highly directed beam
Yes
Sharp, narrow emission
spectrum; spectral width <5 nm
High up to some 100 mW
Yes
Strong
High differential and overall
efficiency
Good
High
High to very high
Up to 10 GHz
Requires current and temperature
control
Expensive

LED Limitations

1. Broad spectral output

2. Slow temporal response

How to overcome?

a. Increase emission of
photon states

b. Increase electron–hole
recombination rates

Solution strategy
Electron–hole recombination in
a high-quality optical cavity

Outcome

Laser diode (LD)

Figure 30.2

From LED to laser diode.
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emission process described as the emission of electromagnetic radiation in the
form of photons of a prearranged frequency, activated by photons having the
same frequency, for example, a photon colliding with an electron in an energy
state that is higher than normal, that is, an electron in the conduction band,
liberates a photon having the same frequency as the incident photon when the
electron in the higher energy state returns to a lower energy state, that is, to
the valence band. If this released photon collides with a neighboring electron
in the same high-energy state, that is, in the conduction band, another photon of the same frequency is set free. Thus, starting with a single photon, the
emission of several photons of the same frequency has been set off.
Further, the emitted photons and the triggering photons are always in
phase. This happens because the emission of the second photon occurs at the
same point in time and space as the interaction of the first photon with the
conduction band electron. All the emitted photons propagate in the same
direction as the first photon.
Note that the above applies to interactions between photons and conduction band electrons. A photon colliding with a valence band electron will
create an electron–hole pair, not a photon as collision with conduction band
electron does.
30.2.1 Conditions for Stimulated Emission
To initiate stimulated emission process in the LD, two basic conditions must
be fulfilled:
1. Population inversion condition: The upper radiative transition states must
have a large population of electrons than in the ground state. This circumstance is recognized as population inversion because in thermal
equilibrium, most systems abide by a Boltzmann distribution of states,
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according to which the ground state, and not the excited states, has the
largest number of electrons. The necessity of population inversion arises
because in laser action a large number of available electrons are continuously needed for transition to a lower energy state for emitting photons.
Under the population inversion condition, the stimulated emission tends
to dominate over absorption of photons from the radiation field.
	  A method to change the population of the states involves electrical
pumping whereby the carriers are excited to higher energy states. It is
also required that the lifetimes of each state are of correct magnitudes
to allow population inversion. In LD, the electrical pumping is done
through an extreme doping of the N- or P-material by injecting minority carriers, that is, by forward biasing a P–N junction formed between
degenerate semiconductors under high-level injection producing simultaneous and coetaneous large populations of electrons and holes in the
same spatial region. The region where the population inversion occurs
creates a layer along the junction called an inversion layer or active region
of the LD.
2. Optical resonant Fabry–Perot cavity: An optical cavity supports feedback
for generating stimulated emission. It consists of parallel reflecting mirrors to reflect the photons back and forth, for building up a sufficiently
large photon energy density to enhance the stimulated emission over
spontaneous emission. Edge emission of light thus generated is suitable
for adaptation to feedback waveguide.
In LD, the optical resonant cavity is made by cleaving the ends of the
crystal to flatness and polishing them to provide reflection. Generally, the
oriented GaAs sample is cleaved along a crystal plane (110), allowing the
crystal structure itself to provide the parallel faces. Owing to the sharp
refractive index difference between the crystal (~3.5) and the surrounding
air, the split end faces of the crystal serve as mirrors. As the radiating sides of
the structure are polished, the radiation is rebounded to the active region by
a reflecting mechanism. Actually, a considerable percentage of the radiation
is reflected back alone from the difference in refractive indices of the air–
AlGaAs interface. Therefore, mirror coating is not done, and when light tries
to pass from the crystal to the air, about 30% of the emitted light is reflected.
Photons reflected from cleaved surface stimulate more photons of the same
frequency, and standing waves are set up for certain discrete wavelengths by
means of multiple reflections between the two mirrors. The wavelength λ of
radiation in the cavity is dependent on the length L of the cavity (resonant
length). Only multiples of λ /2 are admissible, so
m×

λ
=L
2n

(30.1)

where m is an integer (mode or resonant frequency) and n is the refractive
index of the semiconductor.
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30.2.2 Operation
Photons with energy >Eg but <EFN − EFP (eV) cause stimulated emission
while photons having energy >EFN − EFP (eV) are absorbed. In the population inversion condition, the semiconductor operates as an amplifier. Optical
gain is produced in the region where there is more stimulated emission than
absorption. This gain depends on the photon energy and thus wavelength.
Lasing radiation occurs when optical gain in the medium is able to overcome
photon losses from the cavity due to coupling and absorption. This requires
the diode current to exceed a threshold current Ith. Light emitted below Ith
is due to spontaneous emission. Below Ith, incoherent photons are emitted
randomly and the device behaves like an LED.
LD operates at those resonator frequencies or longitudinal modes for
which a net optical amplification is obtained. The length of the cavity determines longitudinal modes, whereas the width and height of the cavity control
transverse or lateral modes. Longitudinal modes determine the wavelength
of output light wavelength. Suppression of lateral and transverse modes is
necessary for convalescence of the performance of lasers. Lateral modes leading to subpeaks on the sides of the fundamental modes, and resulting in
“kinks” in the output-current curve, are curbed by the stripe-geometry structure. Transverse modes generating hot spots are curtailed by thin active layer
design.
Single-mode laser is one that operates in the fundamental transverse and
lateral modes but with several longitudinal modes. Single-frequency laser
operates in only one longitudinal mode.
The laser radiation emerges through the semitransparent mirrors as a
uniquely parallel beam because the waves that do not undergo reflection
quickly escape from the sides of the medium without amplification.
30.2.3 Drawbacks
1. High threshold current density, restricting its operation to very low temperatures, which must be maintained by suitable cooling mechanism.
2. Increasing threshold current with temperature due to positive temperature coefficient. This causes possible shutdown of the diode. When the
temperature rises, the Fermi–Dirac function spreads the energy distributions of electrons in the conduction band to above electron quasiFermi level (EFN) and holes below the hole quasi-Fermi level (EFP) in
the valence band, resulting in a reduction in optical gain. Optical gain
depends on EFN − EFP, which depends on applied voltage. In turn,
optical gain depends on diode current.
3. Pulse-mode output.
4. Broad spectral width of output light.
Heterojunction laser is an advancement over homojunction laser.
Reduction of the threshold current to a convenient, usable level requires an
improvement of the rate of stimulated emission as well as the efficiency of
the optical cavity.
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Example 30.1
An empirical formula for the threshold current density of an LD is
J th ∝ exp(T /T0 )

(30.2)

where T0 varies between 40 and 200 K. If for an LD, T0 = 100 K, find
the temperature in degrees centigrade at which the threshold current
density is thrice the value at 300 K.
Let the required temperature be x.
J th = constant × exp(T /T0 )

(30.3)

( J th )300K = constant × exp(300 /100)

(30.4)

( J th )xK = constant × exp(x /100)

(30.5)

( J th )xK = 3 × ( J th )300 K

(30.6)

Since

we have
Constant × exp(x /100) = 3 × constant × exp(300 /100) (30.7)
or
exp(x/100) = 3 × exp(300 /100)

(30.8)

Taking natural logarithm of left and right sides, we find
(x/100) = ln(3) + (300 /100)

(30.9)

or
x = 100 ln(3) + 300 = 100 × 1.0986 + 300 = 409.86 K
= ( 409.86 − 273)o C = 136.86o C

(30.10)

30.3 Heterojunction Laser Diode
The homojunction diode laser has low Q due to superabundant absorption
of radiation in P and N layers of the diode. The explanation is as follows:
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Stimulated emission takes place in a very thin region surrounding the homojunction, called the active region. Some photons manage to escape from this
region and wander into the bulk semiconductor. Here, they create electron–
hole pairs and are thereby forfeited without contributing further to stimulation of emission. Fortunately, the high carrier concentrations adjoining
the junction produce a change in refractive index forming a waveguide that
serves to confine the photons in the active region. But this waveguide action
helps only to a limited extent because the difference in refractive indices is
very small ~0.1%–1.0% resulting in high critical angles ~82–87°. Hence, this
waveguide action is only partially effective in preventing loss of photons, and
must be supplemented by additional means. The remedy is to add confinement layers on both sides of the active region with different refractive indices. Then the radiation reflects back to active region.
Carrier and optical confinement are realized by using the heterostructure
design in the LD. A double heterostructure diode has two junctions that
are formed between two semiconductors GaAs and AlGaAs. Advantage of
using AlGaAs/GaAs heterojunction is that these materials offer a small lattice mismatch between their crystal structures, thereby introducing negligible strain-induced interfacial defects (dislocations). These defects function
as nonradiative recombination centers.
In Figure 30.4, following Kasap (2001), the substrate material is an
N-GaAs layer. The different layers in the structure have defined roles, and
are named accordingly as follows: the confining layers are N-AlGaAs and
P-AlGaAs, the active layer is P-GaAs (870–900 nm), the additional contacting layer is P-GaAs, which enables better electrode contact and avoids
Schottky junctions, which limit the current (Kasap 2001). The P- and
N-AlGaAs layers provide carrier and optical confinement by forming heterojunctions with the P-GaAs, as explained in the following subsections.
30.3.1 Carrier Confinement
The heterojunctions restrain the injected electrons and holes within a narrow region about the junction. Consequently, smaller current is needed to
establish the required concentration of electrons for population inversion,
reducing the threshold current density, that is, the minimum current density
required for lasing to occur. The laser can, therefore, operate continuously
at room temperature. Further, owing to the thin P-GaAs layer (0.1 μm), a
lower current is necessary to increase the concentration of injected carriers at
a brisk rate. In this manner, the threshold current is reduced for the purpose
of population inversion and optical gain.
30.3.2 Optical Confinement
The heterojunctions build a dielectric waveguide around the optical gain
region. This waveguide arises from the difference in refractive indices of the
two materials used in the heterojunction, for example, AlGaAs, a semiconductor with a wider bandgap, has a lower refractive index than GaAs. The
waveguide restricts the photons within the boundaries of the active region
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and also decreases the number of electrons lost while traveling away from the
cavity axis. By virtue of this lateral optical confinement, the photon concentration in the active region increases, enhancing the probability of stimulated
emission. The confinement factor is the ratio of the light intensity within the
active layer to the sum of light intensities both inside and outside the active
layer.
30.3.3 Stripe Geometry
In this geometry, current density J is laterally nonuniform from the stripe
contact with maximum current along the central path and diminishing on
either side. Population inversion and, therefore, optical gain occurs at regions
where current density transcends the threshold current values. Advantages
of stripe geometry are as follows: (i) Reduced contact decreases threshold
current, for example, stripe widths of a few microns develop threshold currents of tens of mA. (ii) Smaller emission area makes light coupling to fiber
untroublesome.
30.3.4 Output Spectrum and Characteristics
The output spectrum of the LD is decided by the nature of the optical cavity
that sustains laser oscillations, and its optical gain versus wavelength curve.
Relying upon the geometry of the optical resonator and the pumping current
level, the LD spectrum is either multimode or single mode. Further, owing
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to diffraction at the ends of the cavity, the exiting laser beam has a diverging
field, and the diffraction is larger for the smaller aperture.
The output characteristics of an LD are temperature-sensitive. As temperature increases, threshold current increases exponentially and the output
spectrum also changes. A single-mode LD mode hops to a different mode
at certain temperatures, resulting in a change of laser oscillation wavelength.
The wavelength increases gradually because of small changes in refractive
index and cavity length.

30.4 Theory of Laser Diode
There are two competing mechanisms: gain in medium and loss in resonator.
For lasing to occur, gain must balance loss. The laser amplifier gain must be
greater than the loss in the feedback system so that net gain is incurred in
a round trip through the feedback loop. Gain and resonator losses in laser
material, therefore, play an important role in the optimization process of a
laser system.
30.4.1 Gain Coefficient (α )
The laser amplifier is a distributed-gain device characterized by its gain coefficient α (gain per unit length), which governs the rate at which the photonflux density or the light intensity increases. Gain is defined in terms of a gain
coefficient α by the equation
g (z ) = exp{α (z )}

(30.11)

where z is the coordinate in the direction of propagation. The gain coefficient
is the negative of the absorption coefficient: g = −α. Writing the light intensity L(z) in terms of g, we have
L(z ) = L0 exp{ −α (z )} = L0 exp{ g (z )}

(30.12)

The gain coefficient is the fractional change in intensity per unit propagation distance. It has units of inverse length and is a property of a material
medium that, like the absorption coefficient, is nonpartisan to and independent of the dimensional magnitudes of the medium. It describes how the
density of photons metamorphoses as they propagate along a given direction.
30.4.2 Loss Coefficient (αr)
Like gain, light in the medium introduces losses characterized by the loss or
attenuation coefficient αr (loss per unit length). These losses are distributed
throughout the medium and characterized with an optical loss coefficient αr,
which has units of inverse length similar to the gain coefficient.
In traveling a round trip through a resonator of length d, the photonflux density is reduced by the factor R1R 2 exp (−2αrd), where R1 and R 2 are
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the reflectances of the two mirrors. Considering the reflection losses of the
mirrors only, the overall loss in one round trip is described by an effective
distributed reflective loss coefficient αm, where
αm =

1  1 
ln
2d  R1R2 

(30.13)

In general, the losses from the mirrors constitute merely one component of
the total loss coefficient αr, which represents the sum total of several sources
such as free carrier absorption in the semiconductor material, scattering from
optical inhomogeneities during propagation in the resonator, the concentration of impurities and interfacial imperfections in the heterostructures. The
scattering increases with doping level, but will be in the range of 103–104 m−1.
30.4.3 Transparency Current Density J0
If an electric current i is injected through an area a = wd into an active region
Va = volume la (where l is the active region thickness), the steady-state carrier
injection rate per second per unit volume is
J
i
1
i 1
=
×
= J ×
=
ql
ql
qla  a  ql

(30.14)

where J = i/a is the injected current density (A/cm 2). In the steady state,
recombination = injection. Consequently, the steady-state injected carrier
concentration is
n
J
=
τ
ql

(30.15)

where n is the carrier concentration per unit volume, τ is the total recombination lifetime, q is the electronic charge, and l is the active region thickness.
The above equation gives
nql
τ

(30.16)

nql
ηintτ r

(30.17)

J =
which may be expressed as
J =

where ηint = τ/τr and τr is the radiative recombination lifetime in the
semiconductor.
A semiconductor material becomes transparent when the rate of absorption = the rate of stimulated emission. This condition is called material
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transparency. The transparency density n0 represents the number of excess conduction band electrons per unit volume required to attain transparency. The
transparency current density J0 is given by
J0 =

n0 ql
ηintτ r

(30.18)

As J0 is directly proportional to the junction thickness, a lower transparency current density J0 is obtained by using a narrower active-region
thickness. This is a motivation for using double heterostructures, where l is
~100 nm.
30.4.4 Threshold Current Density
The material gain upon transparency
g(n 0) = 0

(30.19)

The peak gain coefficient curves is approximated by a straight line at n 0 by
making a Taylor expansion about the transparency density n 0 to find
g p = g p (n) ≅ g 0 (n − n 0 )

(30.20)

g 0 = dgp/dn

(30.21)

The quantity

is typically called the differential gain (cm 2). It has a unit of cross section.
The slope of the straight line is
g0 ≈

α
n0

(30.22)

where α represents the absorption coefficient in the absence of injection.
Hence
g p ≅ g 0 (n − n 0 ) ≅

n

α
(n − n 0 ) = α  − 1
 n0

n0

(30.23)

This equation can be rewritten in terms of current densities J, J0 using
Equations 30.17 and 30.18, which give
n=

J ηintτ r
J η τ
and n0 = 0 int r
ql
ql

(30.24)
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so that
 J

gp = α 
− 1
 J0


(30.25)

