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Foreword

By Magnus George Craford

LEDs have been commercially available for nearly 50 years but for most of that time they were

low power and relatively inefficient devices that were primarily used for indicator applications.

Initially LEDs were red only, but these were soon followed by green and yellow devices and

finally about 15 years ago by blue and, with phosphors, white devices. During these years the

efficiency increased by a factor of 10 every 10 years. Ten years ago high power (onewatt) white

LEDs were introduced with efficiencies high enough that there began to be serious discussion

about using LEDs for solid state lighting (SSL) applications. Over the last decade performance

has continued to increase from about 20 lumens/watt to over 100 lumens/watt today. The power

handling capacity ofpackageshas increased,withpackageswhich canhandleover10wattsnow

available. There is no longer any question about whether LEDs will be important for SSL. I

believe the only question is when LEDswill dominate all lighting applications. China has been

oneof the leaders inpushing for the rapidadoptionofLEDs inorder tosaveenergyand toprovide

improved illumination for its vast population. Over the next decade we are sure to see an

explosion of new applications, and new package types to enable those applications. A critical

issue is to develop packages and systems that enable efficient and reliable solutions to lighting

problems. If systems are unreliable it will slow down the adoption of LEDs to the detriment of

everyone. There are many books about LEDs but most of them focus on the chip and epitaxial

materials technology. Books of this type focusing on packaging and applications are badly

needed to help engineers and scientists use LEDs in the most effective manner possible, and to

ensure the rapid adoption of efficient LED technology around the world.

The authors Professors Sheng Liu and Xiaobing Luo have done a thorough job of discussing

the optical design, thermal management, and reliability of high power LEDs and systems.

System reliability is only as good as the weakest link and it is critical for system designers to

understand all aspects of the system. The authors have also adopted experience gained in

silicon technology to the field of high power LEDs. I am happy to see this book completed and

feel that it will be an important addition to our field.

Dr. Magnus George Craford

Recipient of the 2002 USA National Medal of Technology

Member of Academy of Engineering of the USA

IEEE Life Fellow

Former Chief Technology Officer

Solid State Lighting Fellow

Philips Lumileds Lighting

Palo Alto, California, USA
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Foreword

By C. P. Wong

Design is a multi-disciplinary activity that relies on the expertise of the engineering profession

and is supported by the methodology and innovations developed within the fields of science.

The integration of science, engineering, and end applications has produced remarkable

changes in the end users. This system integration can be demonstrated by the evolution of

understanding of solid state physics and compound semiconductors, the development of

epitaxial layers, the design of LED devices, and the applications to packaged modules and

light fixtures.

The most popular methodology of design is named Design for X (DFX, here X refers to

manufacturing, assembly, testing, reliability,maintenance, environment, and even cost), which

has been widely adopted by those multinational and many small high tech start-up companies.

The designmethodology is being adjusted tomeet the requirements of a full life cycle, so called

“concept/cradle-to-grave” product responsibilities, coined by Dr. Walter L. Winterbottom of

Ford Science Lab.

An LED packaging module and the related application systems, like any other electronic

systems, involve a lot of manufacturing processes from epitaxial growth to chipmanufacturing

to packaging and to final fixture assembly, and extensive reliability testing for extended life

goals ofmany critical products such as those used for road lighting, automotive lighting, and so

on. Defects in terms of dislocations, voids, cracks, delaminations, and microstructure changes

can be induced in any step and may interact and grow in subsequent steps, imposing extreme

demands on the fundamental understanding of stressing and physics of failures. Currently, the

testing programs have been extensive to assure reliability during the product development.

An iterative, build-test-fix-later process has long been used in new product development;

significant concerns are being raised as cost effective and fast time-to-market needsmay not be

achievable with such an approach. In terms of high reliability, system hardware design,

manufacturing and testing are costly and time consuming, severely limiting the number of

design choices within the short time frame, and not providing enough time to explore the

optimal design. With the current situation of three to six months for each generation of LED

devices, it is challenging to achieve truly optimal and innovative products with so many

constraints in design. Design procedure must be modified and DFX must be used so as to

achieve integrated consideration of manufacturing processes, testing, and operation.

Professors Sheng Liu and Xiaobing Luo have been promoting the new design method in the

past many years to help assist in material selection, manufacturing yield enhancement, and
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appropriate rapid reliability assessment when the packaging module and system are subjected

to uncertainties of material selection, process windows, and various service loadings. All these

issues must be addressed prior to hardware buildup and test. The authors have demonstrated

excellent examples for optical, thermal, and reliability aspects. Application of specific LED

packaging (ASLP) is indeed an example of a careful design and consideration of packaging

integration. Its three-in-one, four-in-one and five-in-one modules conceived by the authors’

group are very likely to be widely used by this fast growing industry. They will be popular

choices in terms of performance and cost for those traditional light fixture companies, as they

represent the true nature of integration in microelectronics, MEMS, and optoelectronics/LED,

to name a few fields. Detailed modeling of manufacturing processes such as wire bonding for

LED has been shown to be important and the co-design of the LED chip and packaging indeed

show the importance of concurrent consideration of traditionally divided product chains and

provides a new direction for further improvement of optical performance.

This book focuses on LEDpackaging for lighting applications and illustrates the importance

of packaging and the power of integration in the packaging modules and lighting application

systems by the authors’ pioneering efforts. Packaging has been ignored from thewhole system

development in the past and the authors explore four functions of packaging in this book:

powering, signal distribution in terms of both optical and electrical signals and quality, thermal

management, and mechanical protections. The authors describe their contributions in detail

and provide guidance to those in the field and present a design approach that must ultimately

replace the build-test-fix-later process if the efficiencies and potential cost benefits of high

power LED based systems are to be fully realized.

C.P. Wong

IEEE Fellow

Member of Academy of Engineering of the USA

Former Bell Labs Fellow

Regents’ Professor, Georgia Institute of Technology, Atlanta, GA 30332

Foreword xii
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Foreword

By B. J. Lee

Since the invention of the light-emitting diode (LED) by Holonyak and Bevacqua in 1962, the

LEDhas experienced great breakthroughs particularlywith the invention of nitride blueLED in

the early 1990s by Nakamura from Nichia Corporation of Japan. Ever since then, the average

LED usage in each household has grown more than tenfold.

There was no LED industry until mid-1960s. Nevertheless, the worldwide LED device

production values have reached $7 billion in year 2008. It is estimated that the compound

annual growth rate will be more than 20% for LED applications in the next 10 years. This LED

revolution has been affecting the lives of many people around the world. In 2005, global

lighting consumed 8.9% of total electric power in a whole year and contributed 0.63% of the

GDP, according to Dr. Jeff Tsao from Sandia National Laboratories of the USA. In 2050, the

contribution to GDP can reach as high as 1.65%.

TheLED chip cannot operate by itself without connection to outside driver circuits. Light, as

an optical power coming out of the LED chip,must be extracted efficiently. In order tomaintain

a good efficacy through awhole temperature range, the generated heat fromLED chipsmust be

dissipated as efficiently and as quickly as possible. Finally, mechanical protection must be

adopted to prevent the chip from being damaged or being gradually degraded in subsequent

testing or operations in harsh environments. While chip manufacturers are making efforts to

improve the optical, electrical, and thermal performances of LED chips by various approaches,

including better light extraction, improved crystal quality, uniform current spreading, and

using substrate with good thermal conductivity, the corresponding packaging technologies

must be developed to make use of these chip improvements. Collaborative designs between

chip manufacturers and packaging vendors are thus required to take advantage of each others’

progress, which has been mostly ignored among LED communities.

In addition, optical design has been playing an important role in improving the LED efficacy.

How light can be re-directed efficiently out of the active layers becomes crucial. It involves

light extraction, phosphor coating, and secondary optics. More and more emerging applica-

tions require certain light emission patterns, which is posing the demand for a matched

secondary optical lens along with the original first level optics. Due to the point source

characteristics of the LED chip, the glare issue has prompted the LED community to develop

highly efficient secondary lenses to reduce the glare effect. In the meanwhile, the cost pressure

is always there when compared to the traditional lighting sources, so the functional integration

(either monolithically or in a hybrid way) seems to be essential.
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Reliability has been the focus of LED industries. LED has been regarded as a more reliable

light source compared with traditional light sources. To make LED worthy of the fame,

systematic reliability monitoring will be needed before the products are shipped out. Usually,

reliability tests are very costly and time-consuming. Therefore, rapid reliability evaluation will

be an alternative. It will be difficult to develop a more efficient reliability evaluation method if

there still exists poor failure analysis methods, lack of the appropriate test methodology and

standards, and shortage of an effective approach to evaluate the safety of the lighting fixtures.

Based on all these issues, there was an urgent need, both for industry and for academy, for a

comprehensive book covering the current state-of-the-art technologies in the design of LED

packaging for solid state lighting applications. This book has been written in such a way that

readers can quickly learn about the fundamental theories and problem-solving techniques, as

well as understand the design trade-offs, and finally make accurate system-level decisions.

Dr. Sheng Liu and Dr. Xiaobing Luo have done a significant amount of work and brought

together all the useful information from the latest technical publications related to LED

packaging. They have togetherwritten this technical book entitled LEDPackaging for Lighting

Applications, an informative book for both industrial and academic users. It is appropriate to be

used either as an introductory book for those who are just entering this field or as an up-to-date

reference for those who have been engaged in LED packaging and lighting module/system

development for some time.

This book covers the subject of LED packaging and related lighting applications on several

key topics – high power packaging development trends, optical design of high power LED

packaging modules with the focus on the integration of secondary optics into the device

packaging, thermal management, reliability engineering including the analysis of failure

mechanisms andmethod of quick evaluation, advanced design of LEDpackaging applications,

and, in the final chapter, an introduction to standards andmeasurementmethods including LED

street lights. I am also delighted to find that both authors havemade significant efforts to discuss

the connection between chip level design (such as surface roughening and color uniformity)

and packaging efficiency. I would like to join the authors in hoping that this bookwill attract the

attentions of engineers and applied scientists working in this field, as well as faculty and

students, to become aware of the design challenges that must be overcome in order to provide

the best products to the market. Let us work together to achieve a greener Earth by lighting the

Earth by LED.

B. J. Lee

Chairman, Epistar Corporation

Foreword xiv
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Preface

Eight years ago, when the first author was a newcomer in LED packaging, he thought that LED

packaging must be easier than integrated circuit (IC) packaging, as there were only two input/

output (IO) terminals for most LED packaging, while for IC packaging, IOs tended to be in the

hundreds and thousands and there were already many different packaging types such as plastic

packaging, ball grid array, flip-chip, wafer level packaging, chip-scale packaging, and so on.

After visiting many leading packaging houses and going through details of packaging in our

laboratory and at those collaborating companies, he found that the packaging of LED was not

that easy. According to the classical definition of conventional IC packaging, there are four

major functions of a packaging: powering, signal distribution, thermal management, and

mechanical protection. Powering has actually become a bottleneck for the claimed long life of

the LED. What is also unique about the packaging is that light and color associated with light

are new. Thermal management is also challenging due to the requirement for a lower junction

temperature, which is related to both the chip design and packaging design. Mechanical

protection is also important due to the natural use of those materials with poor adhesion and

possible poor material handling in the early stage of process development.We began to be very

interested in high power LEDpackaging in 2005 and have spent a lot of efforts since then. It has

been the belief that the knowledge learned in the past 20 years in IC packaging can be applied to

LED packaging and in particular the concept of system in packaging (SiP), which is still a hot

research topic in IC packaging and a useful industrial practice as well, can be further developed

in LED packaging. This book intends to assemble what we have learned in the past few years

into a useful reference book for both the LED and IC packaging communities, with the hope

that the results to be presented are going to benefit engineers, researchers, and young students.

Therefore, this book focuses on solid state lighting by light emitting diode (LED) and it is

intended for design engineers, processing engineers, application engineers, and graduate

students. It is also helpful for art designers for buildings, roadways, and cities. This book

provides quantitative methods for optical, thermal, reliability modeling and simulation so that

predictive quantitative modeling can be achieved. It proposes Application Specific LED

Packaging (ASLP) to integrate the secondary optics into the first level device andmodules. This

book also further develops System in Packaging (SiP) for LED modules and applications and

provides a co-design approach for the rapid design of module and lighting systems so as to

minimize the time to market for LED products. Fundamental research is also presented to

satisfy the interests of the active researchers.

Since the first light-emitting diode (LED) was invented by Holonyak and Bevacqua in 1962,

the field has experienced great breakthroughs particularly in the early 1990s byNakamura from
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Nichia Corporation of Japan. Nakamura successfully prepared high-brightness blue and green

LED in GaN-based materials. LEDs have made remarkable progress in the past four decades

with the rapid development of epitaxy growth, chip design and manufacture, packaging

structure, processes, and packaging materials. White LEDs have superior characteristics such

as high efficiency, small size, long life, dependable, low power consumption, high reliability, to

name a few. The market for white LED is growing rapidly in various applications such as

backlighting, roadway lighting, vehicle forward lamp, museum illumination, and residential

illumination. It has been widely accepted that solid state lighting, in terms of white LEDs, will

be the fourth illumination source to substitute the incandescent lamp, fluorescent lamp, and

high pressure sodium lamp. In the next five to eight years, with the development of the LED

chip and packaging technologies, the efficiency of high power white LEDwill reach as high as

160 lm/W to 200 lm/W, which will broaden the application markets of LEDs furthermore and

will also change the lighting concepts of our life.

There are already five books on this topic available to readers. They are Introduction to Light

Emitting Diode Technology and Applications by Gilbert Held in 2008, Light-Emitting Diodes

by E. Fred Schubert in 2006, Introduction to Solid-State Lighting by Arturas Zukauskas,

Michael S. Shur, and Remis Gaska in 2002, Introduction to Nitride Semiconductor Blue Lasers

and Light Emitting Diodes by Shuji Nakamura, and Shigefusa F. Chichibu in 2000, and Power

Supplies for LED Driving by Newnes in 2008. However, all of them allocated a very small

section to LED packaging and there is no book focusing on high power LED packaging for

applications. The authors thought that this might be due to the highly proprietary nature of

high power LEDs. In addition, there are no books dedicated to reliability engineering and

standards. In recent years, China has been pushing hard for many demonstration projects in

LED. Many lessons have been learned and there is an urgent need for both reliability and

standards for both modules and light fixtures. Both authors feel obligated to explore these

subjects and contribute to this community by sharing their recent findings so as to promote the

healthy development of high power LED packaging and their applications. Chapter 1 provides

an introduction of LED. Chapter 2 provides the fundamentals and development trends of high

power LED packaging, demonstrating that LED development follows a similar trend to IC

packaging. Optical design of high power LED packaging module is discussed in Chapter 3,

with the focus on the importance of integration of secondary optics into the device packaging

level and more integration of other functions to form more advanced modules. Chapter 4 is

devoted to the basic concepts in thermal management. Chapter 5 is devoted to the reliability

engineering of high power packaging with the preference of physics of failure based

modeling and sensors based prognostics health management for LED systems and more

robust models with more physical variables and integration of processing, testing, and field

operation. Chapter 6 is devoted to the design of LED packaging applications to sufficient

details. Chapter 7 provides an introduction to standards and measurement methods for

some applications.

Wehope this bookwill be a valuable source of reference to all thosewho have been facing the

challenging problems created in the ever-expanding application of high power LEDs. We also

sincerely hope it will aid in stimulating further research and development on new packaging

materials, analytical methods, testing and measurement methods, and even newer standards,

with the objective of achieving a green environment and eco-friendly energy saving industry.

The organizations that know how to learn about the design andmanufacturing capabilities of

high power LED packaging with high reliability have the potential to make major advances in

Preface xvi
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developing their own intellectual properties (IP) in packaging and applications, to achieve

benefits in performance, cost, quality, and size/weight. It is our hope that the information

presented in this book may assist in removing some of the barriers, avoid unnecessary false

starts, and accelerate the applications of these techniques. We believe that the design of high

power LED packaging for applications is limited only by the ingenuity and imagination of

engineers, managers, and researchers.

Sheng Liu, PhD, ASME Fellow

ChangJiang Scholar Professor

School of Mechanical Science and Engineering

and Wuhan National Laboratory for Optoelectronics

Huazhong University of Science and Technology

Wuhan, Hubei, China

XiaoBing Luo, PhD, Professor

School of Energy and Power Engineering

and Wuhan National Laboratory for Optoelectronics

Huazhong University of Science and Technology

Wuhan, Hubei, China

xvii Preface
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1

Introduction

1.1 Historical Evolution of Lighting Technology

In the history of human development, lighting sources have experienced numerous changes

initially from collecting natural fire sources to making fire by drilling wood. The development

of lighting has witnessed the progress of human history. Fire plays an important role in human

history in that it provides humans with food, warmth, and brightness. The use of fire follows the

tremendous progress of human civilization. Prior to the eighteenth century, fire had always

been a lighting tool for humans, the form of which developed from torch, animal oil lamp, and

vegetable oil lamp to the candle, and later to the widely used kerosene lamp. Humans have

never stopped exploring new lightingmethods. During the use of oil lamps, thewick developed

from grass to cotton to multi-strand cotton. Around the third century BC, people made candles

with beeswax. In the eighteenth century, candles had been made with paraffin, and mass

production of candles was enabled by using machines. In the ninteenth century, the British

invented the gas lamp that was originally used as a street lamp. Because of its flickering flame,

and the harmful gases that would be produced when it was extinguished, the gas lamp was not

very safe and was very dangerous for indoor uses. However, through improvements, the gas

lamp replaced the kerosene lamp in tens of thousands of households. These light sources all

depended on the flames of the burning materials to provide light. In the eighteenth century, the

invention of electricity greatly promoted the development of society, bringing new opportu-

nities for the provision of lighting. In 1809, David Humphrey in Britain invented the arc light,

using an electrical light source that was produced by the separation of two contacting carbon

rod electrodes after electrifying the electrodes in the air [1]. It was used in public and was the

first electric light source for practical lighting before the invention of the incandescent lamp.

However, because burning produced a hissing sound and the light was too bright, it was not

appropriate for indoor lighting. In 1877, a Russian invented the electric candle by modifying

the structure of the arc light, but its performance was not improved. At that time, many

scientists began to explore a new, safe, and warm light source.

After a long time trial, the US inventor Thomas Edison lit the world’s first lamp that had

practical value in October 21, 1879. During this process, Edison conscientiously summarized

the failures of previous trials in the manufacturing of electrical light and developed a detailed

LED Packaging for Lighting Applications: Design, Manufacturing and Testing, First Edition. Sheng Liu and
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experimental plan. Edison experimented with a variety of plants, and decided to use bamboo

thread after it had been carbonized. The available lighting time after the production of the

electric bulb increased to 1200 hours. The use of this bamboo thread light lasted for more than

20 years. In 1906, Edison used a tungsten filament to improve the quality of the electric bulb,

and this is the incandescent lamp that has been used till now.

In 1959, the halogen tungsten circulation theory was discovered to help invent halogen

tungsten lamp. Its luminous efficiency was better than the ordinary incandescent lamp.

The invention of the incandescent lamp illuminated the world, but from the perspective of

energy utilization, there existed a serious drawback. Only 10–20% of the power had been

converted into light, the remainingpower beingdissipated in the formof heat. Scientists begana

new journey to explore new lighting lamps in order to make better use of energy. In 1902, Peter

CooperHewitt invented theMercury lamp, thephotovoltaic efficiencyofwhichwas thengreatly

enhanced,butwithobviousdrawbacks. It radiated a largeamount of ultra-violet rays,whichwas

harmful to the human body and the light was too strong. Therefore it was not widely used.

In 1910, the Neon light was put into use. The light was emitted by the cold cathode glow

discharge in the high-voltage field of a low pressure inert gas in the glass tube. The spectral

properties of the inert gas determined the color of the neon.

Mercury lamps aroused many scientists’ interests further. They found that as long as the

inner wall of the mercury lamp tube was painted with a fluorescent material, then, when the

ultraviolet rays of mercury were projected on it, the large amount of harmful ultraviolet rays

would be excited into visible light. However, due to the poor start-up device of mercury, the

scientists encountered serial failures during actual operation. In 1936, George E. Inman and

other researchers produced fluorescent lamps which were different from mercury lamps by

using a new start-up device. This fluorescent lamp was made by filling a glass tube with a

certain amount of mercury steam, coating phosphor inside the tube wall, and installing one

filament at each end of tube as an electrode. This light was brighter than the incandescent. It had

a higher efficiency of power energy conversion, larger illumination area, and could be adjusted

into different light colors, therefore it went into the homes of ordinary people right after it came

out. Because the ingredients of fluorescent lamp were similar to those in daylight, it had been

called the “daylight lamp”.

Mercury in the fluorescent tube caused environmental pollution, therefore, scientists and

manufacturers of lighting began to seek new lighting sources. In the late 1960s, a high pressure

gas discharge lamp such as a high pressure sodium lamp andmetal halide lamp emerged, which

are shown in Figure 1.1.

1.2 Development of LEDs

As far back as 1907, Henry Joseph Round found that the SiC crystal emitted yellow light when

studying the non-symmetrical current path on the contacting point of silicon carbide. The first

diode should be called the Schottky diode instead of the p–n junction diode. The real

application of the principles of semiconductor light-emitting into a light-emitting diode (LED)

began in the early 1960s. The General Electric’s Nick Holonyak Jr. used GaAs to develop the

first commercial red GaAsP LED by using vapor-phase epitaxy. At that time, production yield

was very low and the price was very high. In 1968, Monsanto in the USA became the first

commercial entity to produce LEDs. It began to establish a factory to produce low-cost GaAsP

LED Packaging for Lighting Applications 2
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LEDs, opening a new era of solid-state lighting. Between the years of 1968 and 1970, sales of

LEDs doubled every few months. During this period, this company cooperated with Hewlett-

Packard to reduce the LED production costs and improve performance. Commercialized

GaAsP/GaAs LED devices produced by them became the leading products on the market.

However, the luminous output of these red LEDs in that period was 0.l lm/W, much lower than

15 lm/W of the average incandescent. Monsanto’s technological backbone, M. George Cra-

ford, has made great contribution to the development of LEDs. He and his colleagues

successfully developed yellow LED in 1972. The method they adopted was to grow a

nitrogen-doped GaAsP excitation layer on the GaAs substrate. Almost at the same time, ZnO

doped red GaP LED and the N-doped GaP green LED devices appeared with a liquid phase

epitaxy (LPE) growth. Therefore, Monsanto’s research team could produce red, orange,

yellow, and green LED devices through doping nitrogen to GaAsP by adopting vapor phase

epitaxy method.

In 1972, the Hamilton Company produced the first digital watch with an LED display. In the

mid-1970s, the portable digital calculatorwas produced by theTexas InstrumentCompany, and

Hewlett-Packard had a seven-segment digital display composed of redGaAsPLEDs.However,

the power consumption of an LED display at that time was very large. Therefore, the demand

for power consumption of the liquid crystal display screen (LCDs) that appeared in the late

1970s was very strong. In the early 1980s, LCDs soon replaced LEDs in calculators and

watches display.

The company producing the first color televisions, Radio Corporation of America (RCA) in

July 1972 adoptedmetal halidevapor phase epitaxy growth (MHVPE) andMg-dopedGaNfilm

to obtain blue, violet light with the 430 nm emission wavelength. A major technical break-

through in the early 1980s was the development of an AlGaAs LED that could emit light with a

light-emitting efficiency of 10 lm/W. This technology progress enabled LED to be used in

outdoor sports information displays, as well as installation of light equipment such as a center

high mount stop lamp (CHSML) in cars.