Thus, the gain coefficient g of a laser has a peak value gp that is proportional
to the injected current density J because J0, the current density required to
make the semiconductor transparent, is constant for the given semiconductor. As long as the laser oscillates in a single transverse mode, the gain is
directly proportional to the excess current density above the threshold.
A refractive index discontinuity on both sides of the active layer in a double heterostructure laser gives rise to a wave guiding effect or confinement of
the transverse mode of the laser to a zone inside, and on the two sides of, the
active region. The confinement factor Γ is a number that varies between zero
and one and is included to take into account the imperfect overlap between
the circulating optical beam and the gain medium. The confinement factor is
a measure of the fraction of the oscillating field distribution that experiences
gain within the active layer.
The threshold gain is, therefore,
g p = g th = α r /Γ

(30.26)

Here, αr is the portion of gain coefficient due to material parameters
alone. The quantity Γ is the portion of gain coefficient due to geometrical
parameters, that is, the overlap of the optical mode and the active medium.
Setting gth = αr/Γ for threshold condition (J = Jth), Equation 30.25 can be
written as
J
 αJ
αr
= α  th − 1 = th − α
 J0

J0
Γ

(30.27)

 α


J th = J 0  r + α  α 

 Γ


(30.28)

or

The threshold current density is larger than the transparency current density by the factor (αr/ Γ + α)/α , which is ~1–2 for good active materials with
high gain (large α) in a low-loss cavity (small αr). The threshold injected
current
ith = Jth A

(30.29)
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and the transparency current
i0 = J0 A

(30.30)

where A is the cross-sectional area of the active region.
The threshold current density Jth is a key parameter in characterizing
the laser-diode performance: smaller values of Jth indicate superior performance. Jth can be minimized by maximizing the internal quantum efficiency;
minimizing the resonator loss coefficient αr, minimizing the transparency
injected-carrier concentration n 0, and minimizing the active-region thickness (key merit of using double heterostructures).
Example 30.2
i. The junction region in an LD is 1.5 μm thick, and has a cross-
sectional area = 8 μm × 100 μm. If the lifetime of radiative
recombination is 3 ns, the total recombination lifetime is
1 ns, the injected carrier concentration (n 0) in the transparency region is 1 × 1018 cm−3 , the gain coefficient is 500 cm−1,
and the loss coefficient is 100 cm−1, find the threshold current,
taking Γ = 1.
1 × 1018 cm −3 × 1.6 × 10 −19 C × 1.5 × 10 −4 cm
n0ql
=
J0 =
ηintτ r
{(1 × 10 −9 s)/(3 × 10 −9 s)} × 3 × 10 −9 s
= 2.4 × 10 4 A/cm 2

 α


J th = J 0  r + α  α  = 2.4 × 10 4 A/cm 2


Γ


 100


× 
+ 500 500 

 1

= 2.88 × 10 4 A/cm 2

(30.31)

(30.32)

ith = J th × W × d = 2.88 × 10 4 A/cm 2
× 8 × 10 −4 cm × 100 × 10 −4 cm
= 0.2304 A = 230.44 mA

(30.33)

ii. A double heterostructure LD has the same constructional parameters as the above except that the thickness of the junction region
is 0.09 μm. Find the threshold current. Comment on the answer.
1 × 1018 cm −3 × 1.6 × 10 −19 C × 0.09 × 10 −4 cm
n0ql
=
J0 =
ηintτ r
{(1 × 10 −9 s)/(3 × 10 −9 s)} × 3 × 10 −9 s
= 1440 A/cm 2

(30.34)
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 α

 100



J th = J 0  r + α  α  = 1440 A/cm 2 × 
+ 500 500 


 Γ
 1


(30.35)
		

= 1728 A/cm 2

		
ith = J th × W × d = 1728 A/cm 2 × 8 × 10 −4 cm × 100 × 10 −4 cm

(30.36)
= 0.013824 A = 13.824 mA
		
		
By virtue of this reasonably small threshold current, double-heterostructure LDs are able to provide continuous-wave (CW) operation at
room temperature.

30.4.5 Output Power of the Laser
For a laser operating above the threshold, the internal photon flux Φ0 is given by
Φ0 = ηint

( J − J th )wd
(i − ith )
= ηint
q
q

(30.37)

Therefore, the internal laser power above the threshold is
Pint = h νηint

(i − ith ) hcηint (i − ith )
=
q
λq

(30.38)

where ν and λ are the frequency and wavelength of the radiation emitted,
respectively. Only part of this power can be extracted through the cavity
mirrors, and the rest is dissipated inside the laser resonator.
The output laser power is
Pout =

hcηint (i − ith ) α m
×
λq
αr

(30.39)

where αm is the reflective loss coefficient associated with the front and back
mirror surfaces, and αr is the total loss coefficient including reflections from
mirrors and other mechanisms.
Substituting for αm from Equation 30.13

Pout

1  1 
ln
hcηint (i − ith ) 2d  R1R2 
=
×
λq
αr

(30.40)

This equation can be expressed in two different forms, either as
Pout =

hcηint (i − ith )
× ηextraction
λq

(30.41)
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or, as
Pout =

hc (i − ith )
× ηexternal
λq

(30.42)

where

ηextraction

 1 
1
ln 
2d  R1R2  α m
=
=
αr
αr

(30.43)

and
ηexternal = ηint × ηextraction

(30.44)

Here, ηexternal is the external differential quantum efficiency. This efficiency
parameter is defined by the equation
ηexternal =

dPout ( hc /λ )
d (i /q )

(30.45)

from which the differential responsivity of the LD
 hc 
dPout
1.24
= ηexternal ×   = ηexternal ×
W/A
di
q
λ
λ
 

(30.46)

Figure 30.5 shows the dependence of power output on forward current
for LD and LED devices. Their spectral characteristics are also compared.
Example 30.3
Find the output power of a double-heterostructure LD operating at
70 mA and 700 nm wavelength, given that its threshold current is
43 mA, internal quantum efficiency is 0.4, reflective loss coefficient
is 67 cm−1, and total loss coefficient is 113 cm−1.
Here
ith = 43 mA, ηint = 0.4, αm = 67 cm−1, and αr = 113 cm−1 (30.47)
hc (i − ith )
hc (i − ith )
× ηexternal =
× ηint × ηextraction
λq
λq
hc (i − ith )
α
× ηint × m
=
λq
αr

Pout =
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=

6.62617 × 10 −34 J-s × 2.9979 × 108 m/s × (70 − 43) × 10 −3 A
700 × 10 −9 m × 1.6 × 10 −19 C

× 0.4 ×

67 cm −1

113 cm −1

= 0.01136 W = 0.01136 × 103 mW = 11.36 mW

(30.48)

30.5 From LED to Laser Diode-Based Lighting
30.5.1 Efficiency of Laser Diode at High Currents
LEDs have earned wide acceptance as more efficient and sturdy replacements for century-old tungsten incandescent bulbs. But they have a gloomy
side of losing efficiency at forward currents >500 mA. At present, the highest luminous efficacy of any white light source has been demonstrated by
blue-emitting InGaN LEDs and phosphors. This efficacy value is 265 lm/W
(Narukawa et al. 2010). It is about three times the 70–90 lm/W of fluorescent lamps. But this high luminous efficacy is only achieved at a relatively low
current density ~2.5 A/cm 2. At higher current densities, the efficiency of an
LED decreases with drive current. This so-called efficiency droop problem
universally afflicts InGaN LEDs, restricting the drive currents, and leading
to a higher initial cost per lumen of the solid-state light source. The droop acts
in a direction antithetical to that needed for economical solid-state lighting.
The need for high efficiency at high current densities unmistakably points
at the use of alternative options, one of which is LD. Intuitively, lasers are not
expected to be quintessential light sources due to the following: (i) The extremely
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narrow spot size, for example, a room cannot be illuminated with a white version
of a laser pointer. (ii) The very narrow line width of the laser sources, for example,
four colored peaks at red, blue, green, and yellow wavelengths are not supposed
to offer better color representation than the much wider maxima from LED
sources, or the unbroken spectrum of sunbeams. (iii) A widespread apprehension that the lighting it produced was irksome to the human eye. So, not much
research has been done with the diode lasers for solid-state lighting.
Although LDs belong to the same family of devices as LEDs, the efficiency of an LD shows antipodal behavior to the LED. It improves at higher
currents, and thus provides more light than LEDs at higher amperages. In
fact, at high current densities (~kA/cm 2), lasers are the most efficient devices
for converting electrical to optical energy. Edge-emitting InGaAs/GaAs
lasers emitting in the infrared at 940 nm wavelength have a wall-plug efficiency of 76%. If lasers of equivalent efficiencies are developed for operation
at visible wavelengths to serve as economical sources of photons, low-cost
solid-state lighting will acquire the “ultraefficient >70%-efficiency status.”
30.5.2 Laser Diode-Based Lighting Methods
As with LEDs, there are two cardinal methods of creating white light from
laser sources (Shiller 2014): (i) Combination of three primary colors of additive
light, viz., red, green, and blue, to fabricate a white laser. This method involves
supplying power to each individual diode. Accurate optics is an essential prerequisite to line up the three different lasers. Also, in terms of illumination
applications, the illumination is potentially jeopardous to the human eye. (ii)
Utilization of a single blue laser and yellow phosphor, wherein the scattering of
the laser and the emission of yellow light from the laser striking the phosphor,
known as Stokes shift, are together perceived as white light. The output light
can no longer be looked upon as a laser beam because it is neither monochromatic nor has a narrow divergence angle. Therefore, it is theoretically impregnable to use the LD-phosphor method in place of the laser array.
30.5.3 Short-Term Possibility
In the short run, the simplest conceivable way is to replace the blue LED by a
blue LD as an excitation source for the phosphor. The previously established
blue LD efficiencies as high as 24.3% assure ultrahigh efficiencies exceeding
70%. Carrier density clamping obtained by stimulated emission may facilitate
blue lasers to overcome efficiency droop observed in LEDs. The strategy provides high efficiency and low cost per lumen of light produced. Manageable
spatial controllability of the blue light together with more choices for placing
remote phosphors are additional advantages offered by blue-laser-pumpedphosphor approaches to white light.
Sailo et al. (2008) used 405-nm LDs with the blue aluminate phosphor
and yellow silicate phosphor. The two phosphors were blended with silicone
to shape a film. The silicone films with phosphor were mounted in front of
laser facets on both sides to produce white light. The estimated luminous flux
was 200 lm.
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A ray of hope is kindled for automotive manufacturers by the fact that
LD-based headlamps require less energy than high-brightness LEDs,
lowering the power drain from a car battery (Business Standard 2014).
Monochromatic wavelength from an LD spread by the phosphor creates a
more natural lighting than laser alone, but maintains the energy efficiency
desired by a car manufacturer or owner.
A headlight prototype proving this technology, is found to be more efficient
than LED light, highly flexible, several fold smaller, gratifying to the eye,
and completely safe. To make laser lighting unthreatening for automotive
use, the light beam is emitted indirectly. It bounces off a fluorescent phosphor
material inside the enclosure, and changes the originally bluish beam into a
pure, bright shaft of white light, which is very different from both sunlight
and conventional forms of artificial light. This approach falls under the use of
blue lasers to illuminate a remote phosphor arrangement, creating white light.
The very thought of laser beams radiating from car headlights may be
frightening from the viewpoint of optical safety, but direct viewing of the
laser source is prevented by the carefully designed optical system. Another
contribution of the technology is toward the miniaturization of lighting system. The individual diodes in the laser are 1/100th in size as compared to the
light-emitting squares used in LED headlights. Immense possibilities are,
therefore, opened up for LD-based headlight placement on future vehicles.
Xu et al. (2008) fabricated a phosphor downconversion white light source
using an InGaN-based LD emitting in the near-ultraviolet 405 nm region,
and phosphors emitting in the blue and yellow regions when excited by the
near-UV and blue light, respectively. At a forward current of 80 mA, the
luminous flux was 5.7 lm and luminous efficacy was 13 lm/W with the color
temperature of 5200 K and CRI = 70. The stability of white light source was
confirmed when no changes in color temperature, CRI, and CIE coordinates
took place on changing the injection current from 50 to 80 mA.
30.5.4 Long-Term Possibility
Sooner or later, as visible-wavelength diode lasers revamp and reach perfection, the combination of several lasers having differing emission wavelengths
can be used for solid-state lighting. In this kind of white light source, the
phosphors are absent, eliminating the inefficiencies such as Stokes deficits
accompanying the downconversion from the blue to the green and red. New
systems-level lighting architectures will hopefully evolve from the use of
low-divergence light from lasers, which is conveniently focused, steered,
and mixed than Lambertian light from LEDs. In situ tailoring to human
or economic preferences of chromaticity, color-rendering quality, or health
is achievable with the use of color-mixed laser light. Properties of lasers that
might be remuneratively exploited include high modulation bandwidth for
telecommunication applications, and control of polarization for lessening
glare from reflective surfaces.
Neumann et al. (2011) constructed an red–yellow–green–blue (RYGB)
four-color laser white illuminant as shown in Figure 30.6. Pleasantly,
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warm-white light was produced by the convergence of four laser beams of
the above colors. A comparative assessment of the color-rendering ability of the generated white light was made with that of selected reference
illuminants. The picked illuminants were high-quality luminous sources
such as (i) incandescent bulb, (ii) warm-white LED, (iii) neutral-white
LED, and (iv) cool-white LED; the LEDs were phosphor-converted white
LEDs. Human test subjects examined the illumination in two side-by-side
viewing booths.
Results of this study indicate that LD-based lighting provides a captivating substitute to LED lighting, although it differs from sunlight whose
wide spectrum comprises a mixture of several wavelengths with no intervening gaps. As far as the color-rendering quality was concerned, the laser
illuminant was well-nigh interchangeable with high-quality reference illuminants. The investigation revealed a statistically significant preference for
the diode-laser-based white light over the warm and cool LED-based white
light. Further, no statistically significant preference was recorded between
the diode-laser-based and either the neutral LED-based or incandescent
white light. This experiment of Neumann et al. (2011) emphasizes the need
for serious meditation over the use of lasers in solid-state lighting.
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Immediately, the four-laser system does not foreshadow LED-based
lighting because the performance of LDs of different colors exhibits wide
variations. The blue and red diode lasers are likely to be used in combination
with yellow and green LEDs.

30.6 Discussion and Conclusions
The luminous efficiency of the white light must be improved under high
injection current for solid-state lighting. It appears that next-generation
lighting may crop up from a different type of solid-state device, that is, the
LD because at high current densities of several kA/cm2, LDs are the most
efficient converters of electrical to optical energy (Saito et al. 2008). These
diodes are sources of highly directional, monochromatic, coherent light,
operating under stimulated emission. The two basic requirements for a stimulated emission process are the following: (i) Providing an optical resonant
cavity to build up a large photon field. In an LD, the optical resonant cavity
is made by cleaving the oriented sample along a crystal plane, thereby allowing the crystal structure itself to provide the parallel faces. These parallel
mirrors reflect the photons back and forth, allowing the photon energy density to increase. (ii) Obtaining population inversion condition: On forward
biasing a P–N junction formed between degenerate semiconductors under
high-injection condition, population inversion appears about the transition
region. Carrier and optical confinement are obtained by using the heterostructure design in the LD. For achieving high laser efficiency, the light and
injected charge carriers must be restricted as closely as possible to the same
volume. After a sufficient number of electrons and holes have been accumulated to form an inverted population, the active region exhibits optical gain
and is able to amplify electromagnetic waves passing through it. In most
semiconductor lasers, the current is injected only within a narrow region
beneath a stripe contact several micrometers wide. This helps to keep the
threshold current low and serves to control the optical field distribution in
the lateral direction.
Neumann et al. (2011) divulged experimentally that a four-color laser
white illuminant was practically impossible to differentiate from high-quality state-of-the-art white reference illuminants, paving the way for the use
of lasers in solid-state lighting. Laser-based lighting has the potential to be
more efficient, provided the requisite safety measures are adopted and proper
circuitry is used. Blue LDs and yellow phosphor could serve as a new source
of solid-state white illumination. If they are looked after correctly, these
diodes will have a consonantly long lifetime.
A headlight prototype LD-based lighting machinery has already been
fabricated by the car manufacturing company BMW.
The two contenders for solid-state lighting, viz., LEDs and LDs will rage
a long battle for supremacy (Figure 30.7).
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LEDs or laser diodes?
Future will decide

LED

Proven technology.
Efficiency decreases
above 0.5 A

Figure 30.7

Laser diode

Promising research area. Efficiency increases
at high currents but fabrication is expensive,
and green and yellow diode technologies will
take time to attain maturity.

The competition between LEDs and laser diodes.

Premier Solid-State Lighting
Years of intense fighting
Between LED- and LD-lighting
Will settle the competition of these devices
Which will be decisive
By initial and running costs, and light quality,
Above all, by human safety.
An interesting race
One will win, the other defaced,
Or both may co-exist,
And mutually assist
To forever persist.
Future will be exciting
For LED-, LD-, or LED plus LD-lighting.
Only tip of the iceberg, we can see
While many revelations lie hidden in the deep sea.
Everywhere and for everyone
Lighting number one
In homes, offices and streets
Meeting all the needs
For working, reading, or writing
Will be premier solid-state lighting.
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Review Exercises
30.1
30.2
30.3
30.4
30.5
30.6

30.7
30.8

What are the main differences between a light-emitting diode and
a laser diode?
Explain the meaning of coherence of light emitted by a laser diode.
Distinguish between spontaneous emission and stimulated emission. What are the two essential conditions that must be met for
starting stimulated emission?
What is population inversion? How is it achieved in a laser diode?
How is a Fabry–Perot optical resonant cavity made in a laser diode?
What dimension of the cavity decides the wavelength of the emitted radiation? Write the associated formula.
What is meant by the threshold current Ith of a laser diode? What
are the shortcomings of a homojunction diode regarding its threshold current? How are these drawbacks avoided in the heterojunction
laser diode?
Draw the cross-sectional diagram of a heterojunction diode and
explain how carrier and optical confinement are obtained by the
heterojunctions.
What factors decide the output spectrum of a laser diode? What is the
effect of temperature on the output characteristics of a laser diode?
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30.9
30.10
30.11
30.12
30.13
30.14

How is the efficiency of a light-emitting diode affected by the drive
current? Do laser diodes behave in the same fashion?
Give three reasons explaining why lasers are not expected to serve
as efficient light sources.
What are the two chief methods of producing white light from laser
diodes? Which of the two methods is considered to be safer for
human use?
Describe the approaches of using blue or near ultraviolet laser diodes
with downconversion phosphors for white light generation. Why is
this strategy encouraging for automotive manufacturers?
Are phosphors required in a four-color laser white illumination
source? What are the advantages of constructing such sources?
Express your views regarding white light generation by combining
laser diodes with LEDs.

Appendix 1: Mathematical
Notation—English Alphabet Symbols
A, a
Area, cross-sectional area
a, c
Lattice parameters
B
Coefficient of radiative recombination
B
Magnetic field
bAlInGaN	Quaternary bowing parameter in the energy bandgap formula of AlxInyGazN
bAlInN, bInGaN, bAlGaN	Ternary bowing parameters in the energy bandgap formula
of AlxInyGazN
BV
Breakdown voltage of a diode
C
Auger coefficient, capacitance
c	Velocity of light in vacuum (2.9979246 × 108 m s−1 )
Corrected cost of the lamp
C1
Cost of 1 kW power
C1 kWh
d
Distance, length
Diffusion coefficient of electrons
Dn
Diffusion coefficient of holes
Dp
E
Electric field
E
Energy
Vacuum energy level
E0
EC	Energy of the bottom edge of the conduction band of a
semiconductor
Energy stored by a capacitor
ECapacitor
Energy stored by a cell
E Cell
ECN	Energy of the bottom edge of the conduction band in an
N-type semiconductor
Breakdown electric field of a material
Ecrit
Ee	Most probable energy for the electron in the conduction
band
Fermi energy (Fermi level)
EF, Ef
Fermi level in N-type material
EFN, Ef N
Fermi level in n-type material
EFn, Efn
Fermi level in P-type material
EFP, Ef P
Fermi level in p-type material
EFp, Efp
Energy gap of a material
E G, E g
Energy gap at 0 K
Eg(0)
Direct energy bandgap
Eg,dir
Energy gap of P-semiconductor
EGP
Energy gap at T K
Eg(T)
Eh	Most probable energy for the hole in the valence band of a
semiconductor
529
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Ei
Intrinsic energy level of a semiconductor
Ep	Energy parameter of the momentum matrix element
Recombination energy level
Er
Energy constant
ET
EV	Energy of the top edge of the valence band of a semiconductor
EVN	Energy of the top edge of the valence band in N-type
material
f
Frequency
Cut-off frequency (linear) of an LED
fc
g
Gain of a laser amplifier
Differential gain of a laser amplifier
g0
Peak value of gain g of a laser
gp
Threshold gain of a laser diode
gth
h	Planck’s constant (6.626 × 10−34 J s = 4.136 × 10−15 eV s), height
ħ	Reduced Planck’s constant = h/2π= 1.055 × 10−34 J s =
		
6.582 × 10−16 eV s
I, i
Instantaneous current, intensity
Empirical parameter, a constant
I0
Transparency current of a laser
i0
Base current of a bipolar junction transistor
IB
Collector current of a bipolar junction transistor
IC
ID0	Empirical fitting parameter of diffusion current in a quantum
well heterostructure LED
Diffusion current in a diode
IDiffusion, IDiff
Drift current in a diode
IDrift
Forward current of an LED
IF
Load current, inductor current
IL
Maximum intensity
Imax
In	Electron current flowing under forward bias in a diode
In0	Minority-carrier electron current from P- to N-side of a
diode
Inrad0	Nonradiative recombination current in a diode
IP
Ionization potential of a substance
Hole current flowing under forward bias in an LED
Ip
Ip0	Minority-carrier hole current from N- to P-side of a diode
Reverse-bias current in a diode
IR
IR0	Empirical parameter of recombination current in a quantum
well heterostructure LED
IRecom	Recombination current in a quantum well heterostructure
LED
Threshold current in a laser diode
Ith
IT0	Empirical fitting parameter of tunneling current in a quantum well heterostructure LED
Tunneling current in a quantum well heterostructure LED
ITunn
Transparency current density in a laser diode
J0
Electron current density at x = 0
Jn|x=0
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JR
Reverse current density
Threshold current density of a laser diode
Jth
k
Wave vector, dielectric constant, a constant
kB	Boltzmann constant (1.381 × 10−23 J K−1 = 8.617 × 10−5 eV
K−1)
Wave number of a photon
kph
L
Inductance, length
l
Length
Diffusion length of electrons
Ln
Diffusion length of holes
Lp
L(z)
Light intensity in the z-direction
An integer
m
Effective mass of the carrier (electron or hole)
m*
m 0	Rest mass of electron = 9.1 × 10−31 kg ~ 5.49 × 10−4 atomic
mass units
mc* 	Effective electron mass near the bottom of the conduction
band
Effective mass of electron
me
Effective mass of hole
mh
mv* 	Effective hole mass near the top of the valence band
N
Ideality factor
n	Integer, refractive index, concentration of free electrons,
carrier concentration per unit volume, injected carrier density
n0	Electron concentration in a semiconductor in thermodynamic
equilibrium, transparency carrier density in a laser diode
n1, p1	Statistical factors representing the equilibrium concentrations of electrons and holes when the Fermi level coincides
with the position of the recombination level
Acceptor concentration in a doped semiconductor
NA
Refractive index of air
nA
NC	Effective density of states in the conduction band of a
semiconductor
ND	Donor concentration in a doped semiconductor
Refractive index of the epoxy
nE
Refractive index of the sapphire substrate
nI
ni	Intrinsic carrier concentration in a semiconductor
Nr	Density of recombination centers in a semiconductor
Refractive index of a material
nr
Refractive index of the semiconductor
nS
NV	Effective density of states in the valence band of a
semiconductor
p
Concentration of free holes
P
Power
p 0	Hole concentration in a semiconductor in thermodynamic
equilibrium
Internal laser power
P int
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POptical
Optical power
Output power
Pout
Rated power of a light source
Ps
Q
Charge, reactive power
Q factor	Quality factor; for a laser, it is equal to the resonant frequency/bandwidth of the cavity resonance, which on
abruptly increasing causes emission of a laser pulse, a method
called Q-switching
Electronic charge, net radiation heat loss rate
q
R
Reflection coefficient, reflectance, resistance, radius
Equivalent resistance of resistors connected in parallel
R||
Recombination rate in thermodynamic equilibrium
R0
Color rendering index
Ra
Thermal resistance from case-to-ambient of an LED
Rcase-ambient
Thermal resistance of flange
RF
Thermal resistance from junction-to-case of an LED
Rjunction-case
Nonradiative recombination rate
R nr
Series resistance
Rs
S
Surface area, apparent power
S(λ)
Spectral power distribution
Electronic singlet states
S 1, S 2
t
Time
T
Transmittance, temperature on Kelvin scale
First electronic triplet state
T1
Temperature of carrier, color temperature
Tc
Temperature of the cold surroundings
TC
Epoxy–air transmittance (TEA) factor
TEA
TF
Transmission factor
Glass transition temperature
Tg
Temperature of the LED
TLED
Off time
tOFF
On time
tON
Semiconductor–epoxy transmittance
TSE
Semiconductor–transparent substrate transmittance
TSI
Depth of the potential well
U0
Auger recombination rate
UAuger
Radiative recombination rate
Urad
Volume of the active region in a laser diode
Va
V
Voltage
V(λ)
Luminous efficiency function for photopic vision
V′(λ)
Luminous efficiency function for scotopic vision
Forward voltage drop
VF
Input voltage
VINPUT, VIN
Inductor voltage
VL
Forward voltage of LED
VLED
Output voltage
VOUTPUT, VOUT
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VR
VREF
νth
W, w
WDepletion
WN
WP
x
x, X
X
x, y
X, Y, and Z
[X], [Y], and [Z]
Y
y
Z

Reverse-bias voltage
Reference voltage
Thermal velocity of carriers
Width of the quantum well, width
Width of the depletion region
Width of the space-charge region on N-side of a diode
Width of the space-charge region on P-side of a diode
A number between 0 and 1 (0 < x < 1)
Distance, length
Reactance
Chromaticity coordinates
Tristimulus values
Imaginary stimuli
Admittance
Mole fraction
Impedance

Appendix 2: Mathematical
Notation—Greek Alphabet Symbols
α	Absorption coefficient, gain coefficient of a laser,
common-base current gain of a bipolar junction transistor
αm
An effective distributed reflective loss coefficient
αr	Loss coefficient in a laser diode, portion of gain coefficient
of a laser due to material parameters
α, β
Fitting parameters in energy bandgap equation
α-, β-, and γ-rays	Three types of radioactive radiation
β	Common-emitter current gain of a bipolar junction
transistor
Γ	Portion of gain coefficient of a laser due to geometrical
parameters
γ	A nonlinear corrective operation applied to the software
in image systems for coding and decoding luminance or
tristimulus values to accurately display the images
Discontinuity between conduction band edges
ΔEC
Conduction band offset of the P-semiconductor
ΔECP
Potential barrier to electron injection
ΔEe
Potential barrier to hole injection
ΔEh
Discontinuity between valence band edges
ΔEV
Δn
Increment in electron concentration
Δp
Increment in hole concentration
ε0	Permittivity of free space, vacuum permittivity or electric
constant (8.8541878 × 10−12 F/m)
εs
Relative permittivity of the semiconductor
ζ
Ideality factor
η
Ideality factor in Shockley’s equation, efficiency
ηe
Radiant efficiency of an LED
ηext, ηexternal
External quantum efficiency of an LED
ηExtraction, ηextr
Extraction efficiency of light from an LED
ηfeed
Feeding efficiency of an LED
ηi, ηinternal
Internal quantum efficiency of an LED
ηinj, ηinjection
Injection efficiency of an LED
ηint	In a laser, ηint = recombination lifetime (τ)/radiative lifetime (τr)
ηopt
Optical efficiency of an LED
ηrad
Radiative efficiency of an LED
ηs	Luminous efficiency of a light source corrected for ballast
losses
ηtrap
Fraction of trapped photons in different materials
θ
Semi-vertical angle at the apex of the cone
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2θ
Beam angle of an LED
θEscape
Apex angle of the escape cone
κ
Current injection ratio of a diode
λ
Wavelength
μ0	Vacuum permeability, permeability of free space, or magnetic constant (1.25663706 × 10−6 H m−1)
μA
microampere (1 × 10−6 A)
μcd
microcandela (1 × 10−6 cd)
μF
microfarad (1 × 10−6 F)
μL
microliter (1 × 10−6 L)
μm
micrometer (1 × 10−6 m)
μmol/min
micromole/minute (1 × 10−6 mol/min)
ν
Frequency of light
ν
Mean frequency
υ
Velocity of light in air (2.99705 × 108 m/s)
σ
Stefan–Boltzmann constant (5.67037 × 10−8 W m−2 K−4)
σn
Capture cross-section of electrons
σp
Capture cross-section of holes
τ
Recombination lifetime of carriers
τBallast
Lifetime of ballast used with a light source
τElectrical
Electrical time constant
τLED
Lifetime of LED
τLuminaire
Lifetime of LED luminaire
τn
Electron lifetime
τn0
Electron lifetime in heavily doped P-type material
τnr, τnrad
Nonradiative carrier lifetime
τp
Hole lifetime
τp0
Hole lifetime in heavily doped N-type material
τr, τrad
Radiative carrier lifetime
τs
Lifetime of the light source
τThermal
Thermal time constant
Φ
Internal photon flux in a laser diode
ϕ
Phase angle between current and voltage in an AC circuit
Field angle of an LED
2ϕ
ϕAl
Work function of aluminum
ϕAM
Work function of the anode metal
ϕC
Critical angle
ϕCa
Work function of calcium
ϕCM
Work function of the cathode metal
φE
Angle of refraction at the semiconductor–epoxy interface
ϕITO
Work function of indium tin oxide
φN
Quasi-Fermi energy of the N-side
φP
Quasi-Fermi energy of the P-side
φS
Angle of incidence at the semiconductor–epoxy interface
φs
Work function of the semiconductor
φ (x, y, z)
Wave function
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χ
χn
χp
χs
ψ0, ψbi
Ω
ΩC
Ωe
Ωi
ωC
ωc

Electron affinity
Electron affinity of n-material
Electron affinity of p-material
Electron affinity of the semiconductor
Built-in potential of a diode
Ohm, unit of resistance
Solid angle of the cone
Solid angle of the emitted photon
Solid angle of the incident photon
Fractional solid angle
Cutoff frequency (angular)