From the late 1980s to 2000, as a result of new LED technologies such as AlGaInP material

technology, multi-quantum wells excitation region, and GaP transparent substrate technology,

the size and shape of the naked chip (that is, a chip not packagedwith othermaterials) have been

further developed. In the early 1990s Hewlett-Packard and Toshiba successfully developed

GaAlP LED devices by using metal organic chemical vapor deposition (MOCVD) technology.

Figure 1.1 High-pressure sodium lamp.

3 Introduction

IPR Page 22



Because of its high light-emitting efficiency and wide color range, it gained extensive attention

and was developed rapidly, especially after Craford et al. successfully developed transparent

substrate technology. The light-emitting efficiency was improved to be 20 lm/W, exceeding the

light efficiency of incandescent. Recently, the use of technologies such as the flip-chip structure

has further improved luminous efficiency. In 1993, Shuji Nakamura et al. in Nichia Company of

Japan used two-flow MOCVD technology to solve the annealing process of p-type InGaN

material. After that, they successfully developed ultra-high brightness blue LED devices with

sapphire as substrates. Soon the green andblue-greenLEDswere launched in succession.At that

time, thehighbrightnessGaInNgreenLEDswerewidelyused in traffic lights, but theapplication

ofearlyN-dopedGaPgreenLEDswere limitedbecauseof their lowluminousefficiency. In1996,

Nichia introduced white light-emitting diodes which used the blue LED chip covered with

phosphor composed mainly of yttrium aluminium garnet (YAG). Not long after, the Cree

Company in the USA also used blue green LED devices of InGaN/SiC structure with SiC as

substrate. Through continuous improvement, the performance of this device is the same as the

device of the sapphire substrate. In recent years, research in the ultraviolet (UV)LED technology

also has made significant progress, so as to lay the foundation for new-type white light devices.

With the current advances in LED technology, more applications of white LED have

gradually become possible, including indicators, portable flashlights, LCD screen backlight

panels, automotive instrumentations, medical devices, road lamps, indoor lights, and so on.

The industry predicts that white LED will be widely used in general lighting areas within the

next 10 years. Figures 1.2–1.5 gives some typical applications of LEDs.

Figure 1.2 LED tunnel lighting in Shanghai Changjiang River Tunnel, China. (Reproduced with

permission from www.gd-realfaith.com, Guangdong Real Faith Enterprises Group Co., Ltd., accessed

April 12, 2011.)
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Figure 1.3 LED tunnel lighting in Guizhou Province, China. (Reproduced with permission fromwww.

gd-realfaith.com, Guangdong Real Faith Enterprises Group Co., Ltd., accessed April 12, 2011.)

Figure 1.4 LED road lighting in Guangdong Province, China. (Reproduced with permission from

www.gd-realfaith.com, Guangdong Real Faith Enterprises Group Co., Ltd., accessed April 12, 2011.)
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1.3 Basic Physics of LEDs

An LED can convert electrical energy into light energy. The main functional part of LED is a

semiconductor chip. Like a normal diode, the current flows from the p-side to the n-side.When

an electron meets a hole, it falls into a lower energy level, and releases energy in the form of

a photon. This is the principle of LED light emitting. The wavelength of the light emitted

depends on the materials forming the P–N junction.

1.3.1 Materials

Different materials for manufacturing LEDwill generate photons with different energy levels,

thus the wavelength of light could be adjusted. In early days, the LED industry used a

GaAs1� xPx structure to produce an LED of any wavelength in the scope from infrared light to

green light theoretically. The typical ones include red GaAs0.6P0.4 LED, orange GaAs0.35P0.65
LED, yellow GaAs0.14P0.86 LED, and so on. Because gallium, arsenic, and phosphorus are

used, these LEDs are commonly known as ternary LEDs. The latest technology is to use

quaternary compound materials of AlGaInN of aluminum (Al), gallium (Ga), indium (In), and

nitrogen (N) to produce a quaternary LED, which can cover the spectral range of all the visible

light and part of the ultraviolet.

Figure 1.6 illustrates the relationship between the band-gap of compound semiconductors

and the chemical bond. The light emission wavelength of group III nitride covers a wide range

from infrared to ultraviolet wavelength.

Figure 1.5 LED road lighting in Guangdong Province, China. (Reproduced with permission from

www.gd-realfaith.com, Guangdong Real Faith Enterprises Group Co., Ltd., accessed April 12, 2011.)
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In 1965 came thefirst commercialLEDusingGaAsPmaterials.Thechip structurewas similar

to a common diode and its luminous efficiencywas very low, with only a few lumens of red light

emitted. With the development of semiconductor doping technology, Akira of Japan in 1985

prepared InGaAsP double heterostructure Lasers by the method of liquid phase epitaxy

(LPE) [3]. The brightness of AlGaAs LEDs exceeded that of previous LEDs, and they were

referred to as high-brightness LEDs subsequently [4]. Research in the 1980s was mainly

concentrated on the P–N junction and the improvement of quantum efficiency. By the early

1990s, the research of alloymaterials of quaternary III–V semiconductor InGaAlP had achieved

success [5–7]. While people focused on internal quantum efficiency (IQE), some researchers

turned their attention to the external quantum efficiency (EQE). Thus, the distributed Bragg

reflector (DBR) and the micro optical resonator cavity (RC) were introduced in the substrate

structure of semiconductormaterials,whichgreatly improved the external quantumefficiency of

LEDs [8–12]. Subsequently, the reflectorwas also improved to develop awide or total reflection

angle distributed Bragg reflector LED. Nakamura fromNichia Corporation of Japan completed

another great breakthrough in the early 1990s. He successfully prepared high-brightness blue

and green LEDs in GaN-based materials with luminous intensity exceeding 1 cd [13,14]. After

that, a single quantum well structure was used to obtain blue, green, and yellow InGaN-based

LEDs which exceeded 10 cd [15–17], extending light-emitting spectral region of LEDs from

650–560 nm to650–470 nm.TheLEDenjoyed the fastest development in the 1990s inwhich the

research was mainly focused on improving the external quantum efficiency and expanding the

light-emitting spectral range to achieve tricolor (red, blue, and green) LEDs. The emission

spectrum of LED has covered the entire visible spectrum area and the light emission efficiencies

of green and pure blue LEDs are close to and catching up with that of the red LED.

Table 1.1 shows the materials used in the LED light-emitting layer, including the epitaxial

substrate, production method, and the optical wavelength range. At present, the materials used

Figure 1.6 Relationship between the band-gap of compound semiconductor and the chemical bond

length. (Reproduced with permission from W.S. Zhang and C.G. Liang, “Progress in visible LED,”

Semiconductor Information, 34, 3, 1–9.)
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in the LED mainly include AlGaAs material systems, AlGaInP material systems, AlInGaN

material systems, as well as other material systems.

AlGaAs is suitable for manufacturing high-brightness red and infrared LEDs, mainly

produced by the liquid phase epitaxy (LPE) method, using a double-heterojuction (DH)

structure.AlAs,GaAs, and their alloys aremainly zincblende structure.AlxGa1�x Asband-gap

changes with x and light emission wavelength changes from 900 nm to 640 nm. The energy

band structure of material changes from direct band-gap into indirect band-gap, when the x

value exceeds 0.35. The epitaxial layer of the infrared region uses GaAs as a substrate. A high

quality epitaxial layer is achieved due to the small lattice mismatch. When the light emission

wavelength is 660 nm, light transmittance of GaAs substrate is very low, so that AlGaAs is

used as a substrate. However, it is very difficult to produce AlGaAs substrates. Therefore,

there have been few manufacturers to invest in its further development.

AlGaInP alloy is a new type of LED material used in recent years, which has a direct band-

gap structure in a large range of group III element component. The lattice constant of In0.5
(Ga1�xAlx) 0.5 P alloy has a slight mismatchwith that of GaAs substrates. As the x value adjusts

from 0 to 0.6, the wavelength of light emission changes from 660 nm to 555 nm. In the red

region to green region, high-efficient LED devices can be obtained. Because AlGaInP is

suitable for high-brightness red, orange, yellow, and yellow green LEDs, and the life test results

of red AlGaInP LED in high temperature and high humidity environment are better than red

AlGaAs LED. There is a trend for AlGaInP materials to become the mainstream of red LED.

The epitaxial growth of the AlGaInP system material in early days used liquid phase epitaxy

and vapor phase epitaxy (VPE) technology, but it had been difficult to obtain high quality

materials. Currently all the AlGaInP materials use MOCVD and molecular beam epitaxy

(MBE) growth technology. AlGaInP quaternary alloy material contains both Al and In,

therefore, growth temperature is important. The chemical bond of AlP is strong and chemical

bond of InP isweak, so that the appropriate growth temperature range is narrow.As a reference,

the growth temperature for MOCVD is about 700 �C, and the growth temperature for MBE is

about 500 �C. High growth temperature is favorable for AlP, but it is easy for InP to desorb out

from the surface at relatively high temperature, making it difficult for composition control.

Table 1.1 Material used in LED light-emitting layer [2]

Light-emitting Layer Substrate Production Method Light Color

GaP:Zn,O GaP LPE Infrared, Red

AlGaAs GaAs/AlGaAs VPE (CVD)

GaAsP

GaP:N GaP

AlGaP GaP Amber, Orange, Yellow

GaInP Sapphire

InGaN Sapphire/SiC MOCVD(MOVPE) Green, Emerald Green

ZnSe ZnSe MOCVD(MOVPE) Bluish Green, Blue,

Near Ultraviolet

SiC SiC MBE

AlGaN Sapphire/SiC HVPE

AlN Sapphire

LED Packaging for Lighting Applications 8
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Low growth temperature is suitable for the growth of InP, but the decrease of the diffusion

length of Al atoms will lead to three-dimensional island growth.

By changing the x value, GaAs1� xPx light emission wavelength changes from infrared to

green.Metal organic chemical vapor depositionmethod is used to growN-typeGaAsP, then Zn

is diffused to obtain P–N junction. When GaP is used as a substrate, 650 nm light emitted from

the GaAs0.45P0.55 based active layer cannot be absorbed by the substrate. With the progress

made in the technology of GaP single crystal substrate in recent years, and improvements in

epitaxial growth light-emitting layer crystal performance and the doping technology, the

brightness of GaAs0.45P0.55 based LED gradually increases, and the cost has lowered.

Gallium nitride and related group III nitride materials include the binary AlN, GaN, InN, the

ternary InGaN, AlGaN, and quaternary InGaAlN. The energy band structure of group III

nitride materials is direct band-gap. By adjusting the alloy compositions, continuously

adjustable band-gap energy from 0.7–0.8 eV (InN), 3.4 eV (GaN), to 6.2 eV (AlN) can be

obtained. Group III nitride therefore can cover such a wide spectrum from the ultraviolet to the

visible light to the infrared. Because group III nitride material has characteristics such as high

thermal conductivity, high electron saturation drift velocity, high critical breakdown voltage,

and high fracture toughness to resist defects growth, it has therefore become a suitable material

of choice for high-power LEDs. Due to the lack of suitable substrate materials, development of

group III nitride-basedmaterials has been limited over the years. Group III nitridematerials are

heteroepitaxially grown on a foreign substrate with a large lattice mismatch and thermal

expansion coefficient mismatch between the films and substrates. Despite the large lattice

mismatch and thermal expansion coefficient mismatch, GaN-based materials of device quality

have been able to be grown on the sapphire and SiC substrates. At present, the commercially

available gallium nitride devices are grown on sapphire and 6H-SiC substrates. Apart from

these two substrates, people have also developed other substrate materials, such as ZnO, Si,

MgO, and so on. In 1969, Maruska and Tietjen successfully prepared single crystal gallium

nitride thin film [19]. However, the research development of gallium nitridematerials was then

very slow, as the result of some factors such as no suitable substrate materials, high N-type

intrinsic carrier density, and the low P-type doping efficiency. After the 1990s, because of the

utilization of a low temperature buffer layer and the breakthrough of P-type doping technology,

the research on gallium nitride has been developed vigorously in a few leading countries, and

brilliant achievements have been made. InGaN/GaN a multiple quantum well (MQW) is often

used as an active layer in high-brightness green, blue, and violet LEDs, while GaN/AlGaN

MQW in ultra-violet LEDs, and a high-temperature MOCVD method is used for mass

production. The light-emitting efficiency is higher than that of AlGaAs, AlGaInP. The world’s

major companies have been actively involved in research and development of epitaxy

technology of related materials and have made a few breakthroughs. InGaN based high-

brightness blue and green LEDs have been commercialized in recent years.

The early research of blue light materials has been focused on group II–VI materials ZnSe

and the group IV materials SiC [20–22]. Although the II–VI group material band-gap covers

the entire visible spectrums and it is the direct band, since the existence of compensation effect,

it is hard to achieve heavily doped. It is difficult to make a good P–N junction and the injection

efficiency is not high. Blue LEDof ZnSematerial has the drawbacks of low reliability and short

life. Currently LED of ZnO materials are also facing this problem. Although blue SiC LED is

the earliest commercialized LED, its band-gap is indirect, and it is hard to obtain high-

brightness devices.
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At present, a high-brightness green LED is still facing the problem of low luminous

efficiency, as shown in Figure 1.7. Light emitting efficiency of blue light InGaN material and

red light AlInGaPmaterial decreases when entering the green light emission region. Therefore,

a high-brightness green LED has been a hot research topic.

1.3.2 Electrical and Optical Properties

(i) LED General Photoelectric Properties

The LED is one of the semiconductor P–N junction diodes. A P–N junction is formed when a

P-type and an N-type semiconductor are in contact, as shown in Figure 1.8. If the N-type and

P-type regions are made out of the same semiconductor material, the junction is called a

homojunction. If the semiconductor materials are different, the junction is known as

a heterojunction. When a P–N junction is first created, electrons from the N-type region

diffuse in the P-type region. When a mobile electron meets a hole, both hole and electron

recombine and vanish. For each electron hole that recombines, a positively charged dopant

Figure 1.7 Relationship between light emitting wavelength and luminous intensity. (Reproduced

with permission from W.S. Zhang and C.G. Liang, “Progress in visible LED,” Semiconductor Infor-

mation, 34, 3, 1–9.)

Figure 1.8 Light-emitting P–N junction.
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ion is left behind in the N-type region, and a negatively charged dopant ion is left behind in

the P-type region. As recombination proceeds and more ions are created, an increasing

electric field develops through the depletion zone that acts to slow and then finally stops

recombination.

In the forward voltage, the electron is injected from the N region to the P region, and

the hole is injected from the P region to the N region. Electrons combine with holes to

emit light.

Unlike a resistor, a P–N junction has a highly nonlinear current-voltage characteristic and is

often used as a rectifier. LED has the I–V characteristics of a general P–N junction: forward

conduction, reverse cut-off, and breakdown. In addition, under certain conditions, it also has

light-emitting properties. The relationship between its voltage and current can be shown in

Figure 1.9. The current-voltage characteristic of LED is related to the transport of carriers

through the depletion region that exists at the P–N junction.

The current-voltage (I–V) characteristic of a P–N junction was first developed by Shockley

and the equation describing the I–V curve of a P–N junction diode is therefore referred to as the

Shockley equation. The Shockley equation for a diode with cross-sectional area A is given

by [23]

I ¼ eA

ffiffiffiffiffiffi
Dp

tp

s
n2i
ND

þ
ffiffiffiffiffiffi
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 !
eeV=kT � 1
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where e, V, k, T, ni, ND, NA, Dn, Dp, tn, and tp are the elementary charge, applied voltage,

Boltzmann constant, working temperature, intrinsic carrier density, doping carrier density,

background carrier density, the electron and hole diffusion constants, and the electron and hole

minority-carrier lifetimes, respectively. Under reverse-biased conditions, the diode current

Figure 1.9 Current-voltage characteristics of a P–N junction.
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saturates and the saturation current is given by the factor preceding the exponential function in

the Shockley equation. The diode I–V characteristic can be written as

I ¼ Is eeV=kT � 1
� �

ð1:2Þ

Is ¼ eA
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Under typical forward-biased conditions, the diode voltage is V� kT/e, and thus

(exp(eV/kT) � 1)� exp(eV/kT). The Shockley equation can be rewritten, for forward-biased

conditions, as [24]
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The exponent of the exponential function in Equation 1.4 illustrates that the current strongly

increases as the diode voltage approaches the diffusion voltage, that is V�VD. The voltage at

which the current strongly increases is called the threshold voltage and this voltage is given by

Vth�VD.

(ii) LED Electrical Parameters

Allowed power (Pm): the allowedmaximum product of the forward DC voltage applied at both

ends of the LED and the current flowing through it. If exceeding this value, LED chip cannot

work normally.

Turn-on voltage (V0): the voltage drop produced between two electrodes of LED chips when

given a forward current. Generally, GaN LED turn-on voltage V0 is between 3V�4V. When

V<V0, the applied electric field cannot overcome the barrier electric field due to the diffusion

of the carrier, and the resistance of the LED is very high.

Maximum forward DC current (IFm): the allowed maximum forward DC current. If

exceeding this value, the diode can be damaged.

Maximum reverse voltage (VRm): the maximum reverse voltage allowed for P–N junction

applying reverse bias voltage. When the reverse bias voltage has increased so that V ¼ �VR,

then IR suddenly increases and the LED may be damaged by breakdown. Because different

types of compound materials are used, various LED reverse breakdown voltages VR are

also different.

Light response time: the time delay of lighting and extinguishing the LED, as shown in

Figure 1.10. Response time is closely related to carrier lifetime, junction capacitance of

devices, and circuit impedance. LED lighting time is the time of rising tr, which is the time

taken from 10% of normal brightness when the power is on up to 90% of normal brightness

reached. LED extinguishing time is the time of falling tf, which is the time taken for the normal

brightness reduced to 10% of the original one.

In the LED, the injected electron directly combines with the hole to emit light or is first

captured by the radiative recombination center and then combineswith the hole to emit light, as
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shown in Figure 1.11. In addition to this recombination light emission, there are also some

electrons that are captured by a non-radiative recombination center which is near the middle

level between the conduction band and valence band, and then combined with the holes.

The energy released is too small to form a visible light. The greater the proportion of radiative

recombination electrons to non-radiative recombination electrons is, the higher efficiency the

optical quantum has. Because recombination light emission only occurs in the diffusion region

between the P-type region and the N-type region, that light is generated only within a few

microns near the P–N junction. Theory and practice have proven that the peak wavelength l of
light is relevant to the band-gap Eg of semiconductor material in light emission regions, that is,

Figure 1.10 LED electro-optical response time.

Figure 1.11 Band diagram of a light-emitting P–N junction.
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l� 1240/Eg (nm). The unit of Eg is electron volt (eV). If visible light can be generated, Eg of

semiconductor material should be between 3.26–1.63 eV.

(iii) LED Optical Parameters

Luminous flux (Fv): total radiation flux emitted by LED in the entire space per unit time. The

luminous flux unit of visible light LED is lumen (lm). Considering that human eyes do not have

the same feeling for visible light of different wavelengths, the International Commission on

Illumination (CIE) summarized human eyes’ sensitivity to monochromatic light of different

wavelengths. The optical sensitivity experiment had been conducted by many observers and

the resulting average was used. The CIE standard eye is an optical sensor with sensitivity

corresponding to the function V(l): the maximal value occurs at a wavelength of lm¼ 555 nm.

Luminous flux characterizes the radiation energy of the LED total light and symbolizes the

strength and weaknesses of device’s performance.

Spectral energy distribution: the spectral energy distribution is radiation energy distribution

of spectrumof a certain range in the radiationwavelengths, because the light emitted by a light-

emitting diode is not a single wavelength. At the same time, the luminous intensity or optical

power output of theLEDchangeswith thewavelength.A spectral distribution curve is shown in

Figure 1.12. When the curve is established, the related chromaticity parameters such as the

device’s dominant wavelength, color purity, and so on are then determined. The LED spectral

distribution is dependent on the type, the property and structure of P–N junction, such as the

epitaxial layer thickness, doping impurities, and so on of the compound semiconductor used in

preparation, but has nothing to do with the device’s geometry and package.

Light intensity (IV): usually referring to the light intensity in normal direction. It is an

important property characterizing light emission strength of light emitting devices. It has

strong directivity due to the role of the convex lens: the light intensity in the normal direction

maximum with horizontal angle of 90�. Lambert is the most common light intensity

distribution of the LED and can be expressed as: I(y)¼ I0cosy, where I0 is the light intensity

Figure 1.12 LED spectral distribution.
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in the normal direction. If radiation intensity in one direction is (1/683) W/sr, then light

emitting is 1 candela (cd). Because the general low power LED has a small light intensity, the

light intensity commonly uses millicandela (mcd) as unit.

Peak wavelength (lp): The wavelength corresponding to the maximum value of the spectral

radiant power. SomeLEDsmay not emit onlymonochromatic light, that is, theymayhavemore

than one emitting peak. Dominant wavelength is introduced to describe the LED color

characteristics. Dominant wavelength is the wavelength of main monochromatic light emitted

by the LED.

Spectral half-wavewidth (Dl): The interval between twowavelengths corresponding to half
of the radiation power of peak emission wavelength, it represents the spectral purity of light-

emitting diodes. On both sides of the peak of the LED spectrum line�Dl, there are two points
whose light intensity is equivalent to half of the peak (maximum light intensity). These two

points correspond to lp �Dl, lp þDl. The width between them is called the spectral width,

also known as half-power width or half-height width.

Half-value angle (y1/2) and visual angle: The angle between direction in which the luminous

intensity value is half of the axial intensity and axial (normal) direction. Visual angle is twice of

half-value angle.

The 1931CIE-XYZ system, in accordance with the wavelength of three primary colors red,

green, and blue recommended by CIE have their wavelengths of 700 nm, 546.1 nm, and

435.8 nm, respectively, and their coordinates in the 1931CIE-RGB system and the 1931-XYZ

system are shown in Table 1.2. and Figure 1.13.

Compared to other semiconductor materials, group III nitride materials have a strong

polarization electric field and piezoelectric effect. The absolutevalue of piezoelectric constants

of group III nitrides ismore than ten times larger than the traditional arsenic compounds, which

are known as the largest piezoelectric constants among semiconductors. For these reasons,

spontaneous polarization of group III nitride and piezoelectric polarization have larger impact

on the devices’ optoelectronic performance than any other group III–V compounds. This will

have a significant impact on physical properties and device performance of nitrides materials.

Because the electric field can affect the shape of the band-edge and the distribution of carriers in

nitride heterojunction, the direction of spontaneous polarization is determined by its polarity

and is sensitive to structural parameters. The direction of the piezoelectric field is determined

bywhether thematerial is subjected to tensile stress or compressive stress. In the currently used

MOCVD technology, high-quality nitride materials are grown along the (0001) axis.

Changes of band-edge caused by internal spontaneous polarization and piezoelectric field of

gallium nitride have significant impact on its optical properties. As a result of the Stark and

Franz–Keldysh effects, effective band-gap width of gallium nitride red shifts, the recombi-

nation rate of electrons and holes will drop due to the spatial separation of holes and electrons.

Table 1.2 Coordinates in 1931CIE-RGB system and 1931-XYZ system [25]

RGB System Chromaticity Coordinates XYZ System Chromaticity Coordinates

R G B X Y Z

(R) 1 0 0 0.7347 0.2653 0.0000

(G) 0 1 0 0.2737 0.7174 0.0089

(B) 0 0 1 0.1665 0.0089 0.8246
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These physical effects will change the electroluminescent energy of GaN or InGaN quantum

wells and the recombination rate of carriers of group III nitrides. A strong internal electric field

would improve the accumulation of electrons and holes in the interface of AlGaN/GaN. This

effect can be used by a heterostructure field-effect transistor.