Appendix 3: Chemical Symbols
and Formulae
Ag
Silver
Al
Aluminum
AlAs
Aluminum arsenide
Trimethylaluminum (TMA)
Al(CH3)3
AlGaAs
Aluminum gallium arsenide
AlGaInN
Aluminum gallium indium nitride
AlGaInP
Aluminum gallium indium phosphide
AlGaP
Aluminum gallium phosphide
AlInGaN
Aluminum indium gallium nitride
AlInGaP
Aluminum indium gallium phosphide
Aluminum indium phosphide
AlInP
AlN
Aluminum nitride
Aluminum niobium
AlNb
Aluminum oxide, sapphire
Al 2O3
Alq3	Tris-(8-hydroxyquinoline)aluminum, or, 8-hydroxyquinoline aluminum salt, or, aluminum 8-hydroxyquinolinate, or, aluminum oxinate
a-plane (wurzite GaN)
Plane with Miller index (11-20)
Ar
Argon
As
Arsenic
Arsine
AsH3
a-Si
Amorphous silicon
a-Si:H
Amorphous silicon: hydrogenated
Au
Gold
Ba
Barium
Europium-doped barium aluminum silicon nitride
Ba 2AlSi5N9:Eu 2+
Barium fluoride
BaF2
BaO
Barium oxide
2+
Eu 2+-activated barium silicon tetraoxide
Ba 2SiO4:Eu
Barium silicon oxynitride
BaSi 2O2N2
Europium-doped barium silicon oxynitride
Ba3Si6O12N2:Eu 2+
Boron tribromide
BBr3
Boron trichloride
BCl3
BCP	2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline
(Bathocuproine)
Boron tri-iodide
BI3
Boron trioxide
B2O3
BT
Benzothiadiazole
Btp2Ir(acac)	bis[2-(2′-benzothienyl)pyridinato-N,C3′](acetylacetonate) iridium, red-light emitting
539
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C
Carbon
Polyfluorene
(C13H8)n
Polyacetylene
(C2H 2)n
Anthracene
C14H10
Pentacene
C22H14
Rubrene
C42H 28
Aluminum iso-propoxide
C9H 21AlO3
Isopropyl alcohol
C3H8O
Ca
Calcium
CaAlSiN3:Eu 2+	Europium-doped calcium aluminum silicon
nitride or Europium-doped mixed metal
nitride
Calcium silicon oxynitride
CaSi 2O2N2
CBP
4,4′-di(Carbazole-9-yl)biphenyl
CdO
Cadmium oxide
Cadmium sulfide
CdS
CdSe
Cadmium selenide
Ce
Cerium
Cerium nitrate hexahydrate
Ce(NO3)3 ⋅ 6H 2O
CeO2	Cerium (IV) oxide, ceric oxide, ceria, cerium oxide
or cerium dioxide
Methyl bromide
CH3Br
Chlorine
Cl 2
CN-PPV	Cyano-polyphenylene vinylene
	poly(2,5,2′,5′-tetrahexyloxy-7,8′-dicyanodi-pphenylenevinylene)
c-plane (wurzite GaN)
Plane with Miller index (0001)
Cp2 Mg
Bis(cyclopentadienyl)magnesium
Cr
Chromium
Tricaesium cobalt pentachloride
Cs3CoCl5
Cu
Copper
Copper gallium sulfide
CuGaS2
d
An atomic orbital
D3	A type of vitamin (ergocalciferol), synthesized by
exposure to sunlight
DALK-PPV
Dialkoxy polyphenylene vinylene
A fluorescent dye
DCM2
	[2-methyl-6-[2-(2,3,6,7-tetrahydro-1H,
5H-benjo[i,j]quinolizin-9-yl)ethenyl]-4Hpyran-4-ylidene]-propane-dinitrile
DETe
Diethyl tellurium
DEZ, DEZn
Diethylzinc
DMZn
Dimethylzinc
DPVB
(diphenylvinyl)benzene
ETA (or MEA)	Ethanolamine, or monoethanolamine, or
2-aminoethanol
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Eu
Europium
Eu(BTFA)3phen	Organic Eu metal complex prepared from 4,4,4-trifluoro-1-phenyl-1,3-butanedione (BTFA), EuCl3,
and 1,10-phenantholine (phen)
f
An atomic orbital
Fe–Ni alloy
Iron–nickel alloy
Firpic	Bis[2-(4,6-difluorophenyl)pyridinato-C2 ,N](picolinato)iridium(III)
FPt	Platinum(II)[2-(40,60-difluorophenyl)pyridinatoN,C20]acetylacetonate
Ga
Gallium
Gallium aluminum arsenide
GaAlAs
Gallium arsenide
GaAs
Gallium arsenide phosphide
GaAsP
Trimethylgallium (TMG)
Ga(CH3)3
GaInAlN
Gallium indium aluminum nitride
Gallium indium oxide
GaInO3
GaInP
Gallium indium phosphide
GaN
Gallium nitride
Gallium phosphide
GaP
Gd
Gadolinium
4H-SiC, 6H-SiC
Silicon carbide polytypes
Hydrogen
H2
Hg
Mercury
Nitric acid
HNO3
Hydrogen peroxide
H 2O2
Phosphoric acid
H3PO4
Sulfuric acid
H 2SO4
Trimethylindium (TMI)
In(CH3)3
InGaAlN
Indium gallium aluminum nitride
InGaAlP
Indium gallium aluminum phosphide
Indium gallium arsenide phosphide
InGaAsP
InGaN
Indium gallium nitride
Indium gallium phosphide
InGaP
InN
Indium nitride
Indium(I) oxide or indium suboxide
In 2O
Indium (III) oxide
In 2O3
InP
Indium phosphide
Ir
Iridium
Ir(PBPP)3	fac-tris[2-(2-pyridinyl-N)(5-(3,4-di-sec-butoxyphenyl)phenyl)-C]iridium(III)
Tris[1-phenylisoquinoline-C2,N]iridium(III)
Ir(PIQ )3
Ir(ppy)3	fac tris(2-phenylpyridine) iridium,
green-light-emitting
ITO
Indium tin oxide
IZO
Indium-doped zinc oxide (In–Zn–O)
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KOH
Potassium hydroxide
LiF
Lithium fluoride
LTPS
Low-temperature-poly-silicon
Lu
Lutetium
MEH-PPV	Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4phenylenevinylene]
Mg
Magnesium
Mn
Manganese
Mo
Molybdenum
MoNb
Molybdenum-niobium
Mo/Ta
Molybdenum/tantalum
Plane with Miller index (10-10)
m-plane (wurzite GaN)
M 2Si5N8:Ln	Alkaline earth silicon nitrides (M = Ca, Sr,
Ba) doped with lanthanide ions (Ce3+ or Eu 2+)
(phosphors)
M 2SiO4:Eu 2+	Alkaline earth ortho-silicates (M = Ca, Sr, Ba)
doped with Eu 2+ ions (phosphors)
MSi 2O2N2:Ln	Alkaline earth silicon oxynitrides (M = Ca, Sr,
Ba) doped with lanthanide ions (Ce3+ or Eu 2+)
(phosphors)
N
Nitrogen
Sodium hydroxide
NaOH
Nd
Neodymium
Ammonia
NH3
Ammonium chloride
NH4Cl
Ammonium bicarbonate
NH4HCO3
Ni
Nickel
NPB, NTD	N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′biphenyl)-4,4′-diamine
NTI
N-phenyl-1,8-naphthalimide
N-type material	Semiconductor material doped with impurities to
contain excess of electrons
+
N -type material	Semiconductor material heavily doped with N-type
impurities
O
Oxygen atom
Oxygen molecule
O2
Os
Osmium
OXD7	1,3,4-Oxadiazole,2,2-(1,3-phenylene)bis[5-[4-(1,1dimethylethyl)phenyl]]
P
Phosphorous
Pd
Palladium
PEDOT
poly(3,4-ethylenedioxythiophene)
PEDOT:PSS	poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate)
PF
Polyfluorene
PFO
Poly(9,9-dioctylfluorene)
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Poly-Si
Polysilicon
PPV
Polyphenylene vinylene, (C8H6)n
PSS
Poly(styrene sulfonic acid)
Pt
Platinum
P-type material	Semiconductor material doped with impurities to
contain deficiency of electrons
P+-type material	Semiconductor material heavily doped with P-type
impurities
PVK
poly(N-vinylcarbazole)
r-plane (wurzite GaN)
Plane with Miller index (1-102)
S
Sulfur
Silicon
Si
Silica alumina nitride
SiAlON
Silicon carbide
SiC
Silane
SiH4
Disilane
Si 2H6
Silicon nitride
Si3N4, SixNy, SiNx
Silicon dioxide
SiO2
Sm
Samarium
Sn
Tin
Tin dioxide
SnO2
Sr
Strontium
SrAl 2O4:Eu 2+	Europium ion-doped strontium aluminate
(phosphor)
2+
Sr4Al14O25:Eu 	Europium ion-doped strontium aluminate
(phosphor)
SrAlSi4N7:Eu 2+	Europium ion-doped strontium aluminum silicon
nitride (phosphor)
2+
Sr5Al5+x Si 21−xN35−xO2+x:Eu 	Strontium aluminum oxonitridosilicate doped with
Europium ions (phosphor)
Sr2LaAlO5:Ce3+	Cerium ion-doped strontium lanthanum aluminate
(phosphor)
3+
Cerium ion-doped strontium silicate (phosphor)
Sr3SiO5:Ce
Strontium silicon oxynitride (phosphor)
SrSi 2O2N2
Ta
Tantalum
TALK-PPV
Tetraalkoxy polyphenylene vinylene
	poly{[2-(3′,7′-dimethyloctyloxy)-3,5,6-trimethoxy]1,4-phenylenevinylene}
Terbium
Tb
TCO
Transparent conductive oxide
Te
Tellurium
TECEB
1,3,5-tris[2-(9-ethylcarbazolyl-3)ethylene]benzene
Ti
Titanium
Titanium-doped sapphire
Ti:Al 2O3
TMA
Trimethylaluminum
TMG
Trimethylgallium
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TMI
Trimethylindium
TOP/TOPO/HDA	Trioctylphosphine–trioctylphosphine
oxide–hexadecylamine
TPBi	2,2′,2″-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-Hbenzimidazole)
Un-GaN
Undoped gallium nitride
Y
Yttrium
YAG
Yttrium aluminum garnet
3+
Ce3+-doped YAG (phosphor)
YAG:Ce
Yttrium aluminum garnet (YAG) (phosphor)
Y3Al5O12
Yttrium(III) nitrate hexahydrate
Y(NO3)3 ⋅ 6H 2O
Yttrium oxide (Yttria)
Y2O3
ZITO
ZnInSnO, a multicompound material
Zn
Zinc
Diethylzinc (DEZ)
Zn(C2H5)2
ZnO
Zinc oxide
ZnS
Zinc sulfide
Zinc selenide
ZnSe
ZnTe
Zinc telluride

Index
A
Absorption spectrum, 23; see also Light
Activator, 278
antimony as, 42
ion, 289
transition energy of, 289
Active matrix organic LED display (AMOLED
display), 453, 460; see also Passive matrix
organic LED display (PMOLED display)
addressed through TFTs, 454
applications, 455
benefits, 453, 455
construction and operation, 453
display backplane, 455
TV, 460
Active power, see True power
Additive color mixing, 261
Adhesion,
silver for, 324
thermal cycling on, 246
thermal tape, 218
by titanium film, 197
Advertising, 443, 472
Akasaki, Isamu, 13
AlGaAs, see Aluminum gallium arsenide (AlGaAs)
AlGaInP materials, 12, 182, 188; see also Inorganic
LEDs
advantages of, 182, 183
disadvantages of, 183
exercises, 189
features of, 180
luminous efficacy, 183–184
unit cells of, 179
AlInGaN, see Aluminum indium gallium nitride
(AlInGaN)
AlInGaP, see Aluminum indium gallium phosphide
(AlInGaP)
AlInP, 188
Alkyl carrier gas, 200
AlNb, 421
Alphanumeric display, 11, 399
Alq3, 322
as electron carrier, 324
molecular structures of, 323
Alternate current (AC) driving circuits, 381,
393–394; see also Alternate current (AC)
LED lighting; Direct current (DC)
driving circuits
AC LEDs, 390–391, 392
AC mains line, 381–382
advantages, 391
analog methods, 385–386
apparent power, 388
bridge rectifier circuit, 382

buck convertor LED circuits, 390
C3LED circuit, 392
capacitive current control LEDs, 392–393
digital methods, 384–385
exercises, 414
limitations, 391
off-line buck converter, 384
passive valley-fill PFC circuit, 390
power diagrams, 388
reactive circuit, 386
reactive power, 387
rectification, 382–383
string-based approach, 385–386
true power, 387
Alternate current (AC) LED lighting, 386
power factor, 386–388
resistor-type LED circuits, 390
total harmonic distortion, 388–390
Aluminum gallium arsenide (AlGaAs), 12, 177, 187;
see also Inorganic LEDs
exercises, 189
features of, 180
LED color radiation, 181–182
LPE, 179, 181
unit cells of, 179
Aluminum gallium indium nitride (AlGaInN),
see Aluminum indium gallium nitride
(AlInGaN)
Aluminum indium gallium nitride (AlInGaN), 13,
184; see also Inorganic LEDs
applications, 185
emitted light wavelength, 185–187
exercises, 189
features of, 180
P-type GaN material, 184
unit cells of, 179
Aluminum indium gallium phosphide
(AlInGaP) 12
Amano, Hiroshi, 13
American National Standards Institute (ANSI), 499
AMOLED display, see Active matrix organic LED
display (AMOLED display)
Amorphous silicon (a-Si), 456
Amorphous silicon TFT, 456, 457; see also Thin-film
transistor (TFT)
back-channel etch, 456, 457
etch-stop, 457
low-temperature-poly-silicon TFT 457
metal-oxide thin-film transistor, 457–458
nanowire transistor circuitry, 458
Analog method of LED driving, 385–386, 395
Anisotropic etching, 198
heterojunction, 114
silicon carrier by, 216
for surface roughening, 157
545
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ANSI, see American National Standards Institute
(ANSI)
Anthracene, 320, 322
APDs, see Avalanche photodiodes (APDs)
Apex angle, 166; see also Escape cone
in AlGaInN, 167
calculation, 153
escape cone, 152
a-plane, 497
Apoptosis, 471
Apparent power, 388; see also Alternate current (AC)
driving circuits
Argand, Aimé, 4
Argand oil lamp, 4, 5; see also Lighting history
Argon
in compact fluorescent lamp, 43
in discharge tube, 38
filling, 37
in fluorescent tube, 42
in incandescent bulb, 36
in mercury arc lamp, 39
nitrogen–argon mixture, 40
in sodium lamps, 41
Arsine, 193
Artificial lighting, 4, 15; see also Lighting history
sources, 3–4
a-Si, see Amorphous silicon (a-Si)
a-Si: H, see Hydrogenated amorphous silicon
(a-Si: H)
Auger recombination, 80–81, 90; see also
Nonradiative recombination
Automotive signage, 465
Avalanche photodiodes (APDs), 467

B
Back-channel etch amorphous silicon TFT
structures, 456, 457
Backlighting, 459
Backplane, 455
AMOLED and, 460
exercise, 461–462
TFT, 456
Bacterial luminescence, 68
Band offset ratio, 115
Barrier layer, 132
Battery, 359
internal resistance of, 360
Batwing distribution, 233
Beam angle, 234; see also Performance parameters
of LED
BEFs, see Brightness enhancing films (BEFs)
Benzene ring, 320
Benzothiadiazole (BT), 348
Binning, 237; see also Performance parameters
of LED
Bioluminescence, 68
Bis(cyclopentadienyl) magnesium, 195
Blackbody, 30
Bleed-through effect, see Halo effect
Blooming, 446
BlueJ, 351

Blue LED, 13, 14, 16
Boost converter, 366; see also Direct current (DC)
driving circuits
operating principle and circuit, 370
shutdown pin 372
SW pin, 371
Bragg reflector, 156, 171
Brain injury treatment, 470, 471
Breakdown voltage, 102
high dielectric, 177
LED failure, 375
reverse, 226
Bridge rectifier circuit, 382; see also Alternate current
(AC) driving circuits
Brightness, 295
Brightness enhancing films (BEFs), 308; see also
High-brightness LEDs
BT, see Benzothiadiazole (BT)
Buck–boost converter, 366, 372–373; see also Direct
current (DC) driving circuits
Buck converter, 366; see also Direct current (DC)
driving circuits
basic circuit, 367
circuit using LM3405 IC, 368
inductor current or voltage waveform, 367
Buffer layer, 196
exercise, 189
Built-in potential, 106, 117, 119
exercise, 112
Burrus LED, see Surface-emitting LED (SLED)