The electrical properties of gallium nitride material are major factors influencing the device.

Because quality of gallium nitride prepared by different research groups varies greatly, reports

on its electrical properties are often different in the literature. With the continuous improve-

ment of gallium nitride crystal quality, the understanding of gallium nitride has been better

developed. Unintentionally doped gallium nitride shows N-type in a variety of situations.

The intrinsic carrier concentration of the gallium nitride sample reported in recent years can be

reduced to about 1016 cm�3 [26,27]. It is generally believed to be caused by nitrogen

vacancies [28–30]. The P-type samples prepared under the general circumstances are highly

compensated [31,32], and have been able to control the doping concentration in the range of

1018 cm�3 through the low-energy electron beam irradiation [33] or thermal annealing

treatment [34].

Carrier mobility is a basic parameter very important for determiningworking characteristics

of semiconductor devices. In theory, Littlejohn et al. calculated the gallium nitride low-field

mobility at room temperature.When they calculated ionized impurity concentration of gallium

Figure 1.13 CIE1931 chromaticity diagram [25].
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nitride as 1020�1017 cm�3, its mobility will be 100–1300 cm2/V� s [35]. In experiments,

material quality depends closely on the substrate chosen. If the substrate varies greatly with

lattice constants of an epitaxial layer, in order to accommodate the lattice mismatch, many

extended defects will be formed and lead to decreasing of Hall mobility, such as gallium nitride

directly grown on sapphire at high temperature whose Hall mobility is only 10�30 cm2/V� s.

Pre-deposition of theAlNbuffer layer prior to the growth of galliumnitride can greatly raise the

Hall mobility of gallium nitride, which is 350–400 cm2/V� s at room temperature. Using

gallium nitride as the buffer layer can further raise the gallium nitride mobility. Nakamura

et al. used MOCVD to grow the buffer layer of gallium nitride at low temperature with

20 nanometers and grow high temperature GaN whose Hall mobility at room temperature

reached 900 cm2/V� s and mobility at 70K was 3000 cm2/V	s [36].
Many researchers studied optical properties of group-III nitride. Maruska and Tietjen first

measured the direct band-gap of gallium nitride to be 3.39 eV [37]. Monemar reported that

the band-gap of gallium nitride below 1.6K to be 3.503 eV [38]. Many people have studied

the relationship between band-gap and temperature. Different researchers assume that the

relationship between gallium nitride band-gap energy and temperature is compliance with the

following formula:

Eg ¼ Eg0 � acT2

T � T0
ð1:5Þ

where Eg0 is the band-gap of GaN at absolute zero degree Kevin, ac and T0 are the correction
factors. The values calculated by different researchers are different, as shown in Table 1.3.

The photoluminescence peak of gallium nitride at room temperature are usually the only

band-edge and peak at around 3.4 eV, the yellow band peak at around 2.2 eV, and sometimes the

blue band peaking at around 2.9 eV can be observed as well. The sample band-gap peak with

poor crystal quality forms higher defect levels whose side band of photoluminescence peak at

room temperature weakens and the yellow band strengthens. Thus, people use the ratio of

gallium nitride band-edge peak to the yellow band intensity to measure the crystal quality.

Yellow bands are likely to appear in single crystal gallium nitride and gallium nitride thin films

grown in different ways. Studies have shown that pre-reaction of the growth process has a great

influence on the yellow band [42]. Studies show that the yellow band is generated by a deep-

level recombination. Also, they believe that this deep-level is a complex compound of VGa and

carbon impurities [43,44]. Researchers believe that yellow band is transition from a deep donor

to an acceptor [45,46]. There are many articles in literatures [47,48] reporting that the yellow

band is generated by the transition induced by the defects. Theoretical calculations show that a

yellow luminous center depends on VGa and oxygen donor. Because VGa forms complex

compounds with its nearest neighbor ON having lower formation energy, this is likely to be the

Table 1.3 Temperature dependence band-gap energy of gallium nitride

Reference Eg0 (eV) ac (eV/K) T0 (K)

[39] 3.471 � 9.3� 10� 4 772

[40] 3.489 7.32� 10� 4 700

[41] 3.503 5.08� 10� 4 � 996
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main reason for generating a yellow band. The luminous peak around 2.9 eV sometimes

appears on undoped gallium nitride photoluminescence at room temperature [49]. This peak

intensity is weak, often referred to as the blue band.

1.3.3 Mechanical and Thermal Properties

Because there is no appropriate substrate material matched with the group III nitride crystal

materials, the current group III nitride materials are grown on sapphire, silicon carbide and

silicon substrates through heteroepitaxy. The defect density up to 1010 cm�2 with orders of

magnitude exists in the group III nitride material film obtained. High-density defects not only

affect the light emission characteristics of group III nitridematerial, but also seriously affect the

service life of the LED. How to reduce defect density in thin film materials of group III nitride

materials becomes a major problem of LED epitaxial manufacturing. In addition, deformation

and stress exist in the LED epitaxial growth processes. The loading processes such asmismatch

among the materials, MOCVD flow field, temperature field and gas components will be

accompanied by the emergence of stresses and strains. Different stress conditions in the

multiple quantum well may increase or decrease the chip light extraction efficiency, cause

defects and even damage, thus affecting the consistency, yield, and reliability of the products.

The impact of epitaxial materials’ stress/strain on their properties requires detailed parameters

of mechanical and thermal properties. Table 1.4 presents mechanical properties of the group III

nitride materials. Table 1.5 presents typical thermal properties of group III nitride materials.

Thermal expansion coefficient is one of themost basicmaterial properties. It not only affects

some thermal properties of materials, such as thermal conductivity, specific heat capacity, and

so on, but also affects the band-gap of materials. The value of coefficient of thermal expansion

depends on materials’ defect density, free charge concentration, stress/strain, and so on.

Thermal expansion coefficient is particularly important to the epitaxial growth. There is the

mismatch thermal expansion coefficient between the substrate and the epitaxial thin-film that

leads to strain in the epitaxial film. People often use the linear thermal expansion coefficient to

Table 1.4 Mechanical properties of the group III nitride materials

Linear Elastic Constants (GPa)

C11 C12 C13 C33 C44 B

Experiment 345 125 120 395 118 201 [50]

AlN 411 149 99 289 125 210 [51]

Calculation 464 149 116 409 128 228 [52]

398 140 127 382 96 218 [53]

396 137 108 373 116 207 [54]

Experiment 296� 18 130� 10 158� 5 267� 17 24� 2 195 [55]

GaN 390� 15 145� 20 106� 20 398� 20 105� 10 210 [56]

Calculation 369 94 66 397 118 146 [57]

396 144 64 476 91 172 [58]

InN
Experiment 190� 7 104� 3 121� 7 182� 6 10� 1 139 [55]

Calculation 271 124 94 200 46 147 [59]
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solve thermal and contingent problems. But sometimes it is difficult to obtain the accurate

strain results by linear thermal expansion coefficient. Thus, the nonlinear thermal expansion

coefficient is needed. Some researchers have studied nonlinear thermal expansion coefficient

through experiment and theoretical research [73]. The relationship between the thermal

expansion coefficient of gallium nitride material and temperature is shown in Figure 1.14 [74].

1.4 Industrial Chain of LED

High efficiency energy saving solid state lighting, known for long service life, has been

listed in Medium and Long Term Program for National Scientific and Technological

Development Outline in China (2006–2020) as the most preferential theme. During the

Table 1.5 Thermal properties of group III nitride materials

Thermal

Properties

Gallium Nitride

(Wurtzite) [60–64]

Indium Nitride

(Wurtzite) [60,65–68]

Aluminum Nitride

(Wurtzite) [64,69–72]

Debye Temperature (K) 820 980 660

Specific Heat at 300K

(Jg� 1 �C� 1)

0.49 0.73 0.30

Temperature Coefficient

of Specific Heat

0.456 þ 0.107� 10� 3T

(298<T< 1773)

1.097 þ 7.99� 10� 5T �
0.358� 105T� 2

(300<T< 1800)

9.39� 10� 5T

(298<T< 1273)

Thermal Conductivity

(Wcm�1 �C� 1)

>2.1 2.85 0.45

Thermal Expansion,

Linear (�C� 1)

a¼ 5.59� 10� 6 a¼ 4.2� 10� 6 a¼ 3.8� 10� 6

c¼ 3.17� 10� 6 c¼ 5.3� 10� 6 c¼ 2.9� 10� 6

Figure 1.14 The relationship between the thermal expansion coefficient of gallium nitride material and

temperature. (Reprinted with permission from M. Leszczynski, T. Suski, H. Teisseyre et al., “Thermal

expansion of gallium nitride,” Journal of Applied Physics, 76, 8, 4909–4911, 1994. � 1994 American

Institute of Physics.)
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Eleventh Five-Year Plan of China, semiconductor lighting has been treated as one of the

high-tech industries with key national support. Many leading countries and areas such as

USA, Japan, Taiwan, Korean, Netherland, and German also have active research plans for

LED and lighting applications.

Industrial technology system of solid state lighting mainly includes four key technological

fieldswhich are shown in Figure 1.15 and Figure 1.16: epitaxymaterial technology, chip design

and manufacturing, packaging materials and process technology and system integration

technology and applications. Among the four fields, epitaxy material technologies and

equipment consist of substrate materials such as GaN, SiC, Al2O3, Si, AlN, ZnO, MgO, and

composite substrates and so on and certain epitaxial technologies; chip design andmanufactur-

ing consist of wafer preparation, micro-micro manufacturing such as wafer thinning by

Figure 1.15 Schematic of the sequence in terms of major business classification.
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mechanical grinding and CMP (chimerical-mechanical-polishing), surface roughening/micro-

structures by etching, photonic crystal and microlenses by nano-imprinting, wafer bonding/

debonding, and substrate transfer; packaging technologies consist of single-chip packaging,

multi-chip packaging, heat dissipation technology, secondary optics technology, phosphor

preparation and coating technology and so on; system integration technology and applications

consist of systematic module and lighting fixture structural design of lighting source, color

control technology, powering circuit and lamp integration technology, and needed reliability

technology and so on.

1.4.1 LED Upstream Industry

Upstream industry mainly refers to epitaxy and chip manufacturing. Due to the high

development of epitaxy process, devices’ key components such as emitting layer, cladding

layer, buffer layer, and reflector and so on can be accomplished in the epitaxy process. As to

chip micro-manufacturing, it mainly deals with the design of electrodes with appropriate

current spreading, optical microstructures with high light extraction, segmentation and testing.

Presently, epitaxial methods for producing various brightness LEDs mainly include

MOCVD, LPE, and VPE. The MOCVD method is used to produce red, yellow, and green

LED epitaxial materials as well as blue, green, and ultraviolet epitaxial materials. The LEP

method is used to produce ultra-high brightness red LED epitaxial materials and red and green

LEDmaterials with normal brightness. As for VPE, it is used tomanufacture gallium-arsenide-

phosphide epitaxial materials with ultra-high brightness gallium-phosphide as substrates.

While zinc selenide white LED epitaxial materials, as a particular case, is manufactured by

MBE which could also make the materials achieve ultra-high brightness level. However, these

kinds ofmaterials are not inmass production presently. Schematic of a typical epitaxial process

is shown in Figure 1.17.

Enterprises producing LED chips are often called Chip Manufacturers for short. Their chief

mission is to transfer epitaxial wafers into LED chips with positive and negative electrodes.

Figure 1.16 Industrial technology system of solid state lighting.
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This kind of LED chip can be divided into two categories according to different electrode

positions: one is that with electrodes on the upper and lower sides such as indium-gallium-

nitrogen chips grown on silicon carbide substrates, gallium-phosphide chips, gallium-

aluminum-arsenide chips, and gallium-arsenide-phosphide chips; the other is that with

electrodes on the same side such as epitaxial materials around sapphire substrates. Owing to

substrate’s being insulated, positive and negative electrodes have to be on the same side. As to

its fabrication process, it includes metal film plating, lithography, chemical or iron etching,

and scribing and so on. The size of chip ranges from 0.2� 0.2mm2 to 2.5� 2.5 mm2. If

divided according to the relative position of electrodes on devices when packaging, LED

chips have flip chip type and conventional type. Figure 1.18 presents a typical chip

manufacturing process.

1.4.2 LED Midstream Industry

LED midstream industry aims at packaging LED devices. The LED packaging industry is

different from other semiconductor device packaging although all of them belong to semi-

conductor industry. A great variety of LED devices can be packaged not only according to their

uses in different occasions but also on the basis of their color and shape.

Except for the power-typeLED, other LED devices use almost the same packagingmaterials

and technologies such as die attach with silver paste, oven curing, epoxy resin encapsulation

packaging. Power packaging tends to use eutectic solder. CPWong is working on nano-phased

conductive epoxywith the hope to replacemore expensive solders. A typical packaging process

is shown in Figure 1.19.

The most commonly used power-type LED packaging structure is shown in Figure 1.20.

Now, each procedure canwork semi-automatically or fully automatically, which guarantees its

efficacy and a high yield as well as good performance and optimized service life.

1.4.3 LED Downstream Industry

Downstream industry of LEDs refers to the industry formed after utilizing LED elements.

There are many applications for LEDs.

Figure 1.17 Schematic of the processes sequence of epitaxial growth.
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Figure 1.18 Schematic of a typical flow chart for processes in chip micro-manufacturing.

Figure 1.19 Schematic of packaging processes.
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LED Display Screen
The LED display screen is a typical LED downstream product. At the beginning of the 1980s,

monochromatic and polychromatic LED display screens became available. Screens such as

word display screens, animation display screens, and some outdoor large-scale display screens

like the CRT pixel screen and magnetic plate-turnover screen. In the early 1990s, in virtue

of the development of electronic computer technologies and IC technologies, video technology

of the LED display screen had been achieved and TV images could be directly presented on

the screen. In the middle 1990s, because of the successful development and quick commer-

cialization of InGaN ultra-high brightness blue and green LED, the quality of outdoor screens

had been greatly increased. Large-scale color display screen has now become a rising industry

with an annual output value of 3 billion Chinese Yuan (RMB). The advantages of the LED

screen quickly extend to guidance screen, negotiable securities screen, exchange rate screen,

and advertisement screen and so on.

LED Traffic Signal Lights
LED traffic signal lights as a new LED downstream industry emerged recently. Incandescent

lamps were applied to traffic lights as their light sources in the past. The greatest weakness of

incandescent lamps is the waste of electricity and short life, and the weakness remained

unresolved for a long time. Since 1999, LED has been tried and adopted as the light source of

traffic lights with quick development and wide applications. Due to the direct use of

monochromatic light, LED lamps can save electricity by 90% as compared to incandescent

ones. Till 2004, the first LED lamps hadworked for more than five years. Presently, LED lamps

are used in small and medium-sized cities. It is estimated that sales in the market will reach 1

billion Chinese Yuan annually in China.

Guide Light
Combined with solar cells, LED as guide light sources has been used for around 10 years and is

extended to the field of channel signal lamps with various colors. LED beacons in the airport,

projecting lights, and omnidirectional lamps are successfully developed. They are produced

and applied widely due to their low-power feature, free maintenance, high brightness, good

color purity, and distinct colors that enable signals to be easily recognized. It is difficult to

Figure 1.20 Most commonly used power-type LED packaging structure.
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develop railway lamps which require light intensity and perspectives different from other

lamps. However, it is believed that theywill be developed and applied in the future and that will

be a huge market with big potential.

Liquid Crystal Backlight
Liquid crystal backlight is a developing industry. LED is applied to a LCD screen as its

backlight, which upgrades mobile phone products. It is estimated that 3.5 billion LED chips

are used each year and ultra-high brightness LED accounting for 30% of the total amount.

Comparing with cold cathode fluorescent lamp (CCFL) backlight, LED is free of mercury,

rich in colors, and compact in volume. LED backlight can display 105% color while CCFL

can only display 65–75% color calculated by national television system committee (NTSC)

standard. LED takes a leading role in the backlight of ordinary meters and household

appliances, and its annual output has reached a considerable amount. With the new

applications to large screen high definition television (HDTV), notebooks and desktop

computer applications, LED for backlighting is one of the fastest growing industrial sectors,

as shown in Figure 1.21.

LED Vehicle Light
LEDs have been widely used in cars, as shown in Figure 1.22 and the LED vehicle light

industry has taken shape and is being developed rapidly. Red and yellow LEDs are quite

suitable for brake lights, tail lights, and turn signals due to their low prices. They can also be

used in instrument lighting and interior lighting of vehicles. Lumileds claimed LED has

been used in nearly 15 million vehicles. Because there are 20 different types of car light

source that can be replaced by LED, thus 200–400 LEDs will be needed just in one vehicle.

It is possible that LEDs used in vehicle lighting will become a business sector with the

greatest potential of all LED application industries and its output in the market will rise in

one or two years.

Figure 1.21 Market forecast of LED in several major business sectors.
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Landscape Decorative Lighting
Landscape decorative lighting industry has begun to take shape. In virtue of enhanced LED

brightness, falling prices, long service life, low power, simpler driving and controlling

procedures than neon lamps, and being capable of flashing and changing colors, LED is used

to make monochromatic, polychromatic, and chromophoric light columns fitted with multi-

colored luminescent units to decorate grandbuildings, bridges, streets, entertainment places, and

plazas. The LED gradually plays a leading role in the newly-built landscape lighting project in

cities.Guardrail lamps, clearance lights, ball lamps, streamer lamps, underwater lights, and light

bells are available in every lamp shop. This kind of lamps can also be used in household

decoration. BeijingOlympicGames successfully demonstrated the powerfulness of LEDs and it

is expected that Shanghai Expo 2010 will bring great motivation to the LED industry.

Special Lighting
Lamps requiring special lighting include lamps used either in low illumination lighting such as

lawn lamps, courtyard lamps, and underground lamps, or in potable illumination lighting such

as flashlights, headlights, and cap lamps. Figure 1.23 shows some typical special lighting

scenes. The market for special lighting lamps in China has reached a considerable scale and

formed regional industrial groups.

As to general illumination products, they are still in the early stages of development,

but with great promise. Desk lamps, streamer lamps, and solar road lamps emerge in

secession but the production scale is small. Large-scale application will be achieved after

increasing luminous flux and lowering the price, plus with optimized designs in various

technical sides this book is going to describe. At that moment, the industry will become

the largest industry among the downstream industries. Recently, the Chinese government

has lunched a new program,10 Cities 10,000 Lamps, with the goal of 10,000 lamps in

each city for LED demonstration. In its first phase, the government is initiating in first 21

cities to promote various applications in road lighting, subway lighting, parking lot

lighting, express train lighting, home lighting, and so on. Many more cities are applying

to join this plan, which will help China to move much more aggressively in high power

LED applications.

Figure 1.22 Various applications of LEDs in vehicles. (Color version of this figure is available online.)
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Those leading multinational companies such as Philips, Osram, and GE have been active in

both traditional lighting andLED,while other pure LEDplayers such asCree, Nichia, and so on

have been leading in the technology and product development of LEDs. A unique feature of

these companies is that they are either vertically integrated, or have built a partnership, or have

grown by acquisition of companies for the technology and/or market access. The following are

a few recent acquisitions:

Philips Acquisition of Lumileds
Lumileds was founded in 1999, specialized in LED chip and LED packaging, which originated

from HP, forming HP’s optoelectronic department. When HP was divided into two business

units, Philips acquired 47% share of Agilent with a value of 760million Euros. This acquisition

consolidated the determination of Philips’ vertical integration, which should reflect in the

market that Philips Lumileds did not market its bare blue chips and only provided the lighting

users with high power modules.

Cree’s Merger of Cotco
Before 2007, Cree did not have the packaging house in China and it needed to get access to

mainland China’s growing market. In April 2, 2007, Cree announced that it had completed the

acquisition of privately held Cotco Luminant Device Limited. Cotco was a leading supplier of

high brightness LEDs in China and had a strong distribution network in China. Through this

acquisition of Cotco, Cree can access the solid state lightingmarket in China faster. In addition,

the low cost manufacturing capabilities and the competitive and full power LED family of

products of Cotco ensure that the packaging andmanufacturing ability of Cree can be increased

remarkably. Traditionally, most of Cree’s revenue was from the sale of the LED chip. This

acquisition will give Cree the chance to provide more value-added products in key markets

of China.

Figure 1.23 Various special lighting scenes. (Color version of this figure is available online.)
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Philips Acquisition of Color Kinetics
Philips and Color Kinetics reached agreement on June 19, 2007 and Philips acquired all the

shares with a total deal of 592 million Euros. This move was expected to enhance the R&D

capability of Philips in applications, as Color Kinetics had its IPs in various solutions. It was

noted that Color Kinetics of Boston, USA, was only founded in April 1997 and was known for

its various LED products and leading digital intelligent products.

Acquisitions and Mergers at Taiwan
Taiwan manufacturing specialists are used to positioning themselves competitively in the

global market due to their success in IC and electronics OEM and ODM. The positive outlook

has attracted a number of new players to participate in the industry. However, oversupply of

LEDs with too many players in the industry has led to irrational price-cutting. IP infringement

with those leading multinational companies forced them to use merger and acquisition for

consolidation. A few important mergers and acquisitions were initiated since 2005. For

example, Epistar and UEC enhanced their product offerings, technologies, and patent items

to increase benefits. That was the major impetus behind the merger between Epistar and UEC.

The merger was to help their status internationally. Another case in Taiwan included South

Epitaxy’s acquisition of Epitech.

On the other hand, due to the growing markets, many new companies are entering into the

LED community and many venture capital (VC) firms are showing great interests in this green

business. Therefore, many new companies are formed, including new companies in epitaxial

growth and chip design and manufacturing. Even more packaging companies and application

companies are born. For instance in China alone, it is estimated that more than 400 companies

in packaging, more than 10 in LED chips, and 4000 in lighting applications have been found

(www.LED-China.net). With the increasing international and domestic competition, merger

and acquisition will occur. Collaborations in terms of Intellectual Property (IP) licenses will

also occur.

System in Packaging (SiP) May Cause the Change of Industrial Chain
Traditionally, chip, packaging, and applications are three isolated sectors. However, with the

development of SiP, these three sectors are closely interacted and even integrated. This may

provide more advantages for those vertically integrated companies in competition. However,

for those newly founded companies with their unique IPs, theymay provide unique solutions in

packaging and applications. SiP, if well developed in next few years to come, will provide very

cost effective solutions to the markets described above and new applications that will be

emerged later in future.

1.5 Summary

In this chapter, the historical evolution of lighting technology was reviewed in detail. Then the

development of LEDs was examined from as early as 1907, to the early application of

the semiconductor LEDs in the early 1960s, to the introduction of the blue LED in 1990s,

and to the beginning of general lighting in 2000s. Basic physics of LEDs was also introduced in

terms of materials involved covering the light-emitting layer, substrate, productionmethod, and
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light color. Electrical, optical, andmechanical properties were briefly discussed with the goal of

preparing the reader for the later chapters. Finally, the industrial chain of the LED was also

discussed, mainly covering four key technological fields: epitaxy material technology, chip

design and manufacturing, packaging materials and process technology, and system integra-

tion technology and applications. Examples from industrial sectors in upperstream, middle-

stream, and downstream were discussed and several cases of acquisition and merger were

discussed, showing the parallel of technology and business in this growth stage of the industry.
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2

Fundamentals and Development
Trends of High Power LED
Packaging

2.1 Brief Introduction to Electronic Packaging

LED packaging has many similarities with electronic packaging. We will first present the

fundamentals of electronic packaging before entering into the relevant topics on high power

LED packaging.

2.1.1 About Electronic Packaging and Its Evolution

Electronic packaging is defined as a system assembly that does not include a chip or chips in

terms of the system in packaging (SiP) definition. In general, an electronic packaging consists

of four major functions: powering, signal distribution, mechanical protection, and thermal

management. There are many types of electronic packaging, depending on the number of

input/outputs (IOs) and applications. Electronic packaging can be in a single module or in a

system and has been evolving rapidly. Many excellent books in packaging have been pub-

lished [1,2] but there is no intentionof reviewing themhere.However, it isworthwhile topoint out

the rich development of electronic packaging by presenting a roadmap of single chip integrated

circuit (IC) packaging development in Figure 2.1. Figure 2.2 presents the latest development in

IC packaging: through silicon via (TSV) based three-dimensional (3D) packaging.

Due to the introductory nature of this section, we only focus on a popular technology, flip-

chip, to show the evolution of the materials and processes involved. Figure 2.3 shows an IC

flip-chip packaging on an FR4 board, demonstrating a two-level packaging, in a typical

control board for an engine control system.

Figure 2.4 shows a cross-sectional view of a flip-chip packaging, showing clearly the local

features of flip-chip interconnects. In this figure, the passivation layer provides the protection

for the silicon chip which is done on the wafer level. Solder mask is a polymer used to protect

LED Packaging for Lighting Applications: Design, Manufacturing and Testing, First Edition. Sheng Liu and
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the surface conductors on the printed board frommoisture, and is also used tomask off the outer

areas of the boardwhere solder is not required and provides an excellent protective coating over

fine conductors on the printed board. Underfill is a highly filled polymer to provide an

additional support to the solder ball interconnect. It is noted that material selections and

combinations need precision engineering and process mechanics modeling.

Figure 2.5 shows a flowchart for typical flip-chip packaging processes, presenting how

packaging is done by dicing, die attaching, soldering, conventional underfilling, and so on.

Figure 2.1 Single chip packaging evolution. (Courtesy of Daniel X.Q. Shi, The Hong Kong Applied

Science and Technology Research Institute Company Limited.)

Figure 2.2 Roadmap for three-dimensional interconnect and packaging by Yole Development, 2007.

(Courtesy of Daniel X.Q. Shi, The Hong Kong Applied Science and Technology Research Institute

Company Limited.)
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In the first level flip-chip packaging, tiny solder balls link the electrodes on the active side of a

chip and those pads on the substrate (FR5) to form the first chip-substrate level interconnects.

Those solder balls from the FR5 to the FR4 form the second level interconnects. Packaging

does not handle chip-level aluminumor copper interconnects. Due to thevariousmaterials with

significant local and global hydro-thermal mismatch (that is, different thermal coefficients of

expansion and moisture coefficients of expansion), and the various processes which will also

involve those materials and subassemblies experiencing various temperature, moisture, and

mechanical loading (pressure, handling, and so on), deformationwill be induced.Warpage and

co-planarity will become common issues in both device level, whichmay affect the subsequent

assembly processes such as soldering, and yield could be a serious issue. Stresses can also be

induced in bulk materials, along interfaces and at corners, which will make the materials and

interfaces fail, or result in initiate voids, and partial or full debonding along interfaces. In the

Figure 2.3 An IC flip-chip packaging on FR4 board.

Figure 2.4 A local view in SEM of a typical flip-chip packaging.
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early stage of processes development, contaminations easily occur, which will make dela-

minations exist after the molding, die attaching, laminating, and so on. Moisture will easily

penetrate into the bulk and interfaces, failure can easily occur during the reflow process,

causing a famous pop-corning problem. Figure 2.3 also presents some typical failure modes

such as die cracking, adhesive delamination, encapsulant cracking and delamination, soldering

fatigue, chip carrier warpage, and substrate level interconnect failure.

In addition to the processes involved in making IC packaging, design issues have to be

addressed. For instance, electrical design deals with maintaining signal integrity, one of the

major bottlenecks for enabling reliable systems. In addition to deformation and the stresses

mentioned above, electromigration by electron wind and thermal stress gradient is another

bottleneck. Thermal management also becomes an issue, as the chips get very hot, which will

degrade electrical property, radio frequency (RF) property, and optical property, naturally

resulting in a coupling between them. With the increasing frequency in RF circuits, coupling

for multiple physical variables exists and co-design for all these variables is essential for

complex systems. It is also equally important that the designs need validation by tools, some

of which are in place, while others may still need development. All these issues have been

discussed in a number of books and one such book is by Suhir et al. [2].

2.1.2 Wafer Level Packaging, More than Moore, and SiP

In our definition above, packaging is defined as a system itself and it may be used as a device, a

module, or a system. In the concept of SoC (System on Chip), it is desirable to package all the

functions on the chip and the industry is also driving the feature size on the chip to be in nano

scale, as shown in the integrated technology roadmap for semi conductors [3]. However, due to

themany constraints on the system, it is impossible to integrate all the functions on the chip due

Figure 2.5 A conventional flip-chip packaging processes sequence. (Courtesy of C.P. Wong, Georgia

Institute of Technology, USA.)
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to different materials, different processes, and even different wafer sizes involved. The concept

ofMore ThanMoorewas then proposed, which is naturally integrating various functions in the

packaging level, and is another interpretation of SiP, as shown in Figure 2.6.

It is naturally desirable to package a system on the wafer scale to reduce the number of

processes. Definition of wafer level packaging is one in which the chip and packaging are

fabricated and tested on thewafer level prior to singulation. SiP ismore general thanwafer level

packaging. Significant advances in electrical, mechanical, and thermal performance can be

enhanced with a much more reduced size in final modules and systems. For instance, one can

achieve the smallest IC package size as it is really chip scale packaging (CSP), lowest cost per

IO because the interconnects are all done at the wafer level in one set of parallel steps, lowest

cost of electrical testing as this is done at the wafer level, and enhanced electrical performance

due to the short interconnects. Traditionally, millions of steps for regular IC packaging could

be reduced from IC packaging level to wafer level packaging to no more than a dozen steps.

With the emerging of TSV coupled with mechanical grinding, CMP (chemical polishing), and

wafer bonding, SiP indeed will perform best and the rate of integration is even more

significantly enhanced.

2.2 LED Chips

2.2.1 Current Spreading Efficiency

Modeling and simulation of current spreading and injection of the GaN-based LED chip is

relatively new. Hyunsoo Kim et al. used resistive network coordinating with a constant voltage

drop model of the diode to study the transverse current spreading of a GaN-based LED, and

Figure 2.6 More Than Moore and More Moore from VCI. (Courtesy of Daniel X.Q. Shi, The Hong

Kong Applied Science and Technology Research Institute Company Limited.)
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pointed out that the phenomenon of current crowding exists near the N and P pads and the

distance of current transverse spreading is similar to an exponential function [4]. Huapu Pan

et al., after simplifying the LED model based on the basic equation of an electrostatic field,

established the LED’s current spreading model. They proposed parameters and standards of

quantitative evaluation for its characteristics, and pointed out that current spreading is more

uniform and series resistance is smaller for an LED using interdigitated mesa structure

compared to that using conventional mesa structure [5]. Study associated with simulation

software SimuLED, developed by STR Company, on the current spreading in the LED chip is

fundamental and comprehensive, covering the energy band structure, the calculation of internal

quantum efficiency, the distribution of current density, the heat conduction equation, and the

temperature changes, which simulates a variety of electro-optical thermal situations of LED

chip [6].

Theories behind SimuLED software are briefly introduced here. The first module of this

software is SiLENSe, used to calculate the energy band structure, carrier distribution,

recombination situation, and relationship between voltage and current, and so on of a one-

dimensional structure. The main physical equation involved is as follows.

Poisson equation:

d

dz
P0
z � e0e33

dj
dz

� �
¼ q N þ

D �N �
A þ p� n

� � ð2:1Þ

where P0
z is the spontaneous radiation polarization vector, e0 is the vacuum dielectric constant,

e33 is the corresponding static dielectric constant, N þ
D is the number of ionized donors, N �

A is

the number of ionized acceptors, p and n are the numbers of holes and electrons respectively.

Under the steady-state condition, the flow of electrons J
v

n and holes J
v

p is determined by the

equation of continuity:

r � Jvn � qR ¼ 0;r � Jvp þ qR ¼ 0 ð2:2Þ

where R is the recombination rate of non-equilibrium carrier; the current densities of the

flow of electrons and holes are respectively:

j
v

n ¼ � qJ
v

n; j
v

p ¼ þ qJ
v

p ð2:3Þ

Carrier’s recombination rate is:

R ¼ RSR þRdis þRA þRrad ð2:4Þ

Radiative recombination rate of non-equilibrium carrier is:

Rrad ¼ B � np � 1� exp � Fn �Fp

kT

� �� �
ð2:5Þ

LED Packaging for Lighting Applications 38

IPR Page 57



where B is the temperature-dependent recombination constant, RSR is the Shockley- Rayleigh

nonradiative recombination rate induced by point defects, Rdis is nonradiative recombination

rate induced by line defects, RA is the Auger nonradiative recombination rate.

The internal quantum efficiency is:

IQE ¼ Rrad=R ð2:6Þ

The first software module’s objective is to obtain the relationship between the voltage and

the current of the one-dimensional structure, as shown in Figure 2.7, as well as the relationship

between current density and internal quantum efficiency as shown in Figure 2.8. The data of the

following two diagrams are from examples provided by the software.

Figure 2.7 is a typical curve of the relationship between the voltage and the current of the

diode.When the voltage is low, the diode is not functional and the current is very low.When the

voltage increases to a certain level, the LED is functional, and then a very small change in

voltage can lead to a large change in current. In addition, the entire curve shifts to the left when

the diode working temperature rises. That is, at the same voltage, the current will be greater,

indicating when the working temperature rises, carriers have more energy and move

more actively.

Figure 2.8 shows the relationship between the current density and the internal quantum

efficiency of the diode. It can be seen that the internal quantum efficiency of the diode will

increase with the increase of current density, then, as it reaches a maximum value, it will drop

with the increase of the current density. In addition, when theworking temperature of the diode

rises, the point of themaximum internal quantum efficiencymoves in the directionwhereby the

current density is greater, and the maximum internal quantum efficiency becomes smaller

which also shows that with rising temperature, the non-radiative recombination becomes

more noticeable, reducing the internal quantum efficiency.

As can be seen from Table 2.1, the current density is relatively small when the internal

quantum efficiency of the diode is maximum. When the diode works at 300K, the current

Figure 2.7 Relationship between voltage and current density of LED one-dimensional structure at

different temperatures. (Courtesy of Semiconductor Technology Research Inc.)
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density of the maximum internal quantum efficiency is 18A/cm2, that is, a current of 180mA

can be injected into a chip of 1mm� 1mm, however, a current of 350mA is usually injected

into the chip of the same size in normal working condition. Therefore, usually the LED chip

works under a relatively large current, which means that the corresponding internal quantum

efficiency will be reduced, that is why, in order to maximize the use of LEDs, we should make

the current of LED chips be distributed as uniformly as possible and make the LED work at a

low temperature.

The second software module is a mixed three-dimensional model based on the calculation

results of the first module. With the relationship between the voltage and current as well as the

relationship between the internal quantum efficiency and the current density of a one-

dimensional structure, together with certain boundary conditions and electrostatic field

equation, we can simulate the shape of the specific mesa structure, ohmic contact, and the

current distribution and recombination situation of three-dimensional chips in the chip

structure. In addition, the software couples related heat conduction equation and sets certain

heat conduction boundary conditions and the heat conduction coefficient of the material, then

temperature distribution inside the chip can be calculated.

Table 2.1 Maximum IQE and corresponding current density of the diode working at different

temperatures

Temperature (K) Maximum IQE Current Density of Maximum IQE (A/cm2)

300 0.67217 18.049

350 0.6173 22.203

400 0.57884 75.297

450 0.53594 77.837

500 0.4775 200.53

Figure 2.8 Relationship between current density and internal quantum efficiency of LED one-

dimensional structure at different temperatures. (Courtesy of Semiconductor Technology Research Inc.)
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The basic equation of a three-dimensional model:

j
v ¼ ŝ=qð ÞrF ð2:7Þ

where ŝ ¼ qm̂N�
i is the conductivity tensor of material, where q is the electron, m̂ is the

mobility tensor, N�
i i ¼ D;Að Þ is the ionization rate of dopant concentration, F is the quasi-

Fermi level corresponding to the carrier, and j
v
is the current density.

Heat conduction equation:

�r lrTð Þ ¼ q ð2:8Þ

where T is the temperature, l is the heat conductivity, and q is the local heat source

dependent on the current density.

Based on the above basic equations, we will be able to calculate the current and voltage

distribution within the LED chip of a three-dimensional structure, recombination situation of

the active layer, and the temperature distribution of the entire chip. At this point, the current

spreading model of LED chips has been completed.

2.2.2 Internal Quantum Efficiency

Internal quantum efficiency (IQE) is the ratio of electron hole pairs involved in radiation

recombination to the injected electron hole pairs. The current injected in LED is divided into

current component involved in radiation recombination, current component involved in non-

radiation recombination and leakage current caused by the structure. Leakage current can be

reduced through the optimal design of the structure; and when low current is injected, the

leakage current can be reduced to a very low degree where its impact can be neglected; both

the quantum-confined Stark effect and carrier localized effect affect radiation recombination.

Therefore, the methods which can effectively improve the radiation recombination and

reduce the non-radiation recombination can improve the IQE of LED. As an important

parameter of LED devices, reflecting the overall quality of epitaxial growth, IQE indicates the

overall quality of epitaxial growth; thus it is especially important that it is measured. IQE is

closely related to the injected current and temperature, and the small current is injected while

measuring IQE.

One method is to indirectly obtain IQE by measuring the external quantum efficiency of the

LED [7,8]. Measuring the external quantum efficiency of the LED and modeling its light

extraction efficiency, the ratio of the former to the later is the IQE of the LED. However, the

light extraction efficiency is largely affected by the geometrical structure of the chip, refractive

indexes of the materials and various losses. The value obtained by modeling is only an

estimation, and therefore not very accurate. Therefore, there exists a big variation for IQE

obtained by this method and the true value.

Internal quantum efficiency at the room temperature can be obtained by the ratio of resonant

excitation PL efficiency at the room temperature to that at a low temperature [8–11]. This is

because with the decrease of operating temperature, the non-radiation recombination centers

are gradually frozen out and lose the activity; therefore, IQE gradually increases and becomes

stable when the temperature has dropped to a point where the non-radiation recombination
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centers lose the activity completely. This method assumes that the internal quantum efficiency

at low temperature is approximately 100%; this approximation is reasonable if excited by a low

temperature and a low power [8]. Figure 2.9 is its experimental setup; during the low

temperature PL testing, the sample is placed in the cryostat.

Martinez [12] adopted the technology of heat-pulse measurements and time-resolved

photoluminescence to obtain low-temperature IQE. Martinez has proven that the technology

of heat-pulse can detect the phonon in the process of non-radiation recombination, and it can

also be identified in the PL spectrum. Therefore, the PL spectrum can be used to determine the

relative intensity of non-radiation recombination and radiation recombination. Figure 2.10 is a

schematic of its setup. Gap isolates the phonon generated by photoluminescence and obtains

optical response through the PL intensity measured by the bolometer. If there is no PL photon

Figure 2.9 Experimental setup for photoluminescencemeasurements [10]. (Reprinted with permission

from M. Boroditsky, I. Gontijo, M. Jackson et al., “Surface recombination measurements on III–V

candidate materials for nanostructure light-emitting diodes,” Journal of Applied Physics, 87, 7,

3497–3504, 2000. � 2000 American Institute of Physics.)

Figure 2.10 Schematic of the sample designed to isolate the optical response from the bolometer

signals [12]. (Reprinted with permission from C.E. Martinez, N.M. Stanton, A.J. Kent et al.,

“Determination of relative internal quantum efficiency in InGaN/GaN quantum wells,” Journal of

Applied Physics, 98, 5, 053509, 2005. � 2005 American Institute of Physics.)
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response or optical response measured by gap, the internal quantum efficiency is calculated

with the phonon signal and the optical signal.

Non-radiation recombination of part of the injected carriers caused by lattice defects and

impurities leads to lower internal quantum efficiency. Therefore, it is necessary to guarantee

the quality of crystals in the process of LEDmaterial epitaxial growth and chip manufacturing

and reduce the defect density. Threading dislocations are largely generated during the

heteroepitaxial growth process of GaN because of a lack of homogeneous substrates. These

dislocations will lead to non-radiation recombination centers and become leakage current

channels, which have a great impact on the lifetime and performance of devices. The

commonly used methods to reduce the dislocations are low temperature buffer layer tech-

nology and epitaxial lateral over-growth technology. The low temperature buffer layer

technology is a two-step growth method which is firstly to grow a thin GaN or AlN buffer

layer at a low temperature on the substrate (500–600 �C), and secondly to grow GaN at a high

temperature (1100 �C or so). The epitaxial lateral growth technology is firstly to grow a GaN

layer about 1–2 mm thick on the sapphire substrate, secondly to deposit a SiO2 layer about

0.1mm thick, thirdly to etch the SiO2 stripe (mask), and lastly to regrow a GaN layer on it.

Zang [13] and others have reported a growth technology of nanoepitaxial lateral overgrown

(NELO), which makes a nanopore array on the SiO2 film, and then GaN is grown on it. This

method has effectively reduced the defect density, and improved the internal quantum

efficiency. In addition, local SiO2 nano-array structure features can be used as the light

scattering points, thereby increasing the efficiency of light extraction.Wuu [14] and some other

researchers have combined epitaxial lateral overgrowth (ELOG) and patterned sapphire

substrate (PSS) to make UV-LED and achieved good results.

Wu et al. [15] have doped silicon in the barrier layer of In GaN/GaN multi-quantum well

(MQW) structure to improve its internal quantum efficiency and thermal stability. As Si atoms

occupy Ga vacancies, indium composition in multi-quantum wells is reduced. Xie et al. [16]

have studied and showed that P-type doping in the barrier layer of InGaN/GaN MQW can

reduce the efficiency droop, that is, under high current injection, the reduction in internal

quantum efficiency can be mitigated.

2.2.3 High Light Extraction Efficiency

Light extraction efficiency is a key factor in influencing LED luminous efficiency. Owing to

significant difference in refractive indexes for semiconductor materials and air, total reflection

induced optical loss and other optical loss like Fresnel diffraction will be produced at the

interface (Figure 2.11), which leads to the fact that a very small amount of light can be radiated

out of the LED-emitting surface. For instance, with the refractive index being 3.5 and the total

reflection angle being 16�, light extraction efficiency is only 2%. In addition, it is the fact that

light is absorbed by lattice defects and different substrate materials, and is also absorbed at

electrode contacts and the active layer, all contributing to the low light extraction efficiency.

After the invention of the redLED, variousmethods have been employed to improve the light

extraction efficiencyof theLED.Themainmethods havingbeen tried are as follows: distributed

Bragg reflector (DBR), resonant cavity, geometrically shaped chips, surface roughening,

patterned substrate and photonic crystal, and so on. All those methods mentioned previously

are still at the stage of experimental study but with new results obtained continuously.
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(i) Distributed Bragg Reflector (DBR)

By inserting a DBR between the active layer and the substrate, light radiating towards the

substrate can be reflected back to the surface or the side, whereby light absorbed by the

substrate decreases and extraction increases.

ADBR structure is composed of alternatively superimposedmaterials of high-refractive and

low-refractive indices matching the substrate lattice (Figure 2.12). The optical path of each

layer is a quarter wavelength as long as its emission wavelength is defined and its geometrical

thickness can be calculated by applying the following formula [17]:

hH¼ l0=4nH cosyH
hL ¼ l0=4nL cosyL

ð2:9Þ

where l0 represents the central wavelength radiating out from the active layer; nH, nL represent

the refractive index of thematerials respectively; yH, yL are two corresponding incident angles.

Figure 2.11 Schematic of light-emitting escape cone.

Figure 2.12 Schematic of LED chip with DBR.
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Kato et al. [18] first applied and further developed a way to improve GaAs/AlGaAs LED

grown on absorption type GaAs substrate (light extraction efficiency assisted byDBRwas four

times higher than the one without the assistance of DBR). Sugawara et al. [19] applied AlInP/

AlGaInP distributed Bragg reflector to high-brightness AlGaInlP green light-emitting diodes.

Chen et al. [20] adopted both DBR and charge asymmetric resonance tunneling structures in

developing high-efficiency InGaN/GaNMQWgreen light-emitting diodes. This led to a rise in

external quantum efficiency reaching 11.25%under 20mA injection current. Nakada et al. [21]

improved the external quantum efficiency of blue LED from 0.16% to 0.23% by using GaN/

AlGaN DBR grown on sapphire substrate through MOCVD.

DBR reflectivity is directly related to the contrast of refractive index of the materials and the

period numbers. The larger the numbers and the greater the difference in refractive index will

be, the greater the peak value of DBR reflection. As shown in Equation 2.9, DBR only works in

the limited range of incident angle with a specific wavelength, and cannot achieve good

isotropic optical transmission with a wide spectrum of LED. Moreover, the growth process of

the Bragg reflecting layer is complex and the cost is high.

(ii) Resonant Cavity

Cavity LED is structured on the theory of the Fabry-Perot interferometer. Based on the theory,

the active layer is placed in a planar micro-cavity (Fabry-Perot cavity) composed of two

parallel mirrors with a distance in the size of wavelength. Only a resonant fundamental wave

and higher order harmonics can propagate along the optic axis of the micro-cavity. At the

resonant wavelength, the emission intensity increases significantly. And if the active layer is

placed in the locations of antinodes, the emission intensity can be doubled.

The first resonant cavity LED, developed by Schubert et al. [22], was formed by inserting

GaAs/AlGaAs between a semi-transparent Ag/CdSnOx reflector (reflectivity� 0.9) and a

AlAs/AlGaAs distributed Bragg reflector (reflectivity� 0.99) (Figure 2.13). The depth of the

sandwich structurewas l approximately andGaAs active layer was on an antinode. As a result,

the emission intensity is 1.7 times greater than that of ordinary LEDs. In order to improve the

Figure 2.13 Schematic of resonant cavity LED chip structure [22]. (Reprinted with permission from E.

F. Schubert, Y.-H.Wang, A.Y. Cho et al., “Resonant cavity light-emitting diode,”Applied Physics Letters,

60, 8, 921–923, 1992. � 1992 American Institute of Physics.)
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performance of the resonant cavity LED, Dill et al. [23] adopted the tuning resonant cavity

mode to make external quantum efficiency reach 14.8%. Neve et al. [24] utilized a photonic

cycle and guided mode propagating transversally between the mirrors to make external

quantum efficiency reach 20%. Benisty et al. [25–26] analyzed light emission of Fabry-Perot

modes, leaky modes, and guided modes based on the theories and simulation, and analyzed

as well the performance of the practical planar micro-cavity by introducing photonic

cycling effect.

(iii) Geometrically Shaped Chips

Most LEDs are of plain rectangle structure. Due to restrictions of the geometry, it is difficult to

obtain high light extraction efficiency for plain rectangle LEDs. Therefore, themethod of using

non-rectangle and non-plain structures for extracting light has been under consideration.