C
C3LED, see Capacitive current control LEDs
(C3LED)
CA configuration, see Common anode configuration
(CA configuration)
Candela (cd), 26
Candoluminescence, 68; see also Luminescence
Capacitive current control LEDs (C3LED), 392–393;
see also Alternate current (AC) driving
circuits
Capture cross-section, 84
Carborundum, 8
Carrier
confinement, 512
lifetime, 86–88
mobility, 340
Car signage, 465
Cathode ray tubes (CRTs), 451
Cathodoluminescence, 66, 68; see also Luminescence
CC configuration, see Common cathode
configuration (CC configuration)
CCT, see Correlated color temperature (CCT)
cd, see Candela (cd)
CDI, see Color dulling index (CDI)
Ceiling lamps, 416
Cell, 360, 363
CFI, see Color fidelity index (CFI); Compact
fluorescent lamp (CFL)
CFT, see Crystal field theory (CFT)
Chemical co-precipitation, 283
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Chemiluminescence, 67, 68; see also Luminescence
Chip-in-package, 251
Chip-on-board (COB), 209; see also Packaging of
LEDs
COB LED array advantages, 216
LED packaging, 215
Chirping, 467
Chlorophyll, 402
Chromatic fidelity, 440
Chromaticity, 29–30
Chromophore, 348
CIE (Commission Internationale de L’Eclairage),
see International Commission on
Illumination
Cladding layers, 132
Clean rooms, 191
CN-PPV, see Poly(2,5,2′,5′-tetrahexyloxy-7,8′dicyano-di-p-phenylenevinylene)
(CN-PPV); Poly[2,5-di(hexyloxy)
cyanoterephthalylidene] (CN-PPV)
COB, see Chip-on-board (COB)
Cold-cathode fluorescent lamps (CCFLs), 444
Color
co-ordinates, 233
production in LED, 403–404
temperature, 30
video display, 426, 427, 450
Color dulling index (CDI), 32
Color fidelity index (CFI), 32
Colorimeter, 28
Colorimetry, 28; see also Colorimetry; Light;
Photometry; Solid-state lighting
applications
blackbody, 30
CCT, 31
chromaticity, 29–30
color quality scale, 31
color temperature, 30
CRI, 31
gamut area index, 32
MacAdam ellipse, 32
Munsell color palette, 32
Planckian locus, 30
statistical approach, 32
tristimulus values, 28–29
Color mixing, 264; see also White light-emitting
diodes (WLEDs)
advantages and disadvantages, 264, 270
bicolor method, 268
examples, 267
metamerism, 268–269
tricolor method, 268
Color quality scale (CQS), 31
Color-rendering index (CRI), 31, 265
Color saturation index (CSI), 32
Combustion synthesis, 283
Common anode configuration (CA configuration),
429
3 × 3 digit multiplexing, 431
Common cathode configuration (CC configuration),
429
3 × 3 digit multiplexing, 431

Compact fluorescent lamp (CFL), 7, 8, 42, 46; see also
Lighting history; Light sources
advantages and disadvantages of, 43
capabilities of, 44
Complementary color, 262
Compton, Arthur Holly, 7
Conduction band, 51, 69, 70, 76, 78, 79, 80, 496
Cone, see Escape cone
Conjugated polymer, 319, 320, 329
Contact
phosphor, 279–281
potential, 96
Contemporary light sources, 7; see also Lighting history
Contrast ratio, 440
Control by load shedding, 479
Converter
boost, 366, 370–372
buck, 366–369
buck–boost, 366, 372–373
DC-to-DC, 297
Cool white, 30
Correlated color temperature (CCT), 31, 265
Coupled escape cones, 164
Covalency effect, see Nephelauxetic effect
c-plane
GaN growth, 497
QCSE, 495–496
CPSS, see Crown-shaped patterned sapphire
substrates (CPSS)
CQS, see Color quality scale (CQS)
CRI, see Color-rendering index (CRI)
Critical angle, 120
Crown-shaped patterned sapphire substrates
(CPSS), 157
CRTs, see Cathode ray tubes (CRTs)
Crystal detectors, 8
Crystal field, 289
splitting, 282
Crystal field theory (CFT), 282
Crystalloluminescence, 68; see also Luminescence
CSI, see Color saturation index (CSI)
Cutoff frequency, 89–90
Cytometry, 471

D
Daylight, 475, 476
harvesting, 478
-sensing devices, 482–484
white, 30
de Broglie wavelength, 133
Delamination, 218
exercise, 220
Delocalization, 321
Density of states (DOS), 317
Depletion region, 95, 98, 107, 115, 128
width, 103
Desktop lamps, 417
Destriau effect, 67
DEZ, see Diethylzinc (DEZ)
DH-LED, see Double heterostructure LED
(DH-LED)

548   ■   Index
Diamine, 324
Die-back metallization, 206
Diethylzinc (DEZ), 193, 194, 195
Differential gain, 516
Diffraction, 22; see also Light
Diffusion
coefficient, 96
current, 96, 106
exercise, 112
panel, 444
Digital methods of LED driving, 384
Dimethylzinc, 195
Dimming, 476, 478
Direct bandgap, 175
Direct current (DC) driving circuits, 359, 376–378;
see also Alternate current (AC) driving
circuits; Converter
advantages, 391
battery, 359
capacitor, 363
cell, 360, 363
conductor capacitance, 365
current calculation, 360–361
duty cycle, 366
exercises, 379
features of DC sources, 359
LED dimming, 373–374
lifetime of, 374
limitations, 391
linear transistor regulator, 364–365
MOSFET and SW pin, 369
parallel connection, 375–376
PWM dimming, 374
PWM LED circuit, 373
quantum, and power conversion efficiency
calculation, 362–363
resistor value calculation, 361–362
series connection, 374–375
source of DC current, 359
switch-mode power supply, 365–366
Dirt removal, 480
Disilane, 195
Dislocation, 512
threading, 196
Display
backplane, 455
device, 55
Distributed Bragg reflectors, 156, 171; see also Light
extraction
DOE, see U.S. Department of Energy (DOE)
Doping, 331
DOS, see Density of states (DOS)
Double heterostructure LED (DH-LED), 127
Downconversion, 273, 523
Drift current, 96
of minority carriers, 97
Drooping effect, 494–495
Drummond, T., 4
Dry etching, 198
Dual-color LED display module, 442–443
Dual-technology sensors, 481
Dumet wire, 42

Duty cycle, 366; see also Direct current (DC) driving
circuits
Dynamic pixel, see Virtual pixel
Dynamic RGB LED TV, 445–446

E
Edge-emitting LED (ELED), 141, 466; see also
Light-emitting diode (LED)
advantages, 142
exercises, 149–150
facets, 144
SLED and, 146
spectral characteristics of, 146
stripe-geometry double heterojunction, 145
structure, 144, 148–149
Edge-lit LED TV, 444–445
Edison screw, 403
Edison socket, 493
Edison, Thomas Alva, 6
Effective mass, 75, 83, 133
Efficacy, 228
Efficiency, 228
EIL, see Electron injection layer (EIL)
E-k diagram, 69, 70, 79, 80
EL, see Electroluminescence (EL)
Electrical capacitors, 247
Electrical insulator, 316
Electrical resistance, 248
Electrical resistors, 247
Electric lighting, 475; see also Lighting history
device, 4
general and specialty lighting, 400
Electroluminescence (EL), 66, 67, 68, 265, 320;
see also Luminescence
Electromagnetic interference (EMI), 346, 467
Electromagnetic spectrum, 22–23; see also Light
Electromagnetic wave, 21; see also Light
Electromeric effect, 346
Electromers, 346
Electromotive force (EMF), 365
Electron affinity model, 115
Electron-beam evaporation, 199
Electron–hole recombination, 505
Electron injection layer (EIL), 323
Electron transport layer (ETL), 323
Electronvolts (eV), 25
Electrophosphor, 282
ELED, see Edge-emitting LED (ELED)
Emergency lighting, 477
EMF, see Electromotive force (EMF)
EMI, see Electromagnetic interference (EMI)
Emission nonuniformity, 420–421
Emission spectrum, 23; see also Light
Emissive layer (EML), 326–327
EML, see Emissive layer (EML)
Encapsulation, 296
chemical formulations for, 246
for diffused, 238
exercise, 424
heat transfers, 421
and light collection, 52
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of semiconductor junction, 170
silicones, 309
Endoscope, 471
Energy-band diagram, 51
of double heterojunction LED, 128
exercises, 111, 112, 138
Fermi level at P-side, 97
of isotype P–p heterojunction, 116
of LED multiquantum well, 132
of N–n heterojunction, 114, 115
of N–p heterojunction, 124
of P–n heterojunction, 125
of P–N homojunction, 94, 95, 98, 107
to understanding operation of semiconductor
device, 93
Epoxy
air transmittance, 164
dome, 151, 152, 251
exercises, 173
lens, 53, 211
Escape cone, 152, 171; see also Light-emitting diode
(LED); Light extraction
apex angle of, 153–154
coupled, 164
engineering, 165–169
epoxy–air transmittance factor, 164
extraction efficiency, 160, 164
fractional solid angle factor, 160
increasing number of, 154–155
LEDs with different numbers of, 154
N escape cone-LED structure, 164–165
in rectangular LED, 152
semiconductor–epoxy transmittance factor,
160–163
types, 164
Eschewing phosphor heating, 498
Etch-stop amorphous silicon TFT structures, 457
ETL, see Electron transport layer (ETL)
Eu(BTFA) 3phen, 289
Europium, 285, 286
eV, see Electronvolts (eV)
Evaporation method, 206
Excimer, 346
laser, 198, 303, 304
lift-off process, 302
Exciplex, 346
Excitation
energy, 65
spectrum, 278
Exciton, 317
External quantum efficiency, 222; see also
Performance parameters of LED
Eye, 468

F
Fabry-Perot cavity, 509
Facets, 144
Fac tris[2-(2-pyridinyl-N) (5-(3, 4-di-sec-butoxyphenyl)
phenyl)-C]iridium(III) (Ir(PBPP)3), 351
Feeding efficiency, 221–222; see also Performance
parameters of LED

Fermi level, 94
Fiber optic communication, 466; see also Visible light
communication (VLC)
Field angle, 234
Filtering, 463
Fin-shaped sink, 255
Firpic, 349
Flame retardant, 218
Flashlight, 308
Flexible
inorganic LED displays, 447–448
OLED, 417
Flicker prevention, 498
Flip chip assembly, 214
Fluorescence, 66, 90; see also Electroluminescence (EL)
Jabłoński diagram, 66, 67
and phosphorescence, 66
Fluorescent lamp, 7–8; see also Lighting history
Fluorescent tube, 36, 41, 46; see also Light sources
advantages and disadvantages of, 42
capabilities of, 44
and UV-based white LED, 268
Fluorophore, 348–349
Flux, 26
growth, 283
Form factor of OLED, 417
Forward bias, 49
homojunction, 106–109
Forward voltage drop, 225–226, 237; see also
Performance parameters of LED
Four-color laser white illuminant, 523–524, 525
14-Segment LED display, 430
FPt, see Platinum (II) [2-(40,60-difluorophenyl)
pyridinato-N, C 20] acetylacetonate
(FPt)
Frame, 426
Free-wheeling diode, 228; see also Performance
parameters of LED
Frequency chirping, 467
Fresnel equations, 161
Full/array RGB LED TV, 444, 445, 446
Full-color LED display module, 443
Full width at half maximum (FWHM), 145
Fundamental frequency, 389
FWHM, see Full width at half maximum (FWHM)

G
GaAs, see Gallium arsenide (GaAs)
GaAsP, see Gallium arsenide phosphide (GaAsP)
Gain, 514
coefficient, 514, 517
Gallium arsenide (GaAs), 11
-based resonant-cavity LED, 157
Gallium arsenide phosphide (GaAsP), 11
Gallium nitride (GaN), 12, 184; see also Inorganic
LEDs; Metal–organic chemical vapor
deposition (MOCVD)
diode processing steps, 196
energy gap, 26
etching, 198
exercises, 208
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Gallium nitride (GaN) (Continued)
growth, 196–197
homoepitaxy of, 497
N-type doping of, 197
Ohmic contact on N or P-type, 197–198
P-type doping of, 197
Gallium nitride LED fabrication, 198, 198; see also
Inorganic LEDs
exercises, 208
flowchart, 200
GaN-on-silicon LED process, 203–204
on sapphire substrate, 198–199
on silicon substrate, 199
stages of process steps, 201–202
substrates, 495–496
using SOI wafers, 205
Gallium phosphide (GaP), 11
energy gap, 26
Gamma correction, 441–442
Gamut area index, 32
GaN, see Gallium nitride (GaN)
GaP, see Gallium phosphide (GaP)
Gapless dual-curvature microlens array
(GDMLA), 217
Garnet, 283
Gas discharge lamp, 7, 36, 40
GDMLA, see Gapless dual-curvature microlens array
(GDMLA)
GE, see General Electric (GE)
General Electric (GE), 7
General lighting, 400; see also Electric lighting
Geometrical/squared virtual pixel, 437–439
Germanium, 176
Germer, Edmund, 7
Glare, 476
Glass substrate, 323, 326
organic layers on, 420
Global dimming, 446
Gold (Au)
as cathode, 331
diffusion, 198
for electron injection, 332
layer for soldering, 212
nanoparticles, 158
Goniometer, 272
Green Gap, 264
Guided-wave LED, 144

H
Haitz
law, 11–12
prediction, 499–500
and Tsao predictions, 492–494
Haitz, Dr. Roland, 11–12
Halide phosphors, 288
Halo effect, 269
Harmonic distortion, 389
Harmonics, 388; see also Alternate current (AC)
driving circuits
HBLED, 307
HDI, see Hue distortion index (HDI)

HEALS, see High emissivity aluminiferous
luminescent substrate (HEALS)
Heat
energy, 248
generation in OLED, 418, 421
sink, 255, 257
slug, 251, 301
transmission modes in air, 254
Heterojunction Laser diode, 510, 511; see also
Homojunction Laser diode; Laser diode
(LD)
carrier confinement, 512
double heterostructure diode, 512
optical confinement, 512–513
output spectrum and characteristics, 513–514
stimulated emission, 512, 525
stripe geometry, 513
Heterojunction LEDs, 113, 136–137; see also
Homojunction LEDs; Lightemitting diode (LED); Quantum well
heterostructure LED
advantages of, 120
band offset ratio, 115–120
categories, 114
comparison of homo-, 136
critical angle, 120
current density calculation, 126–127
current injection ratio estimation, 120–123
disadvantage of, 126
double, 127–129, 130
energy-band diagrams, 115, 116, 124, 125, 128
energy band offsets, 115–120
exercises, 138–139
heterostructures, 114
injection efficiency, 113–114, 122–123
single, 123–127
total internal reflection, 120
Hewitt, Peter Cooper, 7
HID, see High-intensity discharge (HID)
High-brightness LEDs, 295, 309
advantage of, 297
automotive headlamps and signal lamps, 309
backlighting, 308
colors of, 305
contact metallization geometries, 299
converters, 297
current distributions, 298
encapsulant materials for, 307
exercises, 310–311
exploded view of, 301
flashlights, 308
heat removal and failure mode protection,
304–305
illumination, 308–309
laser lift-off process, 302–304
lateral flip-chip LED, 300
lateral structures of, 297–300
necessity of, 296–297
photonic crystal LEDs, 305–307
pocket projectors, 307–308
vertical architecture of, 300–302
vertical LED structure, 302
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High emissivity aluminiferous luminescent substrate
(HEALS), 469
Highest occupied molecular orbital (HOMO), 319, 332
High-intensity discharge (HID), 57
High-power LED, 13–4
High-pressure mercury (HPM), 36; see also Light
sources
High-pressure mercury vapor lamp (HPMV lamp),
39, 46; see also Light sources
application, 40
body of, 39
capabilities of, 44
mercury arc lamp, 39
principle, 38
High-pressure sodium (HPS), 485
High-pressure sodium vapor lamp (HPS vapor lamp),
36, 40–41; see also Light sources
advantages and disadvantages of, 42
capabilities of, 44
High-wattage LED bulbs, 403
HIL, see Hole injection layer (HIL)
Hole injection layer (HIL), 323
Hole transport layer (HTL), 323
Holonyak Jr., Nick, 11; see also Light-emitting diode
(LED)
HOMO, see Highest occupied molecular orbital
(HOMO)
Homoepitaxy, 497
Homojunction Laser diode, 506, 508; see also
Heterojunction Laser diode
conditions for stimulated emission, 508
drawbacks, 510
operation, 510
optical resonant Fabry–Perot cavity, 509
population inversion condition, 508–509
Homojunction LEDs, 93, 110–111; see also
Heterojunction LEDs; Light-emitting
diode (LED); P–N homojunction
active region, 111
comparison of heterojunction and, 136
contact potential, 96
diffusion length, 96
drawbacks of, 113
exercises, 111–112
forward-biased homojunction, 106–109
hole current from N-to P-side, 98
homojunction in equilibrium, 93–97
injected carriers, 107
injection efficiency of, 109–110
minority carrier drift current, 96
P–N heterojunction, 93
reverse-biased homojunction, 97–106
total diode current, 107
work function of semiconductor, 94
Horizontal RGB stack, 350, 352, 353
exercise, 355
HPM, see High-pressure mercury (HPM)
HPMV lamp, see High-pressure mercury vapor lamp
(HPMV lamp)
HPS, see High-pressure sodium (HPS)
HPS vapor lamp, see High-pressure sodium vapor
lamp (HPS vapor lamp)