In 2000, Schmid et al. [27] introduced an LED chip structure with lateral tapers whose

external quantum efficiency was up to around 45%. InGaAs quantumwell structurewas grown

by MBE techniques. Lithography process and chemically assisted ion beam etching were

utilized to make it disk-like with gradually decreasing thickness from center to edge, and then

copper reflector was evaporated onto its surface.

Lee and Song et al. [28] suggested a polyhedron chip: top and bottom surfaces are parallel,

cross-section is parallelogram or triangle and the side is inclined. Because each internal

reflection decreases the incident angle by a, the photons propagating to horizontal surface are
bound to emit. Likewise, if the side is inclined, most photons can emit to whatever direction

they travel (Figure 2.14). By adopting such a structure, the efficiency of light extraction rises by

120% compared with that of rectangle structure.

Krames et al. [29] introduced a truncated-inverted-pyramidAlGaInP/GaPLED structure, by

whose shape the light reflected from the side to the top or vise versa was reoriented into the

small incident angle (Figure 2.15). When the wavelength is 611 nm, its highest luminous

efficiency is more than 100 lm/W. And when the wavelength is 652 nm, the external quantum

efficiency is up to 50%.

As for GaN-based LED grown on sapphire substrate, it is difficult to make an inclined plane

due to its great hardness. But recently, there have been some researchers who have successfully

applied this method to the GaN base LED chip. Kao’s research team improved the light

output efficiency by 70% by etching sidewalls of the GaN epitaxial layer inclined at an angle

Figure 2.14 Light propagation path in cross-section of parallelogram [28]. (Reprinted with permission

from S.J. Lee and S.W. Song, “Efficiency improvement in light-emitting diodes based on geometrically

deformed chips,” SPIE Conference on Light-Emitting Diodes: Research, Manufacturing and Applica-

tions III, Proceedings of SPIE Vol. 3621, 237–248, 1999. � 1999 SPIE.)
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of 22� [30]. While Chang et al. etched GaN sidewalls of LED chip to make sidewalls textured,

by which way the light efficiency of the chip was easily enhanced by 10% [31].

(iv) Surface Roughening

Surface roughening is mainly applied to the transparent current spreading layers of P-side-up

chips andN-type layers of vertical chips. By roughening indium tin oxide (ITO) layer,Yao et al.

raised the light extraction efficiency by 70% compared to a non-roughening chip [32]. As for

the vertical chip, its sufficient space ensures surface roughening because its uppermost layer is

usually N-GaN whose thickness is normally up to 3 mm, and has also attracted lots of research

efforts done in this area. Lee et al. proposed in their research that as to the vertical chip, the

lower surface of P-GaN layer was first roughened to be a diffuse reflecting surface and then

bonded be to Si substrate; meanwhile the upper surface of N-GaN layer was roughened to be a

diffuse transmitting surface. In this way, the external quantum efficiency reached around 40%,

a result indicating an efficiency enhancement by 136% was achieved compared to that of the

conventional chips [33]. Horng et al. also greatly enhanced the light extraction efficiency by

roughening both the P-GaN and N-GaN. Compared to the P-GaN roughened chip, the light

extraction efficiency of achip with two roughened sufraces had a further rise of 77% [34].

(v) Patterned Substrate

Most methods of enhancing the efficiency of LED external quantum have been based on the

principle of enlarging the angle of incidence. But light absorption by lattice defects can also

decrease the external quantum efficiency. In GaN-based LEDs, the density of dislocation

defects is very great because of the big difference of thermal expansion coefficients and lattice

constants between GaN epitaxial layer and sapphire substrate. In order to solve this problem, a

patterned substrate is proposed (Figure 2.16). Research efforts have shown that thismethod can

effectively reduce the density of dislocation defects and increase the escape of photon emitted

in the active layer due to the change in geometry of some structures, and finally enhance the

LED external quantum efficiency.

Figure 2.15 Schematic of truncated-inverted-pyramid LED structure [29]. (Reprinted with permission

from M.R. Krames, M. Ochiai-Holcomb, C. Carter-Coman and E.I. Chen, “High-power truncated-

inverted- pyramid (AlxGa1-x) 0.5In0.5P/GaP light-emitting diodes exhibiting >50% external quantum

efficiency,” Applied Physics Letters, 75, 16, 2365–2367, 1999. � 1999 American Institute of Physics.)
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Lee et al. adopted patterned substrate technique in their study and the external quantum

efficiency increased by 15% [35]. Wuu et al. applied patterned substrate technique to the near-

ultraviolet LED, and found that the luminescence intensity of patterned substrate LED was

enhanced by 63% compared to the conventional LED [36]. Wang et al. also designed a

patterned substrate structure that raised light extraction efficiency by 30% [37].

(vi) Photonic Crystal

It has been predicted that the photonic crystal structure could enhance the light extraction

efficiency most, to evenmore than 90%, although no practical results have been achieved [38].

Photonic crystal is a dielectric structure whose refractive index periodically varies in space,

with the variation period having the same order of magnitude as the light wavelength.

The fundamental feature of photonic crystal is that it has a photonic band-gap which can

control the spontaneous emission. When the spontaneous emission frequency of atoms in

photonic crystals is just in the band gap, the number of the photon state at this frequency is zero,

and the probability of spontaneous emission is also zero, so that the spontaneous emission is

fully suppressed. To strengthen spontaneous emission, the number of the photon states should

be increased. Kim and his colleagues used electron beam lithography tomake two-dimensional

photonic crystal patterns on the surface of GaN. When the pattern period was 500 nm, the

output optical power doubled [39]. Truong et al. also mentioned in their latest paper that they

succeeded in raising the light emitting power of an LED chip by 80% by utilizing the nano-

imprinting technique, and the experiment result was verified in the simulation [40]. Kang et al.

have been researching the photonic crystal and achieved some good results in proposing an

integrating method of laser lift-off of sapphire and patterned GaN, which made the light

extraction efficiency of the LED chip improve by 40–100% [41].

2.3 Types and Functions of LED Packaging

LED packaging technology was first developed with the invention of the early red LED. The

LED in the early stage was mostly used in the field of indicators because of its low luminance.

The input electrical power of this type LED is generally lower than 0.1 watt, which is

consequently called a low power LED. With the emergence of the blue LED, especially the

discovery of the technology that uses the blue light to stimulateYAGphosphor to producewhite

Figure 2.16 Schematic of patterned substrate structure.
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LED, the method that increases the size of LED chips and the drive current to enhance

the brightness of LEDs has become an important direction of LED packaging. This promotes

the development of high power LED, for which the input current is in general more than

100mA. However, high power packages in the market are those with electrical power being

normally larger than 1W and the chip size being larger than 1mm� 1mm.

2.3.1 Low Power LED Packaging

As shown in Figure 2.17, the low power LED currently refers to the LED packaged with

epoxy resin. The chip is firstly bonded onto the leadframe with solder or silver paste, and

the top of the chip is bonded on the other part of the leadframe with gold wire or aluminum

wire. Then, the whole leadframe is immersed into the mould filled with epoxy resin. After

the curing of epoxy resin by raising the temperature, the leadframe is demoulded to obtain

the fully packaged LED. In the leadframe of the LED, there is generally a small reflector

that is used to make the lights emitting from the side of the chip converge to the central

portion. Because the low power LED is mostly used in indicators and it has no special

requirements on intensity distribution, the most common shape of the epoxy resin lens is

hemispherical. Hemispherical lens can make the lights emitting from the chips converge

close to the axes of the lens, which can significantly improve the indication effect of LED.

Since the epoxy resin materials in low power packaging are very easy to be yellowed under

the ultraviolet radiation and the light transmittance of the material can be decreased due to

the influence of high temperature, the optical attenuation of the low power LED is severe

after long time operation. The elastic modulus of the epoxy resin materials is relatively

high, therefore, under the condition of high temperature and high moisture, the gold wire

or aluminum wire at the top of the chip may fracture under high stress, resulting in failure

in the LED packaging. The other reason for the short life of the low power LED is

the small size of the metal leadframe. The metal material is generally copper or aluminum.

Since the heat generated by LED chips cannot be effectively conducted out through the

shelf, the accumulated thermal deformation and thermal stress may lead to the failure of

the LED.

Figure 2.17 Schematic of low power LED packaging.
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2.3.2 High Power LED Packaging

High power LED generally refers to the LED module for which the single chip size is not less

than 1mm� 1mm and the drive current of which is at least 350mA, although some people

prefer to lower down this current to be 100mA. The emergence of the high power LED

proposes great challenges for the traditional low power packaging. Because the traditional low

power LED has no serious problems in heat dissipation, LED packaging technology has made

little progress in the past decades.With the invention of high power LEDs, the problem of LED

heat dissipation has become more serious. If the heat of the chip cannot be conducted to the

environment rapidly, the junction temperature of the chip will rise quickly. The over high

temperature may lead to a large decrease of the electron hole recombination efficiency in the

active layer of the chip and affect the internal quantumefficiency. Furthermore, themismatch of

the thermal expansion coefficient between the chip and the leadframe may lead to a significant

increase in the internal stress of the chip. In 1998, Lumileds proposed the leadframe plastic

packaging structure (Luxeon) used in high power LED packaging, as shown in Figure 2.18.

In the Luxeon structure, firstly, the chip is bonded through solder onto the large size metal

heat slug. The material for the heat slug is generally copper with high thermal conductivity.

Secondly, through gold wire bonding, the electrodes of the chip are respectively connected to

themetal frame on both sides. Then, finally embedding the lensmade by polycarbonate into the

plastic frame, and filling the lens with silicone gel to protect the chip and gold wire. Since the

large size copper heat slug is adopted, the thermal resistance of the LED with Luxeon

packaging is reduced significantly, which consequently improves the heat dissipation ability

in LED packaging. Luxeon packaging changes the LED intensity distribution mainly through

changing the exterior shape of the lens made by polycarbonate. Figure 2.19 shows the shape of

three major types of lenses.

Although Luxeon packaging has solved the problem of heat dissipation in the traditional low

power packaging, a largevolumemetal slug leads to an increase in thevolume andweight of the

whole LED packaging modules. All these are unfavorable in reducing the size/profile and

weight of LED lamps and improving the product portability, especially of the road lights and

tunnel lights for which the total electrical power is over 100W. Therefore, based on Luxeon

packaging, Osram has proposed the GoldenDragon-series that are based on leadframe

packaging. Cree has proposed the XLamp-series that are based on the technology of the chip

on ceramic board. After the Luxeon-series, Lumileds also proposed the Rebel-series based on

the technology of the chip on ceramic substrate. Figure 2.20 shows the four types of packages

mentioned above.

Figure 2.18 Schematic of a high power LED packaging.
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2.4 Key Factors and System Design of High Power LED Packaging

Since the first light-emitting diode (LED) was invented by Holonyak and Bevacqua in

1962 [42], LEDs have made remarkable progress in the past four decades with the rapid

development of epitaxy growth [43], chip design and manufacture [44], packaging structures,

processes, and materials. In the early 1990s, Nakamura successfully grew blue and green

GaN-based LEDs on sapphire substrate [45,46]. In 1995, as part of the method whereby YAG

Figure 2.19 Lens used for a high power LED packaging.

Figure 2.20 Typical high power LED package products.
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was applied to the blue LED chip, Ce phosphor to generate white light was discovered and first

enabled the white LED to be commercially available [47,48]. White LEDs have superior

characteristics such as high efficiency, small size, long life, durability, low power consumption,

high reliability, and so on [49]. The market for white LED is growing rapidly in various

applications such as large size flat panel backlighting, road lighting, vehicle forward lamp,

museum illumination and residential illumination [50–52]. It has been widely accepted that

solid state lighting, in terms of white LEDs, will be the fourth illumination source to substitute

incandescent lamps, fluorescent lamps, and high pressure sodium lamps [53].

The emerged and emerging illumination applications require that white LEDs provide

higher performance and reduce the cost in an acceptable range for consumers. Nowadays, the

highest luminous efficiency of commercially available high power white LEDs is close to

120 lm/Wat room temperature and pulsemode, which is adequate for the requirements ofmost

applications, by considering the features of LEDs including the direction lighting. However,

the performance/price ratio (lm/$) of LEDs is almost ten times lower than that of traditional

lamps. This restricts the penetration of white LEDs in general illumination. Further research

efforts are needed to improve the performance and cut down the cost.

In 2008, Philips Lumileds and OsramOpto Semi-conductors unveiled impressive lab results

with luminous efficiency of 140 lm/W using 1mm2 chip at a drive current of 350mA [54].

Packaging is considered to be critical to maintaining this lab record realized for volume

production in industry stably and in low cost. The theoretical viewpoint is that the LED can

work as long as one hundred thousand hours given perfect conditions. However, the LED chip

is very sensitive to damage in terms of electrostatic discharge (ESD), moisture, high

temperature, chemical oxidation, shocking, and so on. Packaging protects the LED chip from

damage. In addition, packaging is responsible for enhancing the light extraction to provide high

luminous flux, dissipating generated heat from the chip to increase the reliability and life and

controlling the color for specific requirements [55]. The trend of the high performance/price

ratio of the white LED proposes more rigorous requirements on packaging.

The main requirements on white LED packaging are high luminous efficiency, high color

rendering index (CRI), adjustable correlated color temperature (CCT), excellent color stability,

low thermal resistance, rapid thermal dissipation, high reliability, and lowcost. It is not a simple

task for packaging to satisfy all these requirements simultaneously. There normally exist some

contradictions such as high luminous efficiency and low CCT, high performance, and low

cost [56]. Warm white LED with low CCT needs the addition of longer wavelength phosphor,

which will increase the conversion loss and thereby reduce the luminous flux. Advanced

packagingmaterials and techniques are essential for high performance LEDs, whereas low cost

limits the materials selection. Diamond has super thermal conductivity (2000W/mK), but the

high cost makes it impossible to use for thermal dissipation. Packaging design should choose

balanced considerations in these contradictions and guarantee the most favorable targets.

White LED packaging is a complicated technology of both fundamental science and

engineering natures, as shown in Figure 2.21. It mainly concerns optics, thermal science,

materials, mechanics, electronics, packaging processes, and equipment. These key factors

determine the final performance of white LEDs. Generally, materials, processes and

equipment are the basis for the development of white LED packaging. It is the advanced

materials, processes and equipment that make the high quality white LEDs realizable. For

example, the emergence of silicones ensures that the high power LEDs are used longer than

traditional LEDs with epoxy resin encapsulants. The adoption of the ceramic board as the
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substrate of chip-on-board technology ensures that the heat of the chip is efficiently

transferred and the size of LED modules is significantly reduced. Bonding chips with solder

also makes the thermal resistance between the chip and the substrate reduce dramatically and

therefore increases the operation temperature of white LEDs, before the successful imple-

mentation of nano phased conductive adhesive with both high thermal conductivity and

handling. Higher junction temperature means that LEDs can be used in harsher environments

and prolongs the life of LEDs. Automatic equipment is consistent and repeatable. This is very

important for LEDs, because the cost of white LEDs is still higher than traditional lighting

sources. Continuous reduction of LED cost in the following years can accelerate the

penetration of white LEDs into illumination applications.

Based on the improvements in materials, processes, and equipment, the optimization of

optics, thermal science, mechanics, and electronics can be realized. However, the optimization

of these key factors is still the subject of further studies and more attention need to be paid to

them. The optimization requires fundamental understanding of how the varieties of materials,

processes, and equipment affect the final performance of LEDs. Additionally, the reliability

issues caused by the operation are also not yet completely known. This is challenging work for

packaging design, especially when the LEDs are used in harsh lighting applications. In the

following text, simple explainations will be given and more detailed discussions can be found

in the following chapters.

The optics is related with the luminous efficiency, correlated color temperature (CCT), and

color rendering index (CRI). Luminous efficiency is the main concern in optics, since it is the

direct criteria that determineswhether the LEDhas the potential to savemore energy than other

lighting sources. To enhance the luminous efficiency, the general methods used in LED

packaging include conformal phosphor coating, free form lens, high transparent and high

refractive index encapsulants, and optimized reflectors. Phosphor materials are also important

in the improvement of luminous efficiency. Since the luminous efficiency of white LEDs has

exceeded 100 lm/W, which makes white LEDs usable in various applications, the correlated

color temperature and color rendering index are becomingmore important in the optics. These

two factors can provide humans with more comfortable and more real visions in illumination.

In applications such as residential lighting and hotel lighting, the applications require warm,

white light (2500K–4000K) tomake people feel more comfortable. Other applications such as

Figure 2.21 Schematic for packaging with various design issues. As a complicated system, packaging

design cannot focus on one issue and should address these issues simultaneously and provide an integrated

system with balanced performance.
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medical lighting and museum illumination require high CRI (>90) to exhibit the natural color

of objects [57]. However, to provide high quality white LEDswithwarmwhite and high Ra, the

products fabricated by phosphor-converted LEDs should sacrifice the luminous efficiency due

to the addition of longer wavelength converters such as red phosphor.

Thermal dissipation has been a serious issue with the invention of high power LEDs.

Constrained by the internal and external quantum efficiencies, a non-radiative process in

active layer converts most of the electrical power to heat. Increased drive current means that

there is almost 70W/cm2 for a lW LED with a 1mm2 area, which is higher than

conventional microprocessor chips. Generated heat will increase the junction temperature

significantly. Higher temperature may damage the PN junction, lower luminous efficiency,

increase forward voltage, cause wavelength shift, reduce lifetime, and affect quantum

efficiency of phosphor [58]. Degradation of materials is mostly caused by long term

heating. Elevated temperature can induce thermal stresses in packaging components due to

the mismatch of coefficient of thermal expansion (CTE). Since the thickness of the active

layer and the P-GaN of the chip are only dozens of nanometers, they are very sensitive to

thermal stresses. Significant deformation or warpage may be also induced. For most

commercial LEDs, junction temperatures cannot exceed some values such as 120 �C for

most vendors and 150 �C, 180 �C for a few exceptionally well packaged products. High

thermal stresses caused by an over-heated LED may lead to voids, cracks, delaminations,

and premature failures. Therefore, rapidly removing heat from the chip and keeping

the junction temperature below a certain limit are crucial for the maintenance of

LED performance.

There are two paths for heat dissipation. One is conducting heat through upper phosphors

and encapsulants, the other is conducting heat through chip attached materials. Since

encapsulants are mostly polymer and both encapsulants and phosphors are heat insulated,

all of the heat must be conducted through thematerials. Considering the super heat flux density

of chips, these materials should not only present high thermal conduction, but also rapidly

spread the heat to areas with effective configurations. Applying high conductive metal as the

heat slug is the first solution of high power LED packaging. Luxeon products are the

representatives in these types of LED packaging. Figure 2.22 is the schematic of this product.

Then, the chip-on-ceramic board technique is proposed tominimize the size ofLEDpackaging.

Through adopting the ceramic board, the CTE mismatch issue is solved and can also conduct

the heat efficiently. Other techniques proposed for the solution of high power LED packaging

include directed bonded cooper (DBC), metal core printed circuit board (MCPCB), and

composite materials [59,60].

Reliability is also critical in LED packaging. Since the first high power white LED was

invented, great efforts have been put into the study to fabricate high reliability LEDs with a

lifetime as long as 50,000–100,000 hours. Although white LEDs have presented longer life

than traditional lamps, the relatively higher cost and requirements on environmental protection

and energy saving propose more rigorous expectations on reliability. However, the influencing

mechanisms ofmanufacturing on the reliability and operation are not substantially understood.

This restricts the development of LEDs sincewe cannot predict the lifetime and failure of LED

devices accurately. Unexpected failure may induce serious impacts. A representative incident

was the Luxeon recall of Lumileds, whichwas caused by non-conforming epoxymaterial [61].

Potential issues affecting the reliability mainly include deformation, voids, delamination,

cracks, impurities, moisture, temperature, and current. These issues are generally attributed to
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improper choice of materials [62], incorrect handling and processes, non-optimized structures,

excessive usage under harsh conditions, and so on.

In the manufacturing process, voids normally exist in die attach materials and thermal

interface materials. In the soldering and curing process, complicated physical and chemical

reaction will happen and may release gas or vapor. In the annealing process, melted materials

should cool down and shrink. Different composite alloys have various shrinkage rates and

generate internal stresses in materials. This induces the initial crack and voids as shown in

Figure 2.23 [63]. These small voids can block thermal conduction. In the following thermal

Figure 2.22 Schematic illustration of Luxeon packaging.

Figure 2.23 SEM images for die attach materials [63]. Small voids and initial cracks are inevitable

in the curing process. IMC denotes the intermediate metallic compound. (Reprinted from Materials

Science and Engineering: A, 441, J.-W. Park, Y.-B. Yoon, S.-H. Shin and S.-H. Choi, “Joint structure

in high brightness light emitting diode (HB LED) packages,” 357–361, 2006, with permission from

Elsevier.)
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cycles such as encapsulants curing and operations, the voids and initial crack may expand and

result in breakage and delamination in the die attaching interface.

Thermal load is the primary factor affecting the lifetime of LEDs. Heat accelerates the

moisture absorption rate of materials and speeds up the erosion reactions of impurities and

metals. Cracks and delaminations may grow and lead to degradation and even failure of

components under thermal cycles. Generally, heat is coupled with drive current. Increasing

current generates more heat and induces worse electrical stress and thermal stress. These

coupling effects of heat and current on the reliability of LEDs have been studied by many

experiments [64–71]. The main impacts of high current and elevated temperature include

increase of thermal resistance and forward voltage, reduction of thermal conductivity and

transmittance of silicones and QE of phosphors, carbonization of packaging components and

phosphors, wavelength shift of chip and phosphors, current crowding, materials degradation,

and so on. It is believed that pulsed current with high duty cycles is beneficial for the

improvement of reliability instead of direct current. The operating current of LEDs should

be carefully set to avoid over-loaded electrical and thermal stresses according to

different environments.

Since the LED packages should be subjected to mechanical, thermal, and environmental

loadings during manufacturing processes and services, special attention should be paid to the

adhesion strength in the interfaces to maintain LEDs in a safe state. It has been proven that the

weak adhesion strengthmakes the delamination grow faster and it cannot resist multi-shocks or

reflows. Precondition can improve the adhesion strength, but the materials should be carefully

chosen to avoid penetration of impurities and harmful ions.

It should be noted that reliability issues cannot be permanently solved. The only solution is

minimizing the probabilities of failures by keeping decay of components within acceptable

ranges. For a long time, structures of LED packaging were designed for the purposes of easy

operations and simplified processes and reduced cost. However, this induces adverse results of

LEDs since people find that the performance is not as stable as declared. Typical cases are

failures of road lights in many cities of China in their early attempts to implement high power

road lights in primary and secondary streets. Therefore, we believe that applying advanced

technologies by a small increase of cost to improve the reliability is really essential for the

future of LEDs.

Finally, it should be noted that these key factors are correlated and they determine the final

cost and performance of white LEDs. Designers cannot focus on one aspect without

considering the impacts of other aspects. Light extraction and thermal dissipation are normally

interplayed. Themore the light is extracted, the less the heat should be dissipated. Low junction

temperature will further increase the initial optical power and make the LED brighter. On the

other hand, if less light is extracted or the junction temperature is too high, there will be a

harmfully optical-thermal cycle. This cycle can damage the chip and cause degradation of

materials. Other reliability issues such as delamination and cracksmay also emerge and shorten

the lifetime. Since the cost of LEDs will be higher than traditional lamps in the next 2–4 years,

designers should firstly try to improve the performance of LEDs. The correlation of these

packaging issues demand that white LEDs should be co-designed as an optical-thermal-

reliability system. Construction of a system level design platform is therefore important for

LED packaging.