HTL, see Hole transport layer (HTL)
Hue distortion index (HDI), 32
Human color vision, 262
HVAC (heating, ventilation, and air conditioning),
484
Hydrogenated amorphous silicon (a-Si: H), 457
8-hydroxyquinoline aluminum, see Tris
(8-hydroxyquinoline aluminum)

I
IC, see Integrated circuit (IC)
ICPs, see Inductively coupled plasmas (ICPs)
Ideality factor, 108, 232
IES, see Illuminating Engineering Society of North
America (IES)
Illuminance, 28; see also Photometry
Illuminating Engineering Society of North America
(IES), 499
Illumination, 55
Illumination by LEDs, 399, 413; see also Street lights;
Strip lights; Tube light
bulb bases, 403
bulb parameters, 403
in cars, 404–405
exercises, 414
general and specialty lighting, 400
high-wattage LED bulbs, 403
light bars, 412–413
low-wattage LED bulbs, 402
medium-wattage LED bulbs, 402–403
multicolor production, 403–404
retrofit LED lamps, 401
Incandescent bulb, 36, 256; see also Lighting history;
Light sources
capabilities of, 44
pros and cons, 37
tube, 268
Incandescent filament lamp, see Incandescent bulb
Included angle, 233; see also Performance parameters
of LED
Indicator LED, 54
Indirect bandgap
k-vector difference in, 90
materials, 79
nonradiative recombination, 90
semiconductor, 51
Indium gallium aluminum nitride (InGaAlN),
see Aluminum indium gallium nitride
(AlInGaN)
Indium replacement, 499
Indium tin oxide (ITO), 322, 324, 420, 458
Inductively coupled plasmas (ICPs), 205
Inert gas, 37
Infra-red (IR), 11
applications, 467
LED, 228
limitation, 468
sensors, 480, 481
Injection efficiency, 222; see also Performance
parameters of LED
Injection electroluminescence, 93
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Inorganic LED displays, 425, 448; see also Lightemitting diode (LED); Video resolution
exercises, 450
gamma correction, 441–442
large LED screens, 441
multiple-digit LED display, 431
14-segment LED display, 430
Inorganic LEDs, 65, 90, 338; see also Aluminum
gallium arsenide (AlGaAs); Aluminum
gallium indium nitride (AlGaInN);
Aluminum indium gallium nitride
(AlInGaN); Gallium nitride (GaN);
Light-emitting diode (LED); Liquidphase epitaxy (LPE); Metal–organic
chemical vapor deposition (MOCVD);
Recombination
carrier lifetime, 86–88
common LED materials, 177
cutoff frequency, 89–90
die-back metallization, 206
examples, 87–90
exercises, 91–92, 189
fabrication, 191, 202–206
heterostructure growth methods, 191
injection luminescence, 67
inorganic LED materials tree, 178
lamp manufacturing ladder, 192
LED substrates, 194–196
lift-off process, 206
lighting processes, 65–67
material qualification, 176
material requirements for LED fabrication,
175–177
vs. OLEDs, 339–341
radiative efficiency of, 86, 89
semiconductor materials for, 175, 187–188
Inorganic semiconductors, 318; see also Organic
semiconductors
Integrated circuit (IC), 199, 366, 430
Intelligent luminaire designing, 499
Intense point source, 415
Interference, 22; see also Light
Internal quantum efficiency, 222; see also Performance
parameters of LED
International Commission on Illumination, 25, 271
In–Zn–O (IZO), 457
Ir(PBPP)3, see Fac tris[2-(2-pyridinyl-N) (5-(3,
4-di-sec-butoxyphenyl) phenyl)-C]
iridium(III)
IR, see Infra-red (IR)
Isotype heterojunction, 114
ITO, see Indium tin oxide (ITO)
IZO, see In–Zn–O (IZO)

J
Jablochkoff, Paul, 4
Jablochkoff ’s candle, 5, 6; see also Lighting history
Jabłoński, Aleksander, 66
Jabłoński diagram, 66, 67
JPEG, 440
Junction temperature, 102

degradation of LEDs, 257
internal quantum efficiency, 217

L
Lambertian distribution, 144
Lambertian pattern, 143–144
LANs, see Local area networks (LANs)
Large-area OLED lighting, 415, 422
ceiling lamps, 416
combined source and luminaire, 416
desktop lamps, 417
exercises, 423–424
flexible, 417
form factor, 417
heat generation, 418, 421
intense point source, 415
light from, 418
nonuniform light emission, 420–421
overhead lamps, 417
panels, 419
photovoltaics with, 419–420
reading lamps, 417
shift in lighting industry, 415
short circuit issues in, 420
substrate for, 417
surface-emitting planar sources, 416
tiles, 419
transparency of, 418
Large LED screens, 441
Laser (Light amplification by stimulated emission of
radiation), 506
output power of, 519–521
single-mode, 510
visible-wavelength diode, 523
Laser diode (LD), 142, 505, 525; see also
Heterojunction Laser diode;
Homojunction Laser diode
-based headlamps, 523, 525
-based lighting methods, 522, 524
differential gain, 516
efficiency, 521–523
exercises, 527–528
four-color laser white illuminant, 523–524, 525
gain coefficient, 514, 517
vs. LED, 467, 507, 525–526
loss coefficient, 514–515
material transparency, 515–516
optical resonant cavity, 509
properties, 148
refractive index discontinuity, 517
steady-state carrier injection rate, 515
theory of, 514
threshold current density of, 511, 516–519
transparency current density, 515–516
visible-wavelength diode lasers, 523
Laser lift-off, 157, 302–304
Lateral LED, 213
chip, 214
photolithography, 299
Lattice matching, 180
LCD, see Liquid crystal display (LCD)
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LD, see Laser diode (LD)
LDI, see Luminance distortion index (LDI)
Leadform packaging, 212
Leadless packaging, 215
LED, see Light-emitting diode (LED)
Lifetime, 243
Lifetime of LED, 243–244; see also Thermal
management of LED
electrical and thermal analogies, 247–250
factors influencing, 245
longivity, 405
luminaire lifetime, 374
pulsed current flow and, 247
rate of heat loss, 254
thermal analysis, 245, 247, 254
thermal resistor combinations, 250–254
Lift-off process, 206
laser, 302–304
Light, 3, 19, 32–33; see also Colorimetry; Illumination
by LEDs; Photometry; Radiometry;
Vision
amplification, 506
bars, 412–413
dual nature of, 19–20
electromagnetic spectrum, 22–23
electromagnetic wave, 21
emission processes, 65
exercises, 33–34
fluorescence, 66
luminescence, 65, 66–67
measures of, 26
from OLED, 418
peak frequency and energy calculation, 20
phosphorescence, 66
properties, 21–22
shift in lighting industry, 415
transparency of materials to, 25–26
visible light, 24
Light-emitting diode (LED), 3, 15–16, 60–61, 425,
505; see also Edge-emitting LED (ELED);
Escape cone; Homojunction LEDs;
Inorganic LEDs; Light-emitting diode
display; Light-emitting diode television;
Lighting history; Medical applications
of LEDs; Organic light-emitting
diode (OLED); Packaging of LEDs;
Performance parameters of LED; Power
signage; Quantum well heterostructure
LED; Solid-state lighting (SSL); Strip
lights; Superluminescent LED (SPLED);
Surface-emitting LED (SLED); Thermal
management of LED; Visible light
communication (VLC)
appearance, 53
bulbs in cars, 404–405
chromaticities, 427
circuit, 53
color tube, 407
color video display, 426
common classes of, 296
construction, 50
crystal detectors, 8

designs, 141–142
development of, 8–11, 14
dimming, 373–374
display module, 442–443
efficiency, 407–408, 501, 521
electron–hole recombination, 505
emission, 49–51, 506
energy-band diagrams, 51
exercises, 62, 149–150
fabrication, 175
family, 49–50
father of, 11
frame rate, 426
free-wheeling diode, 228
full-color LED display module, 443
general lighting, 60, 491, 492
grown on c-plane GaN, 497
Haitz’s Law, 11–12
high-brightness, 425
high-power, 13–14
history of, 10
in horticulture, 471–472
indicator-and illuminator-type, 54
lack of heat, 465
lamp manufacturing ladder, 192
vs. LD, 148, 467, 507, 525–526
lens, 144, 265, 300
light acquisition, 12
light bars, 412–413
light strip, 411–412
and materials science, 14
matrix, 426
multimode fiber optic systems, 142
omnipresent elements, 14–15
performance, 408–411
pixel pitch, 426
properties, 278, 148
pros and cons of, 59
red GaP, 51–52
resolution, 426
response time, 465
single-mode fiber optic systems, 142
small and large, 400
on spacer, 54
Stokes loss, 53
street lamp, 407
substrate comparison, 196
symbol, 53
terminal identification, 53
tubelight, 406, 428
inside view, 53
viewing angle, 426
white, 52–54
Light-emitting diode display, 308, 425; see also
Lifetime of LED
alphanumeric displays, 427
cabinet, 426
color video LED displays, 427
internet connection, 426
management, 427
power supplies, 426
tile, 425, 426
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Light-emitting diode display (Continued)
trichromatic pixel, 427
types, 427
Light-emitting diode phosphors, 277, 289–290;
see also White light-emitting diodes
(WLEDs)
configurations, 281
crystal field splitting, 282
deposition, 280
emerging scenario of, 290
exercises, 292–293
halide phosphors, 288
hybrid semiconductors, 288–289
incorrect LED chip placements, 281
location, 279–280
nephelauxetic effect, 282
nitride phosphors, 287–288
nonusability, 277
opportunities for, 279
oxide phosphors, 283–286
oxynitride phosphors, 286–287
pc-LEDs, 290
preparation, 282
quantum dots, 289
requirements of, 278–279
sulfide phosphors, 288
synthesis, 283
types, 282–283, 284
Light-emitting diode screen, 442
dual-color LED display module, 442–443
full-color LED display module, 443
single-color LED display module, 442
Light-emitting diode television, 443
dynamic RGB LED TV, 445–446
edge-lit LED TV, 444–445
full-array RGB LED TV, 445
pros and cons of, 446–447
Light extraction, 151, 170–172; see also Escape cone;
Light-emitting diode (LED); Performance
parameters of LED
absorption loss prevention, 159
apex angle calculation, 153–154
CPSS, 157
critical angle, 152–153
distributed Bragg reflectors, 156
exercises, 173
GaAs-based resonant-cavity LED, 157
to improve, 154
light propagation paths, 158
photon reincarnation and recycling, 159
pyramidal reflectors, 155–156
ray diagram, 152
RCLEDs, 156–157
Snell’s law, 171
surface-plasmon LED, 158–159
textured surfaces, 157–158
total internal light reflection, 152–154
Light extraction efficiency, 151, 169–170, 222
factors, 164
for single-escape cone LED, 160
Lighting history, 3, 15–16; see also Light-emitting
diode (LED)

artificial lighting, 4, 9, 15
compact fluorescent lamp, 8
electrical lighting device, 4–6
exercises, 17–18
fluorescent lamp, 7–8
incandescent filament lamp, 6
lighting evolution, 16
mercury and sodium vapor lamps, 7
need for artificial light sources, 3–4
solid-state lighting device, 4
Lighting source selection, 476
Lighting standard formulation, 499
Light sources, 35, 45–46
capabilities of, 44
compact fluorescent lamp, 42
competing, 35
economy, 44–45
exercises, 46–47
fluorescent tube, 41–42
HPMV lamp, 38–40
incandescent filament bulb, 36–37
lamp efficacy, 44
lifespan, 44
LPS and HPS vapor lamps, 40–41
metal halide lamp, 40
performance comparison of different, 44
principles of, 36
sodium lamps, 41
tungsten halogen lamp, 37–38
Lightweight displays, 451
Limelight, 4, 5; see also Lighting history
Linear transistor regulator, 364
Liquid crystal display (LCD), 270, 338, 399, 451
and organic LEDs, 341
Liquid-phase epitaxy (LPE), 179; see also Inorganic
LEDs
advantages, 193
limitation, 181, 193
set up for, 192
Lithium cell, 360
lm/W, see Lumens per watt (lm/W)
Local area networks (LANs), 466
Local dimming, 446
in LED TVs, 447, 449
Loebner, Egon, 10
Losev, Oleg Vladimirovich, 8
Loss coefficient, 514–515
Lowest unoccupied molecular orbital (LUMO), 228,
319, 332
Low-pressure sodium vapor lamp (LPS vapor lamp),
36, 40–41; see also Light sources
capabilities of, 44
Low temperature (LT), 196
Low-temperature-poly-silicon TFT
(LTPS TFT), 457
Low-wattage LED bulbs, 402
LPE, see Liquid-phase epitaxy (LPE)
LPS vapor lamp, see Low-pressure sodium vapor
lamp (LPS vapor lamp)
LT, see Low temperature (LT)
LTPS TFT, see Low-temperature-poly-silicon TFT
(LTPS TFT)
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Lucalox, 7; see also Lighting history
Lumens per watt (lm/W), 60
Lumiblade, 419
Luminaire
determination, 374
OLED, 46
performance of, 60
Luminance, 28, 295; see also Photometry
Luminance distortion index (LDI), 32
Luminescence, 65, 90
types of, 68
Luminous efficacy, 28; see also Photometry
Luminous efficiency, 28
Luminous flux, 26; see also Photometry
Luminous intensity, 26–27, 238; see also Performance
parameters of LED; Photometry
LUMO, see Lowest unoccupied molecular orbital
(LUMO)
Lux (lx), 28
lx, see Lux (lx)

M
MacAdam ellipse, 32
Material transparency, 515–516
MBE, see Molecular beam epitaxy (MBE)
Mbps, 468
Mb/s, see Megabits per second (Mb/s)
Mcd, 15
mc-LEDs, see Multichip LEDs (mc-LEDs)
MCPCBs, see Metal-core printed circuit board
(MCPCBs)
Medical applications of LEDs, 469
brain injury treatment, 470–471
cytometry, 471
in endoscope, 471
HEALS treatment, 469
operation theater light, 469
skin treatment, 469
vitamin D synthesis
Medium
-and low-intensity LED strip lights, 411
-wattage LED bulbs, 402–403
Megabits per second (Mb/s), 142
MEH-PPV, see Poly[2-methoxy-5-(2′ethylhexyloxy)-p-phenylene vinylene
(MEH-PPV)
Mercury arc lamp, 39; see also Light sources
Mercury vapor lamps, 7; see also Lighting history
Mesa etching, 204
Mesopic vision, 25; see also Vision
Metal-core printed circuit board (MCPCBs),
218, 250
Metal halide lamp, 40; see also Light sources
Metal–insulator–semiconductor field-effect
transistors (MISFETs), 456
Metallization, 197, 206
Metal–organic chemical vapor deposition
(MOCVD), 157, 183; see also Gallium
nitride (GaN)—diode processing steps;
Inorganic LEDs
AlInGaN two-flow MOCVD reactor, 194

for GaN growth, 196
gases used in MOCVD reactions, 195
pros and cons of, 195
reactor, 193
Metal organic vapor-phase epitaxy (MOVPE), 202
Metal-oxide thin-film transistor method (MOTFT
method), 456–458
Metamerism, 268–269
Metamers, 269
Microcavity, 331
Microcontroller, 433, 477
Millicandela, 15
Minimum viewing distance (MVD), 434, 435, 440
MISFETs, see Metal–insulator–semiconductor fieldeffect transistors (MISFETs)
Misleading resolution claims, 437
1-Mlmh light, 44
MOCVD, see Metal–organic chemical vapor
deposition (MOCVD)
Molecular beam epitaxy (MBE), 184
MoNb, 421
Moore’s law, 11
MOSFET, 368
Moss, 15
Mo/Ta, 456
MOTFT method, see Metal-oxide thin-film
transistor method (MOTFT method)
Moving message LED display, 433–434
MOVPE, see Metal organic vapor-phase epitaxy
(MOVPE)
MP3, 440
MQW, see Multiple quantum well (MQW)
Multichip LEDs (mc-LEDs), 273
Multiple-digit LED display, 431
Multiple emitter-based WOLEDs, 350; see also
White organic LEDs (WOLEDs)
doping, 351
fabrication pathways, 350
for-and-against qualities, 350
horizontal RGB stack, 352, 353
mixing electroluminescent conjugated
polymers, 351
optimizing roles of layers, 351
single stack, 350
stacked layers emitting different colors, 351
vertical RGB stack, 351–352
Multiple level switching, 478
Multiple quantum well (MQW), 131, 300
Multiplexed display, 432
Multiplexing technique; see also Virtual pixel
Munsell color palette, 32
Murdoch, William, 4
MVD, see Minimum viewing distance (MVD)

N
Nakamura, Shuji, 13
Nanowire transistor circuitry, 458
National Electrical Manufacturers Association
(NEMA), 499
National Institute of Standards and Technology
(NIST), 31

556   ■   Index
National Renewable Energy Laboratory
(NREL), 264
Necrosis, 471
NEMA, see National Electrical Manufacturers
Association (NEMA)
Nephelauxetic effect, 282, 289
Nickel, 36
Night-time exterior lighting, 484
biological effects of colors, 486
exterior lighting controls, 486
glare reduction, 485
light for night, 485
light trespassing on neighborhood, 485
preventing light pollution, 485
for sense of security, 486
NIST, see National Institute of Standards and
Technology (NIST)
Nitride phosphors, 287–288
Noise, partition, 467
Nonlinear load, 386, 388
Nonradiative recombination, 69; see also
Recombination
Auger recombination, 80–81
mechanisms, 79
possibilities, 79
rate, 84–86
recombination centers, 80
SRH recombination, 79–80
Nonrectangular LED, 169
N-phenyl-1,8-naphthalimide (NTI), 348
NREL, see National Renewable Energy Laboratory
(NREL)
NTI, see N-phenyl-1,8-naphthalimide (NTI)
N-type material, 50
Nucleating layer, 196

O
Occupancy control, 476, 478
Occupancy sensing devices, 480; see also Smart
lighting control system
detection fields of, 482
dual-technology sensors, 481
features of, 482
infrared sensors, 480, 481
sensors types, 480
ultrasonic sensors, 480, 481
OCDR, see Optical coherence domain reflectometry
(OCDR)
OCT, see Optical coherence tomography (OCT)
OEM, see Original equipment manufacturer (OEM)
Off-line buck converter, 384; see also Alternate
current (AC) driving circuits
Ohmic contact, 197
Ohm’s law, 223
OLED, see Organic light-emitting diode (OLED)
OMCVD, see Organo-metallic chemical vapor
deposition (OMCVD)
OMVPE, see Organo-metallic vapor phase epitaxy
(OMVPE)
On–off keying, see OOK (on–off keying)
OOK (on–off keying), 468

Opaqueness, 25
Optical coherence domain reflectometry
(OCDR), 146
Optical coherence tomography (OCT), 146
Optical confinement, 512–513
Optical efficiency, see Light extraction efficiency
Optical resonant cavity, 509
Optical wireless technology, 467
infrared communication, 467
on–off keying, 468
photodiode as receiver, 468–469
visible light communication, 467–468
Oral mucositis, 469
Orbeos tiles, 419
Organic compounds, 315; see also Organic
semiconductors
Organic light-emitting diode (OLED), 55, 319,
326–327, 338, 415, 451; see also Large-area
OLED lighting; Organic semiconductors
anthracene, 321–322
blue, 349
constituent layer role, 322–323
efficiencies, 320
electroluminescent materials for, 319
emission layer, 323
emitters, 319
energy band diagram of, 324–326
excitons, 319
fluorescent and phosphorescent molecules, 319
form factor of, 417
general lighting, 491–492
heat generation in, 418, 421
high-efficiency, 326
inorganic vs., 339–341
layer sequence in, 323
LCDs and, 341
molecular structures, 323
operating mechanism, 324
organic optoelectronic materials, 321
panel, 418, 419, 422
small-, 322
tile, 418–420
TV, 341, 459
white light generation from, 352
Organic light-emitting diode displays, 451, 460;
see also Thin-film transistor (TFT)
backlighting, 459
colors, 459
exercises, 461
vs. LCD, 460
lightweight displays, 451
outdoor information sign, 434
response time, 459
screen technologies, 460
self-luminous material, 459
TFT circuit for, 455
Organic semiconductors, 315, 326–327; see also
Organic light-emitting diode (OLED)
bandgaps, 321
categories, 322
exercises, 328
and inorganic semiconductors, 318
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polymer molecules, 321
saturated and unsaturated, 316
small molecules and polymers, 320–321
special characteristics of, 316–318
types of, 320
Organic thin-film transistors (OTFTs), 456
Organo-metallic chemical vapor deposition
(OMCVD), 202
Organo-metallic vapor phase epitaxy (OMVPE),
12, 202
Original equipment manufacturer (OEM), 493
Orthosilicate phosphor, 285, 290
OTFTs, see Organic thin-film transistors (OTFTs)
Outdoor LED information sign, 434
Overhead lamps, 417
Oxide phosphors, 283–286
Oxy-calcium lamp, 4; see also Lighting history
Oxyhalides phosphors, 288
Oxynitride phosphors, 286–287

P
Packaging of LEDs, 209, 218; see also Chip-on-board
(COB); Surface-mount technology (SMT)
exercises, 219–220
heat from LED, 217
by injection and molding, 211
metal-core PCB, 218
quality check, 218–219
reliability, 217–218
silicon packaging, 216–217
techniques, 210
through-hole packaging, 210
Partition noise, 467
Passivation, 12, 13
Passive matrix organic LED display (PMOLED
display), 452; see also Active matrix
organic LED display (AMOLED
display)
advantages, 452
applications, 453
construction and principle, 452
drive arrangements, 452
higher voltages effect, 452
pixel formations in, 452
PCB, see Printed circuit board (PCB)
pc-LEDs, see Phosphor-converted LEDs (pc-LEDs)
PCM, see Pulse-code modulation (PCM)
PEDOT, see Poly(ethylenedioxy) thiophene
(PEDOT)
Performance parameters of LED, 221, 237–238
beam angle, 234–236
binning, 237
CCT and CRI, 233
color coordinates, 233
current-controlled behavior, 225
current–voltage characteristics, 223–224
efficiency, 228–229
emission spectra of LEDs, 230
exercises, 238–239
feeding efficiency, 221–222
forward voltage drop, 225–226

free-wheeling diode, 228
included angle, 233
light distributions, 233
luminous intensity, 238
operational life, 238
optical spectrum, 229–231
parameters, 221
quantum efficiency, 222
radiant efficiency, 222
resistance of resistor, 223
reverse-biased led operation, 227
reverse breakdown voltage, 226–228
spectral line half-width, 231–232
tolerance of parameters, 237
Persistence of vision, 432
Personal control, 479
PF, see Polyfluorene (PF); Power factor (PF)
PFC, see Power factor correction (PFC)
PFO, see Poly(9,9-dioctylfluorene) (PFO)
PHOLED, see Phosphorescent organic light-emitting
diode (PHOLED)
Phonon, 77
Phosphine, 194
Phosphor, 277; see also Light-emitting diode
phosphors
Phosphor-converted LEDs (pc-LEDs), 217, 273,
290, 353
Phosphorescence, 66, 90
fluorescence and, 66
Jabłoński diagram, 66, 67
Phosphorescent organic light-emitting diode
(PHOLED), 326
Photoconductive photocell, 482, 494
Photodiode, 483
as receiver, 468–469
Photolithography, 299
Photoluminescence, 66; see also Luminescence
Photometer, 272
Photometry, 26, 32–33; see also Light
blackbody, 30
CCT, 31
chromaticity, 29–30
color temperature, 30
CRI, 31
examples, 27–28
luminance, 28
luminous intensity, 26–27
photometric quantity, 28
Planckian locus, 30
Purkinje shift, 27
tristimulus values, 28–29
Photon, 20; see also Light; Light extraction
recycling, 171
reincarnation, 159
Photonic crystals, 305; see also High-brightness
LEDs
LED, 306
Photopic vision, 24, 25; see also Vision
Photovoltaics with OLED, 419–420
Picoprojection, 149
π-Electrons, 316
Piezoluminescence, 68; see also Luminescence
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Pixel, 426
arrangements on TV screen, 435
decomposition technique, see Virtual pixel
pitch, 435–436
Planar phototransistor, 484
Planckian locus, 30
Planck’s constant, 20; see also Light
Plasma, 39
TV, 446–447
Plasmon, see Surface plasmons (SPs)
Plastic-leaded chip carriers (PLCCs), 218
Plastic packaging, 217
Plated through holes (PTHs), 218
Platinum (II) [2-(40,60-difluorophenyl)
pyridinato-N, C 20] acetylacetonate
(FPt), 347
PLCCs, see Plastic-leaded chip carriers (PLCCs)
PLD, see Pulsed laser deposition (PLD)
PLED, see Polymer light-emitting diodes (PLED)
PMOLED display, see Passive matrix organic LED
display (PMOLED display)
P–N heterojunction, 93; see also Heterojunction
LEDs
P–N homojunction, 93; see also Homojunction LEDs
before contact, 94
after contact, 95
under forward bias, 107
under reverse bias, 98
Pocket projectors, 307–308; see also High-brightness
LEDs
Polarization, 21–22; see also Light
Polarized light, 22; see also Light
Polaron, 326
Polyacetylene, 321
Polycrystalline silicon (Poly-Si), 456
Poly[2,5-di(hexyloxy) cyanoterephthalylidene]
(CN-PPV), 331
Poly{[2-(3′,7′-dimethyloctyloxy)-3,5,6-trimethoxy]1,4-phenylenevinylene} (TALK-PPV), 321
Poly(9,9-dioctylfluorene) (PFO), 351
Poly(ethylenedioxy) thiophene (PEDOT), 337
Polyfluorene (PF), 321, 348
Polymer light-emitting diodes (PLED), 55, 329, 342
doping, 331
electron–hole balance, 331
energy band diagrams, 332
exercises, 343
external quantum efficiency of, 331
fabrication of, 337, 338
internal quantum efficiency of, 331
ITO/(MEH-PPV + CN-PPV)/Al LED,
332, 335
ITO/(PEDOT:PSS + MEH-PPV)/Ca LED,
332, 336
ITO/polymer (MEH-PPV)/Al LED, 332, 334
ITO/polymer (MEH-PPV)/Ca LED, 332, 333
organic LEDs, inorganic LEDs, and LCDs, 338
parts of, 330
PEDOT:PSS, 337
polymer LED operation, 330–331
pros and cons of, 339
and small-molecule, 337

Polymer molecules, 321
Poly[2-methoxy-5-(2′-ethylhexyloxy)-p-phenylene
vinylene (MEH-PPV), 321, 351
Poly(p-phenylene vinylene) (PPV), 321, 329
Poly-Si, see Polycrystalline silicon (Poly-Si)
Poly(styrene sulfonic acid) (PSS), 337
Poly(2,5,2′,5′-tetrahexyloxy-7,8′-dicyano-di-pphenylenevinylene) (CN-PPV), 321
Potential barrier, 114
Power factor (PF), 386–388
Power factor correction (PFC), 390; see also Alternate
current (AC) driving circuits
Power signage, 463; see also Strip lights
automotive signage, 465
filtering, 463
longivity, 464, 465
other applications, 466
power loss prevention, 463
sun phantom effect reduction, 464
traffic lights, 464
visibility in sunlight, 464
PPV, see Poly (p-phenylene vinylene) (PPV)
Precursor, 194, 284
Primary colors, 262
Printed circuit board (PCB), 218
Projector, see Pocket projectors
Proximate phosphor, 280
PSS, see Poly(styrene sulfonic acid) (PSS)
PTHs, see Plated through holes (PTHs)
P-type material, 50
Pulse-code modulation (PCM), 440
Pulsed laser deposition (PLD), 184
Pulse width modulation (PWM), 247, 368
dimming, 374
LED circuit, 373
Purkinje shift, 27; see also Photometry
PWM, see Pulse width modulation (PWM)
Pyramidal reflector, 155–156
Pyroluminescence, 67, 68; see also Luminescence

Q
QCSE, see Quantum-confined Stark effect (QCSE)
Quantization, 130, 133
Quantum, 19; see also Light
dot, 267, 289
number, 133
Quantum-confined Stark effect (QCSE), 495–496
Quantum efficiency (QE), 222, 284; see also
Performance parameters of LED
Quantum well (QW), 158; see also Light extraction
Quantum well heterostructure LED, 129, 134;
see also Heterojunction LEDs
band alignments in, 134
cladding layers, 132
de Broglie wavelength, 133
electric field effect on energy bands, 134
electronic motion, 133
forward current–voltage characteristics of,
135–136
injection efficiency improvement, 134–135
lattice mismatch-induced defects, 133
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LED multiquantum well structures, 132
operation of, 133
quantum well, 129–132
radiative transitions in, 134
single quantum well LED, 131
stationary waves, 132
twelve-period MQW LED, 131
QW, see Quantum well (QW)

R
Radiant efficiency, 222
Radiant flux, 26, 28
Radiation; see also Internal quantum efficiency;
Performance parameters of LED;
Photometry
efficiency, 28, 222
heat loss rate, 254
Radiative efficiency of, 86, 89
Radiative recombination, 69, 90; see also
Recombination
band-to-band transition, 70–76
direct band-to-band, 69, 70
of free carriers, 77–78
free-exciton annihilation, 76–77
intrinsic, 76
localized-exciton recombination, 77
mechanisms, 69
rate, 81–84
types of, 78
Van Roosbroeck–Shockley relation, 82
Radio Corporation of America (RCA), 10
Radio frequency (RF), 193, 428
Radioluminescence, 66, 68; see also Luminescence
Radiometer, 273
Radiometry, 28; see also Light; Photometry
blackbody, 30
CCT, 31
chromaticity, 29–30
color temperature, 30
CRI, 31
Planckian locus, 30
radiometric quantity, 28
tristimulus values, 28–29
Radiophosphor, 282
Rare earth crisis, 279
RCA, see Radio Corporation of America (RCA)
RCLEDs, see Resonant cavity LEDs (RCLEDs)
Reactive ion etching (RIE), 199
Reactive power, 387; see also Alternate current (AC)
driving circuits
Reading lamps, 417
Recombination, 69; see also Inorganic LEDs;
Nonradiative recombination; Radiative
recombination
centers, 80
mechanisms, 69
rates, 81
Rectification, 382–383
Rectifier circuit, 393; see also Alternate current (AC)
driving circuits
Rectifier diode, 226