An excellent packaging design should not only focus on the issues caused by

individual packages, but also should address the issues caused by the operation of LEDs.
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Designing and manufacturing a single LED package without specifically considering the

impacts of environment and usage may induce unexpected results such as elevated

temperature, poor weld ability, and installation damage. Typical early examples include

the failure of Cree XLamp’s lens and surface contamination of Seoul Semicon’s silicone

encapsulants. To reduce the cost of lamps or road lights, manufactures prefer to increase

the drive current to more than 500mA so as to provide high lumen output, which will

accelerate LED failure. Secondly, the optical lens is sensitive to the position of the LED,

which may be varied by the reflow soldering. Therefore, designers should carefully choose

materials and package configurations to avoid manufacturing “defective” products. The

packaging design tolerance should also be higher to make the LED durable in more

rigorous conditions. System solutions for specific applications are essential for future

packaging design.

2.5 Development Trends and Roadmap

Although the LED packaging industry has finished significant technology accumulation,

prototype developments, IP development, and so on, we still have room for new developments

due to the demand of 10� cost reduction in the next 4 to 5 years and it is worthwhile to predict

the development trends and roadmap [72].

When the LED goes to general lighting, large size backlighting, and automotive headlamps,

we still see a lot of room for innovations for more compact, high performance/cost products.

In particular in those developing countries, we still see the absence of the mature technologies

for high power LED packaging.We still have observed poor reliability of the existing products.

We are still far away from having practical products in terms of reliability and standards.

Current LED lighting fixtures are still too heavy andwe are still in need to integrate technology

which can cover efficient optics, compact thermal management modules, reliable powering

unit, andmechanical protection. In this section, wewill propose a brief prediction of packaging

technology in terms of various aspects.

2.5.1 Technology Needs

In order to further reduce the cost of LED packaging modules and systems, we will need a

system approach to co-consider the reliability and durability, secondary optics and first level

packaging optics, thermal management, and cost issues. DfX, coined for design for reliability

and durability, manufacturability, assembly, testing, cost, and so on, is actually both a

framework and a methodology for concurrent engineering of new products. It is challenging

to build the platform and execute it in the design of LED packaging for applications. Even for

multi-national companies, many issues need handling before one can really use it to full scale

for the actual LED packaging and application design. However, even the platform is partially

completed, the benefits can be significant. For academic institutions, a few leading universities

in packaging have been pushing the establishment of this platform for the past 19 years, such as

Georgia Tech, University of Maryland at College Park, Wayne State University, Huazhong

University of Science andTechnology,HKASTRI, and so on. In the following sub-sections,we

will briefly discuss the development needs for optical structures, color control technology,

phosphor layer materials and processes, thermal management technology, substrate materials,

and reliability.
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(i) Optical Structures

Currently, simple shape reflectors, spherical and simple shape lens are commonly used in

commercial packaging and lighting fixture products. Research and developments will likely

target new nano-micro-lens array, integrated reflectors and lens optics, freeform reflectors,

and lenses.

(ii) Color Control Technology

With the wide applications of LED packaging in various sectors, it is desirable to develop

methods to control the phosphor density, phosphor layer profile, multi-layer phosphor, RGB

color, and multi-chip forward current control.

(iii) Phosphor Layer Materials and Processes

Currently, leading companies have used phosphors mixed with silicone. The research

community is working on multi-wavelength phosphor layer, nanometer phosphor layer,

phosphor in nano-phased ceramics which has much high refractive index. In addition to

direct coating, conformal coating, new methods are being developed for direct molding,

electrostatic spray, and so on. Efforts are being developed in the authors’ group in terms

of coating the spherical shaped phosphor layer in volume which may result in a uniform

color temperature.

(iv) Thermal Management Technology

Currently, both epoxy and eutectic die attach solder are used for the LED chip to substrate

bonding in chip-substrate level packaging. Eutectic die attach solder is effective as it provides

low thermal resistance. Epoxy provides a low cost solution due to the easy operation and

inexpensive equipment. But its thermal performance counts on the thickness control to reduce

the thermal resistance. One new development is in nano materials enhanced polymer bonding

which may replace solders [73]. More efficient stripe fin design, microjet fluid cooling, micro

vapor network chamber based substrate, micro heat pipe substrate, micro channel substrate,

nano thermal interface materials, and integrated substrate and heat sink technology are on-

going research efforts in the community. Substrates with micro structures will help reduce the

spreading resistance and environment resistance. Thermal management technology in active

cooling needs more reliability evaluation.

(v) Substrate Materials

Currently, metal core printed circuit board (MCPCB) is used. Low temperature co-fired

ceramics substrate is one candidate for high power LED packaging. Direct bonded copper

(DBC) has been proven to be useful for high power lasers and is being tested for LED array

packaging.Multi-layerMCPCB,multi-layerDBC,microstructured substrate integratedwith

drive circuits, and even distributed powering unit are new research directions.

(vi) Reliability

Model based reliability approach for both modules and systems needs further development in

terms of refined material databases, components and module database, sensors based loading
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database, multi-physical variables multi-scale based CAE modeling for both processes

modeling and reliability qualification, model based simplified testing vehicles for material

and material-pair selections, failure mechanisms and degradation models for coupled optical/

color, thermal, stress, moisture, and electrical performance. The system level reliability covers

the healthmanagement andwill be coupled to thewireless sensingmodules.More on reliability

will be discussed in Chapter 5.

2.5.2 Packaging Types

As described in Chapter 2.1, IC packaging has been evolving from simple dual in-line

packaging to ball grid array (BGA) to flip-chip packaging (FC) to chip scale packaging (CSP)

and finally towafer level packaging (WLP) based CSP. The driving forces behind the evolution

are minimization, low cost, high performance, and robust reliability. This has been also true

for the development of LED packaging so far in the past 40 years. The LED packaging has

evolved from the simple low power 3mm and 5mm packaging to current XLamp and Rebel

type packages. According to what was proposed for the purpose of discussion, Table 2.2 and

Figure 2.24 present the roadmap for performance specifications.

Table 2.2 Technical specifications of packaging as a function of years

Year 2008 2010 2012 2014 2016 2018 2020

Luminous Efficacy (lm/W) 100 130 150 170 180 190 200

Color Rendering Index 80 83 85 88 >90 >90 >90

Color Uniformity >70% %75% >75% >75% >80% >80% >85%

Thermal Resistance (� C/W) 8 <6 <5 <4 <4 <3 <3

Life Time (h) 30000 40000 50000 70000 90000 90000 100000

Packaging Efficiency 80% 84% 88% 90% 92% 94% >95%

Lumens Cost (¥/klm) 120 60 30 20 10 8 5

Figure 2.24 SSL needs more compact packaging.
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(i) Application Specific LED Packaging

In IC designs, we have so called application specific integrated circuits (ASIC) for each

application of microelectronics. By analogy, we define application specific LED packaging

(ASLP) or justASP tomeet the needs ofLEDs for particular applications such as road lights, in-

house lamps, automotive headlights, tunnel lights, and so on. Bulk secondary lenses or reflector

covers have been in use, and if optimally designed, can work well applications such as road

lights. However, the bulk secondary optics makes the metallic parts heavy (fins, mechanical

components), which adds to the cost so as not to be able to compete with traditional lighting in

terms of the initial installation. It is also desirable to use an LED array so that the extended

light source is used and it is challenging to design compact lens to meet the needs of both

individual LED and LED array. It is even more desirable to integrate the secondary optics and

first level packaging spherical lens, which will be discussed in detail in Chapters 3 and 6.

(ii) Wafer Level Packaging

Traditionally, packaging is done after one obtains a bare die or dice and package them in a

module, which is defined to be the device level packaging. In wafer level packaging,

processes tend to be done more in the wafer level. Typical processes include wafer

thinning, film deposition, wafer bonding, wafer debonding or lift off for substrate

transfer, TSV (through silicon via), and so on. Wafer thinning can be done by mechanical

grinding, CMP (chemical-mechanical-polishing), wet etching or dry etching, in sequence,

but with an optimization combination of these processes to make sure sub-surface damage

can be minimized. Wafer level packaging can be from wafer on wafer, and chip on wafer.

Details can be found in a recent book [1]. For LED wafer level packaging, a simple

example is a simple white light concept from wafer level. Phosphor silicone can be

spin coated or screen printed on the sapphire wafer, or bonded with a glass phosphor or

nano phase ceramics wafer. Schematic processes are presented in Figure 2.25. If on-chip lens

Figure 2.25 A wafer level packaging for the direct white light.
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(optical chip) or lens array are considered. We can use chip on wafer or wafer on wafer

concept. Schematic processes are also presented in Figure 2.26 for wafer on wafer

concept [74–77]. It is noted that non-spherical lens can be designed for specific applications.

We also need to point out that we canmake individual LED chips by dicing, individual lens or

lens array, and use chip on wafer concept to realize the wafer level integration.

(iii) System in Packaging

System in packaging (SiP)was revolutionary in that it covered thewhole systemas a packaging.

For LED in particular, systems can be a full street lamp, or a tunnel lamp, or a small in-house

Figure 2.26 A wafer level packaging for white light LED with integrated optics.

Figure 2.27 Schematic of an integrated LED packaging module with lens, cooling function, powering

and controllers.
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lightingscreen,ora largescreenbacklightingsystemintegratedwithLCD,andsoon.Wafer level

packaging can be part of the SiP. In an LED SiP, we may perceive how to integrate the major

functions for a system into a three dimensional packaging (3D). These functions can be

integrated optics, powering, signal distribution, thermalmanagement, and sensors based health

monitoring and wireless monitoring. One such example is shown in Figure 2.27 for a typical

street lampmodule. There are thousands of companies out there in traditional lighting and they

need the LED technology. However, most of them are short of knowledge and technology of

secondary optics, thermal management, and powering. By the SiP modules proposed here, it

would be very easy for those companies to switch to the LED community so as to minimize the

pains caused to them by the transferring from traditional lighting to SSL.

2.6 Summary

In this chapter, with the belief that LED packaging shares many similar points to electronic

packaging and with the hope that the cost breakdown will continue in LED packaging, we

first presented the fundamentals of electronic packaging from the conventional leadframe

based plastic packaging, to chip scale packaging, towafer level integration, and to the system

in packaging (SiP) which is based on More Than Moore, the so-called second law of

microelectronics [1]. The last concept is important, as in solid state lighting, More Than

Lighting will be important for the LED, as the LED will generate many more opportunities

due to their unique features. Then, we discussed the LED chips in terms of current spreading

efficiency, internal quantum efficiency, and high light extraction efficiency. Types and

functions of LED packaging are described in details in terms of conventional low power

packaging, and high power packaging. Factors and system design of high power packaging

are seriously discussed, with particular focus on the cross-disciplinary co-design approach to

the design of LED packaging. As a complicated system, packaging design cannot focus on

one issue and should address these issues simultaneously and provide an integrated system

with balanced performance. Reliability issues are briefly discussed. Finally, development

trends and a roadmap are provided, with particular interest in the integration from a simple

application specific LED packaging (ASLP), to more advanced level wafer level integration.

It is believed that silicon based packaging will be rapidly used in LED packaging.
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3

Optical Design of High Power LED
Packaging Module

3.1 Properties of LED Light

3.1.1 Light Frequency and Wavelength

Light is a common natural phenomenon, throughwhich theworld can be perceived by humans,

and through which various kinds of information can be obtained. The study about the nature

of light can be traced back to the seventeenth century. Human’s understanding of light has

changed from the initial theory of particles into the wave theory. However, at the very

beginning, people just simply believed that light was a mechanical wave. In the 1860s,

Maxwell, basing his summary on previous work, proposed that light was a kind of electro-

magnetic wave in a certain frequency range. Later, the electromagnetic attribute of light was

confirmed by a large number of experiments. The electromagnetic wave that human eyes can

feel within the frequency range is known as visible light. The frequency range of visible light is

380–780 nm. Within this range, human visual sense of different colors can be caused by the

electromagnetic waves. Usually, the approximate corresponding relationship between colors

and wavelengths is as shown in Figure 3.1.

By the end of the nineteenth century and the early twentieth century, with the birth of the

theory of relativity and quantum theory, the human’s understanding of light was further

deepened. Einstein proposed a quantum theory of light, which was the physical basis of the

light-emitting of the LED. However, it cannot be generalized that light is particles or

fluctuations. On certain occasions, light shows the characteristics of particles; but on other

occasions, it shows the characteristics of fluctuations; it has the quality of “wave corpuscle

duality”. It is only through the different natures which the light shows under different

conditions that people can interpret the light; in the same way, the appropriate theory must

be adopted to describe the light under different conditions. For example, in the interpretation of

the light-emitting principle of LED chips, the quantum theory of light should be adopted; while

on the lighting optical design of LED, often the ray theory is adopted.
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The light-emitting principle of the LED chip is that in the active region, the spontaneous

radiation recombination of the electron-hole pairs produces light of different wavelengths.

The relationship between the wavelength of light waves and frequency is shown in

Equation 3.1.

l ¼ c

n
ð3:1Þ

While the relationship between photon energy and frequency is as follows:

E ¼ hn ð3:2Þ

Based on the two equations above, the relationship betweenwavelength and energy is shown

in Equation 3.3,

l ¼ c

n
¼ hc

E
� 1240

E
nmð Þ ð3:3Þ

where c is the light velocity, h is Plank constant, n is photon frequency. And the photon energy
caused by radiation is approximately equivalent to the band-gap energy Eg of materials in

active region. Therefore, the light wavelength of the LED is as follows:

l � 1240

Eg

nmð Þ ð3:4Þ

The bandgap of materials in different active regions are different. Nowadays the light

emitting from LED chip can be a monochromatic light ranging from red to ultraviolet.

Figure 3.1 Approximate corresponding relationship between colors andwavelengths [1]. (Color version

of this figure is available online.)
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3.1.2 Spectral Distribution

As one type of electromagnetic wave, light is provided with energy. Usually, the quantity of

radiation is used to express the size of the radiant energy of a light source or objects irradiated.

The energy of radiation per unit time is expressed as the radiant flux Fe, the unit is watt.

However a beam of light does not contain only one wavelength (frequency); it often includes

light of continuous wavelengths (frequency) within a certain range. Even the light emitted by

an LED chip is not strictly a monochromatic light. The optical wavelength (frequency) is also

continuously distributed in a very small range. The spectral power distribution function S(l) is
adopted to describe the distribution of light in the range of wavelength or frequency. S(l) is
defined through the following equation:

Fe ¼
ð þ1

0

S lð Þdl ð3:5Þ

In order to describe the light source intuitively, the relative spectral power distribution curve

is usually adopted to indicate the spectral distribution. Figure 3.2 is the spectral distribution

curve of a vendor phosphor-converted white LED packaging module in the market; the peak

spectral wavelength is 565 nm.

3.1.3 Flux of Light

It has been pointed out in Section 3.1.2 that the radiant flux Fe can be used to measure the

radiant energy power of the light source or objects irradiated. The radiation can contain light of

any frequencies. The situation of different optical receivers in response to the lights of different

frequencies must also be taken into consideration. Usually, optical receivers have different
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responses to lights of different frequencies. Therefore, when considering a particular optical

receiver, it is not enough to only use radiant flux.

In the same way, for the human eye, they are provided with different selectivity to lights of

different frequencies. Experiments show that the human eye is most sensitive to the yellow

light whose wavelength is 555 nm. In other words, under the condition of same radiant flux,

compared with lights of other wavelengths, the yellow light (555 nm) has the strongest

stimulation on the human eyes. Therefore, the radiant flux cannot be used to describe the

degrees of stimulation of light source or irradiated objects imposed on the human eye. It is

necessary to introduce a new physical quantity—luminous flux, whose unit is lm (lumen). It

is prescribed that the corresponding luminous flux of the yellow light with wavelength of

555 nm is 683 lm when the radiant flux is 1W; and for the rest of the lights with any other

wavelengths, their luminous fluxes are all less than 683 lm when the radiant flux is 1W.

Therefore, if the physiologically luminous efficiency of the human eyea to the light with

wavelength of 555 nm is prescribed as 1, then the physiologically luminous efficiencies of

human eyes to lights with other wavelengths are all less than 1. The physiologically luminous

efficiency capability of the human eye to lights with different wavelengths is called visual

sensitivity function.

Studies have shown that there are different visual sensitivity functions of the human eye in

different light environments, such as visual sensitivity functions of photopic vision and

scotopic vision (CIE DS 010.2–2001 Photometry—The CIE system of physical photometry,

2001). In 1924, the Commission Internationale de l’Eclairage (CIE) recommended the visual

sensitivity function of photopic vision V(l); in 1951, CIE recommended the visual sensitivity

function of scotopic vision V0(l). The curves of visual sensitivity function are shown in

Figure 3.3.

The luminous flux is a physical quantity which is used to measure the size of radiation that

the the human eye perceives the light source or objects irradiated, so that the size of luminous

flux is not only related to the absolute radiant flux of light source or objects of illumination, but
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also related to the visual sensitivity function of human eyes as well as the spectrum.

The luminous flux can be expressed in the following equation:

Fv ¼ 683 lm=Wð Þ
ð
V lð ÞS lð Þdl ð3:6Þ

3.1.4 Lumen Efficiency

As introduced previously, we know that not all of the electromagnetic waves can be felt by the

human eye; even in the range of visible light, the sensitivities of the human eye to lights with

different wavelengths are also different. Consequently, in lighting applications, different light

sources with different luminescent spectrums are provided with different lighting effects; a

light source with a large radiant flux is not necessarily having a large luminous flux. Take the

incandescent lamp as an example; its radiation spectrum contains a large number of infrared

rays not visible to the human eye, so the luminous flux is very low; while the white light LED,

the emission spectrum is mainly concentrated in the range of visible spectrum. Therefore,

although the absolute value of the radiant flux of the LED is not large, it has a large luminous

flux; and this is one of the reasons for LED’s energy-saving. Hereon, the lumen efficiency can

be adopted to measure the efficiency of the radiation spectrum of the light source. The unit of

lumen efficiency is lm/W and the equation is as follows:

k ¼ Fv

Fe

¼ 683ðlm=WÞ
Ð 780
380

V lð ÞS lð ÞdlÐ þ1
0

S lð Þdl ð3:7Þ

where k means the luminous flux generated by 1watt radiant flux. As mentioned above, the

lumen efficiency of the light with 555 nm wavelength can reach as high as 683 lm/W, the

lumen efficiency of light with other wavelengths are all less than 683 lm/W. The lumen

efficiency, a concept different from the luminous flux of light source, is not related to the

absolute radiated power of light source, only related to the spectral distribution. Different

light sources are provided with different spectral distributions, so the lumen efficiencies are

not the same; light sources with high lumen efficiency are often more energy-efficient. As the

light source is driven by electricity, and the power efficiency Z is often low, so that the light-

emitting efficiency k0 with 1W electric power is lower than k, and k0 can be expressed in the

following equation:

k0 ¼ Zk ¼ Fv

Fe

¼ 683ðlm=WÞZ
Ð 780
380

V lð ÞS lð ÞdlÐ þ1
0

S lð Þdl ð3:8Þ

Table 3.1 is a list of lumens efficiencies of some typical light sources:

3.1.5 Luminous Intensity, Illuminance and Luminance

In various directions of the space, the luminous flux of most light sources or objects irradiated

are not the same. In order to describe the light emitting from the radiation body in all directions

in the space, it is necessary to introduce the physical quantity of luminous intensity Iv.
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The luminous intensity Iv ¼ dFv=doðlm=SrÞ is the luminous flux of the electric light source in

a unit solid angle of certain direction. The unit of luminous intensity is cd or lm/sr; a basic unit

of international system of units (SI). 1 cd is equivalent to the luminous flux of amonochromatic

point light source in a unit solid angle, of which the radiant flux is 1/683W and the light-

emitting wavelength is 555 nm. The relationship between the luminous intensity and the unit of

luminous flux is as follows:

1 lm ¼ 1 cd � sr ð3:9Þ

where cd is pronounced candela, and sr is pronounced steradian.

Since the light intensities of most light sources in various directions of the space are not

equal, in most cases they cannot be given analytically. In order to achieve a complete light-

emitting description of the light source in the space, it is necessary to measure and provide the

light intensities of the light source from various angles in the space.

Actually, the real point source of light does not exist, but the luminous intensity can still be

used to describe the light emitting of the light source in the space. At this time, it is necessary to

observe the luminous intensity of the light source in a place which is much greater in size than

the light source. The principle used tomeasure the luminous intensity of a light source is shown

in Figure 3.4a. After obtaining the luminous intensity of the light source in the space, a

convenientmethod to describe the luminous intensity of a light source is the luminous intensity

distribution curve, which, in a coordinate system, can provide absolute or relative luminous

intensity values (Figure 3.4b) of the light source on different planes (the xz plane in

Figure 3.4a).

The luminous intensity of most light sources in the space is not axi-symmetric. In order to

obtain an accurate luminous intensity of the light source, luminous intensity distribution curves

on a number of planes need to be measured.

When the light emitted by the light source is shining on the surface, the optical energy

transfers to the object’s surface. In order to show the power distribution of the optical energy on

the object of the illumination’s surface, the concept of illuminance E is introduced. Its

definition is the luminous flux per unit area, expressed in Equation 3.10.

E ¼ dFv

dS
ð3:10Þ

The unit of illuminance is lux (lx). In the lighting area, the range of illuminance is prescribed

on certain occasions. Table 3.2 is a list of illuminance ranges in some typical occasions.

Table 3.1 Lumens efficiencies of some typical light sources

Light Source

Incandescent

Bulb HFED

High

Pressure

Mercury

Lamp

High

Pressure

Sodium

Lamp

Low

Pressure

Sodium

Lamp

Metal

Halide

Lamp LED

k0 (lm/W) <25 40–80 30–50 60–120 100–175 60–80 60–120
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Figure 3.4 (a) The luminous intensity test system; (b) Cree XlampLED luminous intensity distribution

curve.

Table 3.2 Illuminance ranges in some typical occasions [2]

Illumination Condition Illuminance Range (lx)

Moonless Night 3� 10� 4

Full Moon 0.5

Street Lighting 10–30

Reading & Writing 300

Home Lighting 30–300

Office Light 100–1000

Surgery Lighting 10000

Photostudio Lighting 10000

Direct Sunlight 100000

(Reproduced with permission from E.F. Schubert, Light-Emitting Diodes, 2nd ed.,

Cambridge University Press, Cambridge. � 2006.)
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The illuminance on the object’s surface was defined both by the luminous intensity

distribution of light sources and the location of the object to the light source. It is shown

in Figure 3.5:

do ¼ dS cos y
r2

ð3:11Þ

while dFv ¼ Ivdo ¼ I
dS cos y

r2
, therefore, the illuminance for the dS area is:

E ¼ dF
dS

¼ I cos y
r2

ð3:12Þ

As shown in Figure 3.5, the illuminanceE on themicrofacet ds which is away from the point

light source is directly proportional to the luminous intensity of the light source and is inversely

proportional to the square of the distance r. When the surface is perpendicular to r, the

illuminance can reach the largest value.

Although the illuminance E can show the optical energy distribution on the surface of the

irradiated object, it cannot show the light and shade of the light source or the object irradiated

observed by the human eye. The human eye does not necessarily feel brighter in the area with

high illuminance than that in the area with low illuminance. The light and shade that the human

eye can feel is also related to the location of the human eye to the radiation object. Therefore,

another physical quantity is introduced: luminance L, its unit is cd/m2. As shown in Figure 3.6,

obtain a microfacet dS on the surface of the radiator, suppose the luminous flux in the solid

angle do is dFvi, where the angle between this microfacet and the normal N is i, then the

luminous intensity in the direction~I is:

Ivi ¼ dFvi

do
ð3:13Þ

Figure 3.5 Location of the object to the light source.
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The luminance of the microfacet dS in the direction~I is defined as the ratio of the luminous

intensity Ii of the microfacet in the direction~I to the projected area dScosi of the microfacet on

the plane which is perpendicular to the direction~I:

Li ¼ Ivi

dS cos i
¼ dFvi

cos idSdo
ð3:14Þ

Normally, the luminance of the radiator in all directions in the space is not the same, that is,

from different angles, the light and shade that the human eye feels is not the same. However,

there is a kind of special radiator of which the luminance is the same in all directions in

the space-Lambert radiator. As shown in Figure 3.7, the luminous intensity of the Lambert

radiator is:

Ivi ¼ I0 cosi ð3:15Þ

Figure 3.6 Luminance of the microfacet dS in the direction~I [3].

Figure 3.7 Luminous intensity distribution of Lambert radiator.
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Based on the two equations above, then the luminance of theLambertian radiator in direction
~I is:

Li ¼ I0

dS
ð3:16Þ

As
I0

dS
is constant, make Li ¼ I0

dS
¼ L0, then the luminance of the Lambert radiator in all

directions is equal, not related to the angle i.

3.1.6 Color Temperature, Correlated Color Temperature and Color
Rendering Index

In addition to photometry, there is also a feel of color of human eyes to light. Therefore, some

physical quantities about light colors need to be introduced to describe the feelings of the

human eye to the light colors. The experimental results show that the majority of colors can be

expressed through not more than three kinds of colors. These three primary colors can be red

(R), green (G), and blue (B). Therefore, other colors can be defined according to these three

colors. However, some colors cannot be expressed by the positive values of these three colors,

especially those ones which are close to monochromatic color. Hereon, it is necessary to adopt

three supposed color values (X, Y, Z) to express them. These color values (X, Y, Z) are the

function values obtained by integrating spectral power distribution S(l) with standard color

matching functions �xðlÞ, �yðlÞ,�zðlÞ, which are shown in Equation 3.17. Figure 3.8 provides the
modified versions of the color matching function of CIE 1931–the modified versions of Judd

(1951) and Vos (1978).

X¼Ð
�x lð ÞS lð Þdl

Y ¼Ð
�y lð ÞS lð Þdl

Z ¼Ð
�z lð ÞS lð Þdl

ð3:17Þ
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Figure 3.8 Color matching function.
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In order to achieve a convenient presentation, the concept of color coordinates (x, y) is

introduced and the relationship between the color coordinates and color values is as follows:

x¼ X

Xþ Y þ Z

y¼ Y

Xþ Y þ Z

z ¼ 1� x� y ¼ Z

Xþ Y þ Z

ð3:18Þ

Therefore, the color can be presented by the coordinate value of the point in the plane.

Figure 3.9 is a chromaticity figure of 1931 CIE. In the figure, the curves contain a variety of

monochromatic color coordinates (x, y); the area surrounded by the curves presents the color

coordinates of other colors. The trichromaticRGB is also on the curves. The area surrounded by

the trianglewith the three points (R, G, B) as its three vertexes are the colors which may consist

of trichromatic RGB.

In Figure 3.9, there is a curve in the area surrounded by the curves. This curve is called the

Planckian Locus, which represents the color coordinates of the blackbody radiation spectrum

under different temperatures. When the color coordinate of a light source is at a point of the

Planckian Locus, the blackbody temperature corresponding to the point on Planckian Locus

can be used to describe the color; it is the color temperature (CT). Figure 3.10 presents the

colors corresponding to different color temperatures. If the color coordinates of the light source

is not the same as that of any point on the Planckian Locus, then the temperature of the

blackbody which can cause proximate color feeling of the light source to the human eye is

adopted, and this temperature is the correlated color temperature (CCT).
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Figure 3.9 1931CIE colorimetric diagram.
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Bymeans of color coordinates, it can be very convenient to calculate the color coordinates of

several mixed-light sources [1]. Supposing there are n light sources, the color coordinate of

each light source is (xi, yi), the radiant flux is Fei, then the color coordinates after mixing is:

x¼

Xn
i¼1

xiFei

Xn
i¼1

Fei

y¼

Xn
i¼1

yiFei

Xn
i¼1

Fei

ð3:19Þ

According to the response of the human eye to different spectrums, the color coordinates and

color temperature of the light source are defined. However, due to visual reasons, the light

sources of a different spectrummay be providedwith the same color coordinates. Then the light

sources with different spectrums but with the same color coordinates are called metameric

sources [1]. As each object irradiated has a reflectance spectrum, the same object irradiated by

metameric source may show different colors, resulting in a shift of the color coordinate. In the

lighting area, the degree of shift of the color coordinate reflects the quality of light source. A

standard light source is usually defined, and the color of the object irradiated by the standard

light source is called the real color of the object. Then compare it with the shift of color

coordinates of other light sources, and define the shift of this color coordinate as the color

rendering indexRa. In thisway, the ability that the light source has to restore the real color of the

object can be described quantitatively. The color-rendering index of a light source can reach

100 atmost. The higher the color-rendering index is, the stronger the ability that the light source

has to restore the real color of the object. Some methods to calculate the color rendering index

of the light source are introduced as follows. The studies have shown that the color density that

the human eye can distinguish in the figure of 1931CIE is non-homogeneous [1]. The

chromaticity diagram 1931CIE mentioned above is not suitable for evaluating the shift of

color coordinates. Therefore, the uniform chromaticity scale (UCS) diagram is introduced. The

coordinates can be obtained through the following change:

u ¼ 4X

Xþ 15Y þ 3Z
¼ 4x

� 2xþ 12yþ 3
; v ¼ 6X

Xþ 15Y þ 3Z
¼ 6y

� 2xþ 12yþ 3
ð3:20Þ

Figure 3.11 is the uniform chromaticity scale (UCS) diagram after the coordinate

transformation.

Figure 3.10 Colors corresponding to different color temperatures. (Color version of this figure is

available online.)
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As the reflectance spectrums of different objects are not the same, in the evaluation of the

color-rendering index of the light source, the reflectance spectrums of eight standard samples

(1964CIE) are generally chosen as references.

The evaluation method is to compare the colorimetric shifts of the standard light source to

these eight samples, with the tested light source of the eight samples, then get the average value

and obtain the color rendering index of the tested light source. When evaluating the color

rendering index of the light source, Planckian black body is usually used as the standard

light source and the color rendering index of the standard light source Ra is assumed to be

equal to 100 (Ra¼ 100), for the daylight illumination is often very similar to the blackbody

radiation source.

Supposing that the spectrum of the standard light source is Sr(l), the reflectance spectrum of

eight samples irradiated by a standard light source is SrðlÞriðlÞði ¼ 1; . . . ; 8Þ, the spectrum of

the tested light source is SkðlÞ and that the reflectance spectrums of eight samples irradiated by

tested light source is SkðlÞriðlÞði ¼ 1; . . . ; 8Þ, then the color rendering index of the tested light
source Ra can be calculated through the steps shown in Figure 3.12.

In the above chart, the parameters c and d are defined by the following equations:

c¼ 4� u� 10v

v

d¼ 1:708vþ 0:404� 1:481u

v

ð3:21Þ

W is defined by the following equation:

W ¼ 25Y
1
3 � 17 ð3:22Þ

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

C
hr

om
at

ic
ity

 C
oo

rd
in

at
e 

v

Chromaticity Coordinate u

520nm 700nm

400nm

10000K
6000K

4000K
3000K

2000K

Planckian Locus

Figure 3.11 UCS chromaticity diagram.
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In the process of calculating Y, Sr(l), Sk(l) should be multiplied by a factor, making

Yr ¼ Yk ¼ 100.

3.1.7 White Light LED

In lighting applications, white light LED is usually used as the light source. However, the LED

chip can only generate monochromatic light with a very narrow spectral range or ultraviolet

light that the human eye cannot see. Therefore, it is necessary to change the light generated by

the chip intowhite light. There are threemethods to generatewhite light: mixing the lights with

a variety of colors to generate white light in module level; using phosphor conversion to

generate white light; and utilizing an LED with multiple-cavity white light chip.

Calculate the Chromaticity Coordinates (xr, yr) of
the Standard Reference Source Sr(λ)

Calculate the Chromaticity Coordinates (xri, yri) of the Samples
Sr(λ)ρi(λ) Irradiated by the Standard Reference Source

Calculate the Chromaticity Coordinates (xr, yr) of
the  Source Sk(λ) to be Tested

Calculate the Chromaticity Coordinates (xki, yki) of the
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Figure 3.12 Flow chart of calculating the color rendering index [1]. (Adapted fromA. Zukauskas,M.S.

Shur and R. Gaska, Introduction to Solid-State Lighting, Wiley-Interscience, 2002.)
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(i) Mixing Different Lights to Generate White Light

In Section 3.1.6, we saw that white light can be obtained by mixing several monochromatic

lights with different colors which is shown in Figure 3.13. In the 1931CIE chromaticity

diagram, the color coordinates of the mixed-light are in the polygon forming by the

corresponding color coordinates of light sources. By adjusting the radiant flux’s ratio of the

light source in each part, white light with different color coordinates can be obtained after

mixing. R. Mueller-Mach and other researchers have studied two types of trichromatic LED

generating white light: 460–530–630 (nm) and 450–550–610 (nm) [4]. The white light

adopting these three colors of 460–530–630 (nm) is provided with high lumen efficiency k

but low color rendering index Ra; While the white light adopting the three colors of

450–550–610 (nm) is provided with high color rendering index Ra, but it is affected greatly

by temperature and is not stable.

The light-mixing method is the simplest one to generate white light by using an LED with

different colors. However, the color rendering index of the generated mixed-light Ra, lumen

efficiency k and the stability of chromaticity should be taken into consideration

comprehensively.

(ii) Using Phosphor Conversion to Generate White Light

At present, the white LED normally uses blue chips and yellow phosphor or ultraviolet chips

and RGB phosphor to generate white light. The phosphor is coated on the luminous surface of

the chip in LED packaging. When using blue chips and yellow phosphor, part of the blue light

generated by the chip is converted into yellow light through phosphor while the other part

comes out directly from the packaging module. Then the blue light and yellow light are mixed

to generate white light. The working schematic diagram is shown in Figure 3.14.

At present, most white light LEDs use this method. By adjusting the mixing proportion

and concentration of phosphor, white light with different color temperatures can be obtained.

Figure 3.13 Schematic of awhite light obtained bymixing several monochromatic lights with different

colors. (Color version of this figure is available online.)
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Figure 3.14 Schematic of structure generatingwhite light with the blue light chip and yellow phosphor.

Figure 3.15 Schematic of structure generating white light with ultraviolet light chip and RGB

phosphor.

Figure 3.16 Schematic of structure for direct white light chip.

LED Packaging for Lighting Applications 82

IPR Page 101



When ultraviolet chips and RGB phosphor, the ultraviolet light generated by the chip is

converted into red, green, and yellow light through RGB phosphor. Then these lights are mixed

to generate white light [5]. A schematic of the structure is shown in Figure 3.15.

(iii) LED with White Light Chip

White light chip LED means that the LED chip itself can give off white light directly. This

requires the LED chip to give off at least two kinds of light which will be mixed to generate

white light. X. Guo et al [6] made the chip generate blue light and yellow light by photon

recycling, and then mixed them to generate white light. A schematic of the chip structure is

shown in Figure 3.16.

3.2 Key Components and Packaging Processes for Optical Design

As depicted in Figure 3.17, the basic packaging components of phosphor-converted white

LEDs (pcLEDs) include chip, phosphor, lens, reflector and substrate. Reflector is not necessary

but it can concentrate the light and change the intensity distribution. The initial optical

performance ofwhite LEDs ismainly determined by the optical properties and structures of the

packaging components, and the processes. The chip, phosphor, and lens are considered to be

the key components in LEDpackaging. Chip determines the initial optical power, which affects

the final maximum luminous efficiency of white LEDs. The emission spectrum of phosphor

determines the luminous flux according to visual sensitivity function. Color indices such as

correlated color temperature (CCT) and color rendering index (CRI) also depend on the

characteristics of phosphor. The lens controls the luminous intensity distribution by changing

lens shape and enhances the extraction efficiency of chip by providing encapsulant materials

with high refractive index.

3.2.1 Chip Types and Bonding Process

In high power LED packaging, there are mainly three types of LED chips. As shown in

Figure 3.18, the first is the conventional chip with horizontal electrodes, the second is the

vertical injection chip, and the third is the flip chip. The choice of chip type for LED packaging

makes no significant difference in terms of the optical performance. But the general view is that

the vertical injection chip and the flip chip can present higher light extraction than that in the

Figure 3.17 Schematic structure of typical phosphor-converted white LEDs. (Color version of this

figure is available online.)
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conventional chip. This is because the top area of the chip used for the electrodes in the vertical

injection chip is smaller than that in the conventional chip, and the low refractive index of

sapphire in the flip chip can give light a larger escaping cone than that in the conventional chip.

Although the conventional chip has a slightly lower light extraction than the other two chip

types, this chip is still the major type used for LED packaging. This is due to the fact that the

chip manufacturing process of the conventional chip is simpler than the other two chip types.

The bonding process of a chip is critical in LED packaging. Generally, the conventional chip

and the vertical injection chip are bonded on a metal substrate by solder or silver paste. The

solder or silver paste should be pre-coated on the metal substrate and then the chip is mounted

on the solder or pasted with slight pressure. After that, the solder ismelted and cooled by reflow

soldering, or the silver paste is cured at high temperature. Since the solder and paste tend to be

soft and have better flow properties, the chip location on the metal substrate can be changed. In

addition, if the pressure used to locate the chip cannot be uniformly applied across the chip

surface, the chip will lean. Figure 3.19 shows some typical variations of chip location.

In type I, the chip is slightly deviated from the center. Since light emitted from different parts

of the chip propagates with different lengths in phosphor and the light is focused on different

locations, this can easily result in non-uniform spatial color distribution and asymmetry

luminous intensity distribution. In type II, the solder or paste is too thick. The inconsistency of

solder or paste thickness will cause the luminous efficiency and CCT of products to be varied

with each other. If the variation of solder or paste thickness is too large, some products may not

meet the specifications of users. This will increase the total cost of products. In type III, the chip

is leaned. This can also induce non-uniform spatial color distribution. All of these variations of

chip location can affect the light extraction due to the scattering of phosphor particles,

demonstrating the coupling effect of packaging manufacturing/assembly and the optical

quality of LED modules.

In addition, the chip may also rotate around the vertical axis during the manufacturing

and handling in these three types. This makes the variation of chip location more complicated.

Figure 3.18 Three typical LED chips used for high power LED packaging.

Figure 3.19 Schematic illustration of variation of chip location. (Color version of this figure is

available online.)

LED Packaging for Lighting Applications 84

IPR Page 103



The solder ball array used for flip chip bonding can self-align the chip and therefore reduce the

variation of the chip location. To control the chip location as precisely as possible, the thickness

of solder and paste should be as thin as possible.

For the conventional chip, special attention should be paid to the issue that the thickness of

solder or paste is too thick. The chip can be embedded into the solder due to the weight effect.

Some part of the sapphire substrate is therefore covered by solder, which can block the light

extraction of the chip. It is also true for the paste, as it may over-flow to the edges of the chip.

3.2.2 Phosphor Materials and Phosphor Coating Processes

Generally, phosphor materials are sorted into two categories: one is used for single phosphor-

converted (SPC) LEDs, the other is used for multi-phosphor-converted (MPC) LEDs. In SPC

LEDs, the optical requirements for phosphor materials include high quantum efficiency

pumped by blue light and wide emission spectrum, which are essential for high luminous

flux and high CRI. Yellow phosphor, the dominant wavelength of which is in the yellow-green

spectrum, is the most widely used phosphor material for SPC LEDs. The materials under

development include Ce3þ doped garnet materials [7] and Eu2þ activated nitride and silicate

compounds [8–10]. Among these materials, YAG: Ce phosphor presents the highest quantum

efficiency, the best optical-thermal stability, [11] and the widest waveband [8] and is therefore

chosen for the generation of natural and cool white LEDs. Figure 3.20 shows the absorption

and emission spectrums of one typical YAG: Ce phosphor. The MPC warm white LEDs also

prefer YAG: Ce phosphor to be the yellow-green spectrum converter to increase the

luminous efficiency.

Figure 3.20 Absorption and emission spectrums of one typical YAG: Ce phosphor.
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In SPC LEDs, through adjusting the thickness and concentration of the phosphor layer,

the color of light can be changed from cool white (5000–10000K) to natural white

(4000–5000K) as shown in Figure 3.21. This method is simple and can be easily handled

to reducemanufacturing cost. In addition, the excitation spectrumofYAG:Ce phosphor iswide

(100–200 nm) [8], which can provide higher CRI than traditional lamps such as the cool, white

fluorescent lamp (CRI¼ 63) and high pressure sodium lamp (CRI¼ 20) [12]. The CRI of SPB

method normally ranges from 70 to 80, which can meet the demands of most applications such

as road light and spot lighting.

MPC LEDs normally require two or more types of phosphor materials to generate white

light. There are generally two configurations of phosphors for blue chip pumped MPC LEDs.

One is adding phosphorswith longerwavelength such as red or orange red phosphors intoYAG:

Ce phosphor [13,14], the other is combining the blend of green and red phosphors with the blue

chip, which generates white light by three primary colors [8,15,16]. Figure 3.22 exhibits the

typical spectrums of these two configurations. Since the spectrum ofMPC LED is much wider

than that of SPC LED, especially in the region of red color, CRI of higher than 90 can be easily

achieved, and lowering of CCT is realizable. CCT can be controlled by changing the ratio of

phosphors in the blend. Increasing the amount of red phosphor will emit more red light and

generate warm light.

The rapid development of white LEDs spurs the studies of novel host lattices to obtain

more efficient phosphors. Table 3.3 lists the representative phosphors for MPB LEDs. Eu2þ

activated nitride and silicate compounds are the most concerned materials and a wide class of

novel phosphors has been developed [8,9,17]. These phosphors present high quantum

efficiencies, good thermal-chemical stability and have the potential to be excellent candidates

of high quality white LEDs in solid state lighting applications. Other phosphors such as
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Figure 3.21 Spectrums of SPB LEDs with various CCT. Increasing thickness or concentration can

change CCT to be lower.
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sulfides and thiogallates based normally show insufficient stability at high humidity

and temperature.

Phosphor coating is one of the most important steps in packaging processes. Figure 3.23

shows the SEM picture of YAG: Ce phosphor particles. Scattering enhancement particles such

as SiO2 are preferred to be added in phosphor to obtain uniform white. The average radius of

phosphor particles is 5–8mm. In one LED module, the number of phosphor particles is

generally more than 100,000 per mm3. This indicates that there may be millions of phosphor

particles in a phosphor layer. Therefore, light will encounter many particles and be multi-

scattered during the propagation. Each YAG phosphor particle absorbs blue light and emits

yellow light. It means that the blue light is weakened gradually whereas the converted yellow

light is increased with the increase of scattering. Therefore, the finally emitted white light
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Figure 3.22 Spectrums of MPC LEDs. Green line is the first configuration of MPC. In the second

configuration of MPC, it can be found that CCT can be controlled from warm white to cool white while

keeping high CRI [15].

Table 3.3 Representative Phosphors for pcLEDs

Phosphor Composition Emission Color

SrSiON:Eu2þ Yellow-Green

(Ca,Sr,Ba)5(PO4)Cl:Eu
2þ ,Mn2þ Yellow-Orange

Sr2Ga2S4:Eu
2þ Green

SrAl2O4:Eu
2þ Green

Sr2P2O7:Eu
2þ ,Mn2þ Yellow-Green

(Y,Gb,Tb)3(Al,Ga)5O12:Ce
3þ Yellow-Green-Orange

(Ba,Sr,Ca)2Si5N8:Eu
2þ Orange-Red

(Sr,Ca)S:Eu2þ Red
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significantly depends on the scattering chances of light. If the propagation length of one ray is

longer or the number of scattering is more than that of other rays, the color of this ray may

tend to be yellow. If the opposite case applies, then the color tends to be blue. Since the

propagation length and number of scattering are related to the thickness and concentration of

the phosphor, when phosphor coating you should try to make the thickness and concentration

as uniform as possible.

Normally there are three phosphor coating approaches to LEDs packaging as shown in

Figure 3.24. One is freely dispensed coating, the second one is conformal coating, and the third

Figure 3.24 Illustrations for three phosphor coating technologies. (a) Freely dispensed coating, light

color is varied fromyellow towhite to blue. Representative corporations are Everlight andSeoul Semicon.

(b) Conformal coating, light color is almost white. Representative products are Luxeon from Lumileds

andXLamp fromCree. (c) Remote coating, light color is varied fromwhite to yellow. The surfaces of pre-

cured encapsulants and phosphor can be found to be concave. Representative corporations are LedEngin

and GeLcore. (Color version of this figure is available online.)

Figure 3.23 SEM picture of phosphor particles. The sizes of phosphor particles are irregular. Study

normally applies the average radius to represent the dimension of phosphor particle. SiO2 particles are

used to enhance the scattering.
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is remote coating. In the first and third coating approaches, phosphor particles are uniformly

mixed with silicone to obtain phosphor silicone. Then phosphor silicone is fabricated to be a

film to form a phosphor layer. Phosphor silicone can be conveniently handled by dispensing

equipment. However, special attention should be paid to the phosphor settling caused byweight

and large particles, which can result in inhomogeneous concentration distribution.

Freely dispensed coating is the oldest method, which was developed from low power white

LEDs. This approach dispenses phosphor silicone on the chip without a mold restricting the

flow of phosphor silicone until a surface force balance is achieved. The shape of the phosphor

layer is normally convex and the thickness of the central zone on a chip is higher than that of the

edge zone. Therefore, the color of light emitted from the central zone tends to be warm white,

whereas color from the edge zone tends to be cool white. The advantage of this method is that

the thickness of the phosphor layer can be easily controlled by the volume of phosphor silicone

and the size of dispensing zone. No special techniques are required and therefore the

manufacturing time and cost are reduced.

However, this approach cannot fabricate high quality white LEDs. To obtain a balanced

white light across the chip, the thickness of phosphor layer is normally in the range of

0.2–0.5mm to avoid insufficient conversion for side emitting blue light. Therefore, the

concentration of phosphor silicone cannot be too high, otherwise the color will tend to be

yellow. Increased propagation length induces the reduction of luminous flux. In addition, to

enhance the throughout, the viscosity of phosphor silicone is controlled in the range of

3000–5000mPa�s to enable the phosphor silicone tomore easily flow and achieve surface force

balance. The dispensing time is longer than 500 ms. The inner radius of the nozzle is normally

larger than 0.25mm. This indicates that controlling the volume of phosphor silicone with

micron precision is difficult. Therefore, the repeatability and consistency are relatively low and

may reduce the yield of products.