Red–Green–Blue (RGB), 257
phosphors, 269, 274
Red LED, 51–52
Red shift, 134, 346
Red-to-green efficacy gap closing, 498, see Green Gap
Red tris(1-phenylisoquinoline) iridium(III)
[Ir(PIQ ) 3], 351
Red–yellow–green–blue (RYGB), 523
Reflection, 22; see also Light
coefficient, 163
Reflective plastic coating, 498–499
Reflector, see Distributed Bragg reflectors; Pyramidal
reflector
Refraction, 22; see also Light
Refractive index discontinuity, 517
Remote phosphor, 280
Resistor resistance, 223; see also Performance
parameters of LED
Resonant cavity LEDs (RCLEDs), 156–157, 171;
see also Light extraction
Resonant cavity, optical, 509
Restriction of hazardous substances (RoHs), 403, 434
Retina, 24; see also Vision
Retrofitting, 400
LED lamp, 401
Reverse
bias, 49
breakdown voltage, 226–228; see also Performance
parameters of LED
saturation current, 108
RF, see Radio frequency (RF)
RGB, see Red–Green–Blue (RGB)
RIE, see Reactive ion etching (RIE)
Robust lighting control system, see Smart lighting
control system
Roentgenophosphor, 282
RoHs, see Restriction of hazardous substances
(RoHs)
Roughened surface, 152, 508
Round, Captain Henry Joseph, 8
Rubrene, 320
RYGB, see Red–yellow–green–blue (RYGB)

S
SAND, see Self-assembled nanodielectric (SAND)
Sapphire, 26, 180
titanium-doped, 74
Saturated hydrocarbons, 316
Schottky diode, 8
Schroedinger’s equation, 132
Scotopic vision, 24, 25; see also Vision
Screen technologies, 460
Scrolling LED display, 433, 448
Secondary colors, 262
Self-assembled nanodielectric (SAND), 458
Self-luminous material, 459
Semiconductor, 316
clean rooms, 191
diode, 49
–epoxy transmittance, 160–163
lens, 144
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Series linear regulator, 364–365; see also Direct
current (DC) driving circuits
Seven-segment indicator, see Seven-segment LED
display
Seven-segment LED display, 428
addressing individual LED, 431
advantages and limitations, 430–431
common anode /cathode configuration, 429
construction, 428, 433
moving message LED display, 433–434
multiplexed display, 432
outdoor LED information sign, 434
transistors, 433
voguish encodings, 430
Shared pixel, see Virtual pixel
SHDN, 370, 372
SH-LED, see Single heterostructure LED
(SH-LED)
Shockley–Read–Hall theory, 84
indirect, 80
SRH recombination, 79
Shockley’s diode equation, 108–109
Short circuit issue, 420
Si3N4, 287
SiC, see Silicon carbide (SiC)
SICs, see Silicon integrated circuits (SICs)
Signal processing, 427
Silicon, 25
packaging, 216
properties, 307
Silicon carbide (SiC), 8
Silicone, 307, 309
Silicon integrated circuits (SICs), 270
Silicon-on-insulator (SOI), 199
Single-color LED display module, 442
Single emitter-based WOLED, 346; see also White
organic LEDs (WOLEDs)
advantages and disadvantages, 348
blue + orange mixing, 349
electromers, 346
examples, 347–348
excimer and electromer emission
wavelengths, 346
excimers and exciplexes, 346
fabrication pathways, 347
single color-emitting OLED, 349–350
single polymer approach, 348–349
UV source, 350
Single heterostructure LED (SH-LED), 127
Single-mode laser, 510
Singlet emitter, 319
Singlet exciton, 319
SLED, see Surface-emitting LED (SLED)
Slider, 192
Slumping effect, see Drooping effect
Small-organic-molecule LED, 322
Smart lighting, 475, 476, 486–487; see also Nighttime exterior lighting; Occupancy sensing
devices; Smart lighting control system
for aesthetic effects, 476
artificial light needs, 476
computer networking, 477

daylight, 475, 476
daylight-sensing devices, 482–484
design aspects, 484
dimming, 476
electric lighting, 475
emergency lighting, 477
exercises review, 487–488
glare, 476
lighting source selection, 476
photoconductive photocell, 482
photodiode, 483
planar phototransistor, 484
programming needs, 477
scope of, 476–477
steps in, 476
Smart lighting control system, 477; see also
Occupancy sensing devices
control by load shedding, 479
daylight harvesting, 478
dirt removal, 480
occupancy control, 476, 478
other options, 480
personal control, 479
switching off, 476
task tuning, 479
time scheduling, 479
SMD LED, 216
SMPS, see Switch-mode power supply (SMPS)
SMT, see Surface-mount technology (SMT)
Snell–Descartes law, 152
Snell’s law, 171
Sodium lamps, 41; see also Light sources
vapor lamps, 7; see also Lighting history
SOI, see Silicon-on-insulator (SOI)
Solar cell, 50
Solder bumps, 214, 216
SOLED, see Stacked OLED (SOLED)
Sol–gel process, 283
Solid-state lighting (SSL), 49, 55, 61, 491, 500–501;
see also Colorimetry; Light-emitting diode
(LED); Lighting history
device, 4
display device, 55
drawbacks of, 58–59
droop preventing, 494–495
end of efficacy growth, 500
Eschewing phosphor heating, 498
exercises, 62, 503–504
features, 56–58
flicker prevention, 498
GaN devices efficiency, 501
GaN LED substrates, 495–496
Haitz and Tsao predictions, 492–494
Haitz prediction, 499–500, 501
homoepitaxy of GaN, 497
illumination, 55
indium replacement, 499
intelligent luminaire designing, 499
LED efficiency potential, 501
LED general lighting,, 491, 492
LED grown on c-plane GaN, 497
LED street light, 60
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lighting standard formulation, 499
monochrome era, 59–60
using narrow-band red phosphors, 497
OLED general lighting, 491–492
performance of SSL luminaire, 60
potential and promises of, 59
preliminary ideas of, 54
quantum-confined Stark effect, 495–496
red-to-green efficacy gap closing, 498
reflective plastic coating, 498–499
research areas of, 494
Tsao’s prediction, 500, 501
white OLEDs efficiency improvement, 499
Solid-state lighting applications, 463, 472; see also
Medical applications of LEDs; Optical
wireless technology; Power signage
exercises 473–474
LEDs in horticulture, 471–472
Solid-state reaction, 282, 283
Solvothermal synthesis, 283
Space-charge region, 96
Spacer, 54
Specialty lighting, 400
Spectral line half width, 231–232
Spectral power distribution, see Luminous flux
Spectroradiometer, 271–272
SPLED, see Superluminescent LED (SPLED)
Spontaneous emission, see Radiative recombination
SPs, see Surface plasmons (SPs)
SSL, see Solid-state lighting (SSL)
Stacked OLED (SOLED), 352
Starburst display, see 14-Segment LED display
Star LED, 255
Stationary waves, 132
Steady-state carrier injection rate, 515
Stefan–Boltzmann law, 254
Stepped dimming, see Multiple level switching
Stimulated emission, 506, 508–509, 512, 525
Stokes
loss, 53
shift, 263, 277
Storage capacitor, 373
Street lights, 407; see also Illumination by LEDs;
Strip lights; Tube light
efficacy of, 407–408
LED vs. conventional lamps, 407–411
ratings of, 411
reasons for performance of, 408–411
Stress tests, 209
Stripe geometry, 513
Strip lights, 411; see also Illumination by LEDs;
Street lights; Tube light
color availability, 412
limitation, 412
medium-and low-intensity, 411
ultra bright, 411
Submount, 251
Substrate for OLED, 417
Sulfide phosphors, 288
Sun, 3
phantom effect, 58, 464
Superlattice, 196

Superluminescent LED (SPLED), 146, 149; see also
Light-emitting diode (LED)
exercises, 149–150
features, 147
properties, 148
Superposition principle, 22; see also Light
Surface-emitting LED (SLED), 141, 142, 466;
see also Light-emitting diode (LED)
active region, 143
AlGaAs double heterojunction, 143
and ELED, 146
exercises, 149–150
Lambertian pattern, 143–144
lens-coupled LED, 144
spectral characteristics of, 146
Surface-emitting planar sources, 416
Surface-mount technology (SMT), 210; see also
Packaging of LEDs
-based packaging, 210
components of SMT LED package, 212
flip chip assembly, 214
flipped chip LED packaging, 214
flipped chip LED structure, 214
lateral LED packaging, 214
lateral LED structure, 213
leadform packaging, 212–215
leadless packaging, 215–216
LED packaging, 211–212
vertical LED chip packaging , 212, 213
Surface plasmons (SPs), 158; see also Light extraction
LED, 158–159, 171
Surface roughening, 157–158
Susceptor, 193
Swan, Joseph Wilson, 6
Switch-mode power supply (SMPS), 365–366; see also
Direct current (DC) driving circuits

T
TALK-PPV, see Poly{[2-(3′,7′-dimethyloctyloxy)3,5,6-trimethoxy]-1,4-phenylenevinylene}
(TALK-PPV)
Tang and VanSlyke, 324
Task tuning, 479
TDs, see Threading dislocations (TDs)
TECEB, see 1,3,5-Tris[2-(9-ethylcarbazolyl-3)
ethylene]benzene (TECEB)
Television (TV), 15
Textured surface, 157–158
TF-MOCVD, see Two-flow MOCVD
(TF-MOCVD)
TFT, see Thin-film transistor (TFT)
TFTLCD, see Thin-film transistor liquid crystal
(TFTLCD)
THD, see Total harmonic distortion (THD)
Thermal
analysis, 247
capacitance, 248
conductivity, 196
cycling, 246–247
expansion coefficient, 196
interface material, 299
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Thermal (Continued)
power, 248
quenching, 278
resistor equivalent resistance, 250
runaway, 245
time constant, 247, 249
Thermal management of LED, 241, 256–257; see also
Lifetime of LED
brightness and temperature, 243
conduction enhancement, 255
convection enhancement, 256
encapsulant, 246
exercises, 258–259
forward current, voltage and temperature, 242
heat removal, 255, 256
lifetime concept, 243–244
package, 246
phosphor, 245
radiation enhancement, 256
temperature influence, 241–243, 244
thermal cycling effect, 246–247
thermal runaway, 245
white LED, 244
Thermal resistance, 248, 257
components of, 251
from junction to ambient, 252
Thermoluminescence, 67, 68; see also Luminescence
Thin-film transistor (TFT), 452; see also Active
matrix organic LED display (AMOLED
display); Amorphous silicon TFT; Passive
matrix organic LED display (PMOLED
display)
backplane technology, 456
choosing backplane technology, 458
circuit for OLED, 455
low-temperature-poly-silicon TFT, 457
Thin-film transistor liquid crystal (TFTLCD), 459
Threading dislocations (TDs), 196
Threshold
current calculation, 518–519
current density, 516, 517–518
gain, 517
Through-hole packaging, 210
Through silicon vias (TSVs), 217
Time scheduling, 479
Titanium, 197
TMA, see Trimethylaluminum (TMA)
TMG, see Trimethylgallium (TMG)
TMI, see Trimethylindium (TMI)
Torch, 15
Total harmonic distortion (THD), 386, 388; see also
Alternate current (AC) driving circuits
Total internal reflection, 120
Toxicity, 177
Traffic lights, 464
Transistors, 433
Transmission coefficient, 161
Transmittance, 160, 164
Transparency, 25, 26
current density, 515, 516
Trapped photons, 165–167
Triboluminescence, 67, 68; see also Luminescence

Trichromatic pixel, 427
Trimethylaluminum (TMA), 194, 195
Trimethylgallium (TMG), 194
Trimethylindium (TMI), 194
Triplet emitter, 319
Triplet exciton, 319
1,3,5-Tris[2-(9-ethylcarbazolyl-3) ethylene]benzene
(TECEB), 348
Tris (8-hydroxyquinoline aluminum), 324
Tristimulus values, 28–29
True power, 387; see also Alternate current (AC)
driving circuits
Tsao’s prediction, 500
TSVs. See Through silicon vias (TSVs)
Tube light; see also Illumination by LEDs; Street
lights; Strip lights
color, 407
fluorescent vs. LED, 406
parameters of LED, 406–407
power consumption, 406, 407
Tungsten halogen lamp, 36; see also Light sources
advantages and disadvantages of, 38
capabilities of, 44
TV, see Television (TV)
Two-flow MOCVD (TF-MOCVD), 196

U
UL, see Underwriters Laboratories (UL)
Ultra bright strip lights, 411
Ultrasonic sensors, 480, 481
Ultraviolet (UV), 7
LED, 267, 271
Uncoupled cones, 165
Underwriters Laboratories (UL), 499
Union Jack display, see 14-Segment LED display
Unsaturated hydrocarbons, 317
U.S. Department of Energy (DOE), 60, 388
UV, see Ultraviolet (UV)

V
VA, see Volt-amps (VA)
Vacuum
evaporation, 420
level, 94
Valence band, 70, 71, 78, 90
Valley-fill circuit, 390
van der Waals force, 318
Van Roosbroeck–Shockley relation, 82
Vapor-phase epitaxy (VPE), 183
VAR, see Volt-amps-reactive (VAR)
Variable message signs (VMSs), 427
Varshni expression, 104–106
Vertical LED, 212–213, 302
Vertical red–green–blue stack, 351
VGA display, 452
VIBGYOR, 261
Video resolution, 434–435; see also Virtual pixel
MVD, 434, 435
pixel pitch, 435–436
Viewing angle, 234
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Virtual pixel, 436, 439
chromatic fidelity, 440
contrast ratio, 440
geometrical/squared, 437–439
interpolated, 440–441
minimum viewing distance, 440
misleading resolution claims, 437
necessity of, 436–437
side effects, 439–440
Visible light, 24; see also Light; Vision
spectrum, 3, 25
visible-wavelength diode lasers, 523
Visible light communication (VLC), 467
benefits, 468
white LED advantages, 468
Vision, 24, 32; see also Light
mesopic, 25
photopic, 24, 25
retina, 24
scotopic, 24, 25
sensitivity curves, 24
Vitamin D, 471
VLC, see Visible light communication (VLC)
VMSs, see Variable message signs (VMSs)
Voguish encodings, 430
Volt-amps (VA), 388
Volt-amps-reactive (VAR), 387; see also Alternate
current (AC) driving circuits
VPE, see Vapor-phase epitaxy (VPE)

W
Wall-plug efficiency, see Radiant efficiency
Warm white, 30
Wavelength conversion technique, 262; see also White
light-emitting diodes (WLEDs)
blue LED, 264–266
emission spectra, 266
examples, 264
limitations, 264
pros and cons, 269
Stokes shift, 263
UV LED, 266
Wave number, 75, 133
White light, 25, 261, 345; see also Light; Wavelength
conversion technique; White lightemitting diodes (WLEDs)
complementary color, 262

composition of, 262
generation from OLEDs, 352
methods of realizing, 271
primary colors, 262
secondary colors, 262
synthesizing techniques, 263
White light-emitting diodes (WLEDs), 13, 55, 261,
273–274; see also Color mixing; Lightemitting diode phosphors; Solid-state
lighting (SSL); Wavelength conversion
technique; White light; White lightemitting diodes (WLEDs)
ageing effects, 272
emission measuring instruments, 273
emission standards and protocols, 271–272
exercises, 275–276
phosphors in, 278
pros and cons, 269–271, 468
radiation pattern variation, 272
temperature dependence, 272
White organic LEDs (WOLEDs), 319, 345,
352–353; see also Multiple emitter-based
WOLEDs; Organic light-emitting diode
(OLED); Single emitter-based WOLED
efficiency improvement, 499
exercises, 354–355
single-stack, 348
white electroluminescence for, 345–346
Wick, 4; see also Lighting history
Window layer, 155
Wire bonding, 211, 299
WLEDs, see White light-emitting diodes (WLEDs)
WOLEDs, see White organic LEDs (WOLEDs)
Work function, 94
Wurzite, 70, 122–123, 179

X
X-ray, 66–67, 278, 282

Y
YAG, see Yttrium aluminum garnet (YAG)
Yttrium aluminum garnet (YAG), 284

Z
Zinc blende structure, 184