Unlike freely dispensed coating without special manipulation of phosphor, conformal

coating is really an advanced packaging process. This approach fabricates the phosphor layer

extraordinarily thinly by stacking phosphor particles to obtain high concentration. Phosphor

film is uniformly coated on the chip surface to generate uniform white light. Conformal

coating was firstly developed by Lumileds, which applied the electrophoretic method [18] to

deposit charged phosphor particles on the chip surface. Controlling the voltage and deposition

time can adjust the thickness of phosphor film. Therefore, conformal coating can easily realize

micron precision. Other developed approaches such as slurry, settling [19], evaporating

solvent [20], wafer-level coating [21], and direct white light [22] can also conformally coat

the phosphor. Since the thickness is significantly reduced, shortened propagation length will

decrease the number of redundant scattering and thereby the lumen output is increased.

Conformal coating requires special handling in the following process steps, since the phosphor

film is thin and fragile. Small force may damage the film and induce delamination between the

film and chip.

The former two technologies both fabricate the phosphor layer directly on the chip surface.

The advantage is that the size of LED isminimized and can be used for high density packaging.

However, experiments confirmed that there is approximately 50%–60% light back-scattered by

the phosphor layer [23,24]. These light rayswill be re-absorbed by the chip and part of energy is

lost. In addition, the localized heating caused by the high power chip can induce thermal

quenching and reduce the quantum efficiency (QE) of phosphor [25]. Temperature of phosphor

particles may be as high as 120 �C and QE can be decreased to 70%.
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Adjusting the phosphor layer to a remote location can reduce the chip absorption and

increase the light extraction [26–28], since only a small part of light rayswill reach the chip and

be absorbed. Increased distance also improves the color stability by lowering the surface

temperature of phosphor [29]. This coating approach normally requires a reflector to fix the

phosphor layer. Surface treatment of the reflector is essential to offer high reflectivity. Ag is the

most favorable coating material. After a soft encapsulant layer is cured on the chip, phosphor

silicone is dispensed in the reflector. Applying phosphor silicone will also confront the

limitations as discussed in freely dispensed coating. Techniques from conformal coating such

as settling and evaporating solvent can be utilized in remote coating to improve the thickness

and concentration control. However, the main disadvantage of remote coating is that the shape

of the phosphor layer is not a perfect plane. Affected by the surface tension of liquid, the pre-

cured encapsulantmaterials and phosphor layer normally present concave surfaces. Curvatures

of these surfaces are dependent on the dimensions and surface roughness of reflector, viscosity

of phosphor silicone, operation temperature, and so on.With the increase of reflector angle, the

surfaces will tend to be flat. However, the packaging size will be significantly increased if the

angle is larger than 45�. High viscosity or low temperature can also reduce thewetting angle to

make the surfaces bemore flat. However, thesemethods cannot fundamentally solve this issue.

Since the viscosity of phosphor silicone is generally higher than that of pre-cured encapsulant,

the curvature of phosphor silicone will be larger. This will cause the thickness of the phosphor

layer to be slightly more in central zones.

3.2.3 Lens and Molding Process

There are two roles for the lens in LED packaging. One is protecting the chip and gold wire

from being damaged by harsh environment, and the other is enhancing the light extraction by

high refractive encapsulants and controlling the radiation pattern of LEDs by a specific shape.

The basic requirements of lens materials include high transparency for visible light, high

thermal-optical-mechanical stability, high surface hardness to resist scratch, excellent molding

properties, and so on.

The initially developedmaterial used for LEDpackaging is epoxy resin. The refractive index

of epoxy resin is around 1.52, and the surface hardness of epoxy resin after curing is also high.

Since the cost of epoxy resin is very low, it has been widely used in low power LED packaging.

The disadvantage of epoxy resin is that the thermal stability is poor. In elevated temperature or

long-time testing or operation, epoxy resin will turn yellow and the transparency is reduced.

The life of LEDs is therefore shortened.

When the high power LED packaging emerges, the thermal challenge prompts the

adoption of advanced silicone materials. A more technically correct name of silicone is

polysiloxane. By changing the branched species, silicones can provide a variety of different

materials that can be chosen according to the specific applications. Silicones have excellent

optical-thermal-mechanical properties such as temperature stability (�115 to 260 �C), fuel
resistance, optical clarity (>95%), variable refractive index, low moisture absorption, low

curing shrinkage (<2%), and low shear stress, all of which make silicones favorable in high

power LED packaging.

The generally branched species in silicones include dimethyl and diphenyl. Dimethyl

silicones are the most common silicone polymers used in LED packaging due to the cost

LED Packaging for Lighting Applications 90

IPR Page 109



effective mass production. The refractive index of dimethyl silicones is normally around

1.41–1.43. This value is lower than epoxy resin and reduces the light extraction of the chip.

Diphenyl silicones present a higher refractive index and can improve the refractive index to be

approximately 1.60. Considering the excellent thermal-mechanical properties, diphenyl

silicones are developing fast and begin to be adopted in LED packaging widely. Certain

caution should be exercised, as there have been some reports on the passive degradation of

white LEDs fabricated by these types of silicones.

The cured modulus of silicones can also be adjusted by changing the crosslink density and

the ratio of linear to branched silicon species as shown in Figure 3.25. Hard resins and

elastomers are preferred for the molding and fabrication of optical lenses, whereas soft gels are

used for encapsulating stress sensitive regions such as wire-bonds.

In conventional high power LED packaging, such as Luxeon, there is a polycarbonate cap in

the outer of the lens. This polycarbonate cap is used to inject silicone into the inner space of the

cap to protect the LED chip and gold wires. The silicone materials include silicone gel and

elastomer. Comparing with elastomer, gel presents better stress relaxation and higher interface

adhesion properties, and the low viscosity of gel makes the injection-filling process more

efficient. However, the low viscosity of the gel also causes the silicone gel to flow out through

the edges of cap during the curing due to the high temperature. Small bubbles can be generated

during this process. Elastomers present better flow properties during the curing and are now

widely used in high power LED packaging.

There are othermethods to fabricate the lens. In the products of Cree, such asXLamp-XR-E,

the lens is made by hemispherical silicone resin, which can provide better optical stability for

UV light than polycarbonate material. In LedEngin, the lens material is fabricated with glass,

Figure 3.25 Constitution of silicon materials. Increasing the ratio of R branches can decrease the

modulus of silicones.
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which has higher refractive index and better thermal stability. Recently, the packaging method

without the lens cap was developed. This method directly fabricates the lens with soft silicone

elastomer. These three methods can avoid the disadvantage of the conventional polycarbonate

cap, which will be softened and deformed when the temperature is higher than 100 �C and

therefore this means that these types of white LEDs are not usable in the solder reflowing

process. By adopting these three lens fabrication methods, white LEDs can be directly

bonded on the printed circuit board (PCB) by solder reflowing, therefore surface mountable

(that is SMT compatible process), and simplifies the assembly steps in the manufacture of

LED luminaires.

The lens molding for packaging method without a lens cap requires more rigorous handling

in the manufacturing. Figure 3.26 shows the typical molding approaches in this packaging

method. In the first approach, the uncured silicone is pre-filled in themold, then the boardwith a

chip bonded on it is immersed into the silicone. After curing the silicone, themold is taken away

and the packaged LED is obtained. In the second approach, the mold is assembled with the

board. Then the uncured silicone is injected into the mold. Finally, the packaged LED is

obtained through the demolding process. In these two approaches, it should be noticed that the

alignment of chip and mold is very important. Those other packaging methods with a lens cap

can fix the lens one by one and do not have the need to align the lens center and the chip.

In the packaging method without a lens cap, LEDs normally are manufactured array by

array. Therefore, both the variation of chip location and the alignment error between mold

and board array should be considered. Another issue that should be taken care of is the

demolding of silicone. Normally, the molds are produced with metal or those materials with

Figure 3.26 Two approaches for the lens molding of packaging method without lens shell.
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low surface energy. For a metal mold, the mold release agent is required to avoid the adhesion

between silicone and mold. The liquid mold release agent should be uniformly coated on the

mold surface. As an improvement, mold release film is also used in the demolding. But both

these two agents have the risk of producing defective lens due to the adhesion issues.

Although those packagingmethodswith lens cap have no demolding issues, it does notmean

that the lens cap is favorable in LEDpackaging. Polycarbonatematerial presents poor adhesion

property with silicone. This may induce delaminations which can easily occur along the

interface of a polycarbonate cap and the inner silicone. Comparedwith polycarbonate, silicone

resin and glass present better adhesion properties with silicone. However, it should be noted

that the delamination still is inevitable. Taking XLamp as an example, if there is delamination

in the interface between lens and silicone, the light extraction efficiency can be reduced to be

60% as shown in Figure 3.27.

3.3 Light Extraction

Light extraction is considered to be important in high brightness LED packaging. High

luminous efficiency normally requires high light extraction. The refractive index of GaN

material is normally around 2.4, meaning that the escaping cone is only 23� when the chip is in
air. There are two parts of light to be extracted for phosphor-convertedwhite LEDs. One is blue

light from the chip, the other is converted light by phosphor.

The extraction efficiencies of blue light and converted light can be expressed as:

ZBlue ¼ ð1� ZChipÞð1� ZPhosÞð1� ZEncapÞð1� ZRÞ ð3:23Þ
ZConv ¼ ZPhosZQEZStokesð1� Z0ChipÞð1� Z0PhosÞð1� Z0EncapÞð1� Z0RÞ ð3:24Þ

where ZBlue and ZConv are extraction efficiencies for blue light and converted light; ZPhos, ZChip,
ZEncap, and ZR are the efficiencies of phosphor absorption, chip absorption, encapsulant

Figure 3.27 Effects of delamination on the luminous flux of a white LED module.
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absorption, and light loss of refraction and reflection for blue light, respectively; Z0Phos, Z0Chip,
Z0Encap, and Z0R are the efficiencies of phosphor absorption, chip absorption, encapsulant

absorption, and light loss of refraction and reflection for yellow light, respectively; ZQE and

ZStokes are quantum efficiency and Stokes efficiency of phosphormaterials. The efficiencies and

ratios are all calculated by radiometric units.

Luminous flux L(l) of white LEDs is calculated according to the visual sensitivity

function V(l):

LðlÞ ¼ PElecZInjZIntZpc�LEEZf ðZBlue þ ZConvÞVðlÞ ð3:25Þ

where PElec is the input electrical power, which is calculated by multiplying the drive current

with voltage; ZInt is the internal quantum efficiency, which is the ratio of emitted photon

numbers to carrier numbers passing through the junction; Zinj is the injection efficiency, which
is a measure of the efficiency of converting total current to carrier transport in a p-n junction;

Zpc-LEE is the light extraction efficiency of packaged LED chip; Zf is the feeding efficiency,

which is the ratio of photon energy to the total energy of an electron-hole pair.

Another mostly concerned evaluation index for light extraction is packaging efficiency

Zpackaging, which is the sum of ZBlue and ZConv:

Zpack ¼ ZBlue þ ZConv ð3:26Þ

Nowadays, Zpack is no more than 80% and the expected target is 90% in 2012 [30]. To

improve the light extraction, primary solutions are increasing Zpc-LEE and reducing lost energy
caused by ZChip, ZEncap, ZR, Z0Chip, Z0Encap, and Z0R. Characteristics of phosphor such as ZQE,
ZStokes, spectrum, and wavebands are also important for high luminous flux.

Zpc-LEE is mainly determined by the chip structure and refractive index of encapsulant

materials directly coated on the chip surface. When the top surface of chip is plane, Zpc-LEE is
estimated to be approximately 14–16% for cases without encapsulation. Figure 3.28 displays

the effect of variation of the refractive index on the light extraction of the chip. It can be found

that when the refractive index of encapsulants rises to 1.6, Zpc-LEE is approximately threefold

more than that without encapsulant. If the surface of chip is roughened as shown in Figure 3.29,

the light extraction efficiency may be as high as 30–50% when the chip is not packaged with

encapsulant [31–33]. This is normally twofold higher than conventional LEDs and makes a

roughened chip favorable for high brightness LED packaging. However, the improvements of

encapsulant on the light extraction will not be as significant as that on conventional LEDs.

Estimated enhancement value for encapsulant with refractive index of 1.6 is in the range of

1.1–1.5 as compared with the efficiencies without encapuslant. In addition, the dispensing of

encapsulant on a roughened chip should be carefully handled to avoid small bubbles. Since the

roughened size is normally in nano-micro scale, air can be easily trapped in small zones in the

fast flowing and prototyping process of encapsulants. As shown in Figure 3.29, light may be

repeatedly absorbed by the chip, therefore reducing light extraction. In the worst case, Zpc-LEE
with encapsulant will be lower than that without encapsulant.

In freely dispensed coating and conformal coating, the first encapsulant layer is mixed

with phosphor particles. The refractive index of phosphor is 1.8, whereas refractive

indices of embedding materials such as epoxies and silicones are in the range of 1.4–1.6.
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Figure 3.28 Influences of encapsulant refractive index on the light extraction of planar surface chip.

Angle is the critical angle in which light can be extracted from chip to encapsulants.

Figure 3.29 Illustrations for chips with roughened surface. It can be found that the size of roughness is

nano-micro scale. Roughened surface presents higher opportunity for light extraction. Small bubbles

reduce the chances that light can be directly emitted out.
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Therefore, mixing silicones with phosphor can provide higher refractive index and Zpc-LEE than
cases without applying the mixture as first encapsulant layer such as remote coating. However,

the refractive index of themixture cannot exceed 1.8 until refractive indices of encapsulants are

further improved. The refractive index of silicone can be controlled by adjusting the ratio of

methyl and phenyl units in a silicone system, but the increase will be limited and can induce

tremendous research investment. An economic method is adding transparent nano-particles

with high refractive index such as TiO2 to encapsulants [34].

After light is extracted from the chip, high transparency encapsulant and optimized

packaging structures are essential to reduce ZChip, ZEncap, ZR, Z0Chip, Z0Encap, and Z0R. Silicones
are more favorable than epoxies in high power LED packaging. When the power of LED is

increased, epoxies show considerable yellowing at higher operating temperature [35]. This

yellowing reduces the transparency of epoxies to be less than 70% and presents high absorption

for visible light. Higher ZEncap and Z0Encap will generate significant lumen loss and color

variation and consequently shorten the life. Silicones have high optical transmittance in UV-

visible region [36,37]. The transparency is normally higher than 95% for thickness of 1mm.

Thermal-opto stability of silicones is also excellent.

To further reduce ZEncap and Z0Encap, the size of encapsulants should beminimized to decrease

the propagation length. However, this will increase ZChip and Z0Chip. Reduction of size increases
the surface ratio of chip surface to base surface of encapsulant. Back-scattered or back-

reflected light will have more chances to enter the chip to be absorbed. Therefore, structures of

encapsulant should be designed to decrease back emitted light rays. The first approach is

fabricating multi-encapsulants with gradient refractive indices. To avoid totally internal

reflection between encapsulants and air, refractive index of the outermost layer should be

lower than that of inner layers. Since the refractive index of the inner layer coated on the chip

surface is rather high, Fresnel loss in the interface will be high and increase ZR and Z0R if there

are only two encapsulating layers. Adding intermediate layers to these two layers can guide

light rays to the external surface and decrease the chances of total internal reflection. The

intermediate layers cannot be too many, otherwise ZR and Z0R will be too high and counteract

the improvement of ZChip and Z0Chip, ZEncap, and Z
0
Encap. Process cost also limits the maximum

number of layers. Fabricating three to four layers with gradient indices is considered to be

acceptable for the requirement of performance and cost.

The second approach is changing the curvatures of local zones and fabricating specific

structures in lens and reflectors to decrease the chances of total internal reflection of light when

escaping from the external surface of lens [38–42]. Reflector can change the directions of side

emitting light rays from chip to central zone. The roughened surface of reflector scatters back

reflected light and reduces the chances of light being reflected to the chip. However, it has been

found that the improvement is slight if the phosphor layer is directly coated on the chip [43].

The reflector is considered to play amore important role in the remote coating approach and the

increase of light extraction can reach 15.4% [27,28]. The len is expected to be more critical in

light extraction. Theoretically, the surfaces of lens can be designed to reduce the incident angle

of most light and provide more chances for light to be directly emitted out without being re-

absorbed by the chip and multi-reflected between lens and reflector. The maximum light

extraction could be achievedby a refined lens in principle,whichmay havemanydiscontinuous

surfaces and micro-structures. Actually, the role of today’s lens is in controlling spatial

intensity distribution and obtaining desired radiation patterns. Figure 3.30 displays three

examples of lenses widely used in industry. This design of lens considers the LED chip as a
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point light source to simplify the optical model. However, the chip essentially is a surface

source especially when the size of the LED packaging module is minimized. The lenses

designed by the simplified method with point light source presents limited influences on light

extraction. However, these lenses can meet requirements of specific applications in which

lumen output is not the primary issue but the radiation pattern is the most concerned. Micro-

lens array on the chipwas believed to be a competitivemethod to reduce the packaging size and

provide high light extraction and various radiation pattern simultaneously [44]. However, the

cost will be a serious issue.

The conversion loss caused by phosphor is another important component affecting light

extraction. In good LED products such as Luxeon, XLamp, and GoldenDragon, energy loss

ratio caused by ZChip, ZEncap, ZR, Z0Chip, Z0Encap, and Z0R may not exceed 9% in the extracted light

from chip. However, it is estimated that the conversion loss of phosphor may be higher than

12%of Zpc-LEE. This ismainly due to the effects of ZQE and ZStokes. Nowadays, the highest ZQE is
achieved by YAG: Ce phosphor, where the ZQE is higher than 95% in 75 �C [11]. ZQE of other
phosphors such as red and green phosphor will be lower than 80% when temperature is higher

than 80 �C [45,46]. ZStokes is determined by the excitation wavelength of chip lchip and

emission wavelength of phosphor lphosphor [47].

ZStokes ¼
lchip

lphosphor
ð3:27Þ

Generally, lchip of InGaN chip is 455–465 nm and lphosphor of YAG: Ce phosphor is

550–560 nm. Therefore, ZStokes will be lower than 85%. That means the conversion efficiency

ZCE, which is calculated by multiplying ZQE with ZStokes, is lower than 82%. Therefore,

the conversion loss is 18%. If ZCE is 70%, the energy loss ratio by phosphor will be 12.6%

Figure 3.30 Radiation patterns of three lenses. Lambertian lens is the most adopted configuration in

LED packaging. Lambertian radiation can be used in applications such as road light, MR16, and so on.

Batwing lens and side-emitting lens are suitable for applications such as backlighting and cell phones.
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of Zpc-LEE. When adding phosphors with wider spectrum or longer wavelength such as red

phosphor to compensate for the color of white, ZStokes will be further reduced and thereby

increase the conversion loss.

3.4 Optical Modeling and Simulation

To accelerate the penetration of white LEDs into the illuminationmarket especially the general

lighting market, a fundamental understanding of the performance fluctuating behaviors of

white LEDs during the manufacturing and the operations becomes an urgent task. It is of

interest to be able to predict the optical performance of phosphor-converted LEDs (pcLEDs)

including light extraction efficiency (LEE), luminous efficiency (LE), correlated color

temperature (CCT), and color rendering index (CRI). Since the optical performance of

pcLEDs normally coincides with the heat generation from the chip and can be affected by

various factors such as material degradations, contaminations, and delaminations simulta-

neously, experimental investigation of the optical performance behaviors of pcLEDs will be

complex. Optical simulation is an effective approach to separately investigating the effects of

different factors on the optical performance of pcLEDs by only changing one factor at a time.

The issue is that a well developed simulation method for the optical simulation of pcLEDs is

lacking. Monte Carlo is the mostly adopted method to simulate LED packaging. But the

accuracy of the results of this method greatly depends on the definitions of material properties

of components and the simulation procedure, for which few publications, in any detail, were

found. In addition, Monte Carlo is only capable of light ray tracing and cannot directly provide

information such as LE, CCT, and CRI. The simulation results of the Monte Carlo method

need to be further improved by a suitable method to provide a better prediction of pcLED

optical performance.

Before the optical simulation, precise optical modeling of LED packaging is also important.

Comparing with the thermal design of high power white LEDs, the optical modeling of white

LEDs is more difficult. Although the structure of a single chip LEDmodule is simple, a lack of

fundamental understanding of the optical properties of the packaging components makes the

optical modeling of white LED packaging rather complicated. There are two barriers affecting

the optical modeling: one is the chip modeling, the other is the phosphor modeling.

3.4.1 Chip Modeling

The difficulty of chip modeling is due to the lack of precise optical properties of the chip.

Generally, there are three approaches for the definition of the chip, as shown in Figure 3.31. The

first approach is treating the chip as a homogeneousmaterial with the same refractive index and

absorption coefficient. The blue light is emitted from the top surface of the chip, and in some

cases, it is also emitted from the side surfaces [27,48,49]. This approach is very time efficient

and suitable for the optical design with the main consideration of the primary/secondary

optics [38,42]. This approach cannot reflect the change of radiation pattern of the chip

after packaged. This increases the light extraction and changes the emitting pattern of

blue light in the package and finally results in remarkable differences between the simulation

and experiment [27]. The second approach is distinguishing the differences of refractive

indices of AlInGaN alloys but considering the absorption of different AlInGaN alloys to be
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similar [50,51]. The blue light is emitted from theMQW layer with isotropic radiation pattern,

so it overcomes the issue of the first approach. The third approach is also giving different

refractive index for different AlInGaN alloys but only considering the absorption in MQW

layer. Other AlInGaN alloys are defined to be transparent for visible light [52,53]. Normally,

the absorption coefficient of MQW in the third approach is significantly higher than that of

AlInGaN alloys in the second approach to generate enough chip absorption for blue light. By

adjusting the absorption coefficients of AlInGaN alloys to make the light extraction efficiency

of the chip (ZLEE) match the reported data, both the second and the third approaches can be

applied for the optical simulation of LED packaging and provide reasonable results.

It should be noted that both the homogenous absorption of the second approach and the

extremely high absorption in the MQW of the third approach are not accurate enough in the

description of chip absorption for visible light. When the chip is packaged with encapsulants,

those light rays previously confined in the chip can emit and make the light absorption by the

chip fluctuate in different chip absorption models. In addition, most of the studies defined that

there was no variation of refractive index of AlInGaN alloys for the whole visible spectrum,

Figure 3.31 Three typical approaches for the chip modeling.
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whichmay be an issue for optical simulation.Actually, the absorption coefficient and refractive

index are both varied with the composites of AlInGaN alloys and the wavelength. But an

absolutely precise optical model of the chip is also impossible.

The refractive indices of AlInGaN alloys have been studied fundamentally many times

[54–58]. In reference [55], both the refractive index and absorption coefficient of AlGaN

epitaxial films were given. Figure 3.32 shows the results [55]. The photon energy Eg has a

relationship with wavelength l as:

lðnmÞ ¼ 1240

Eg

ð3:28Þ

From Figure 3.32, it can be found that the refractive index of AlGaN is reduced with the

increase of the Al fraction in AlGaN alloys. The AlGaN layer is normally used to confine

the electrons and holes in theMQW layer to increase the combination efficiency to increase the

internal quantum efficiency. Figure 3.32 also gives the refractive index of GaN in visible light,

which is varied from 2.4 to 2.55. That means the refractive index of Mg doped and Si doped

GaN materials can be approximated by the refractive index of GaN.

Based on the experiments, the theoretical studies of refractive index of AlInGaN alloys

have been conducted [54,56–58]. Laws et al. [57] summarized the calculation methods of

refractive index of AlInGaN alloys and proposed the improved refractive index equations

Figure 3.32 Refractive index and absorption coefficient of AlGaN epitaxial films [55]. (Reprinted with

permission from D. Brunner, H. Angerer, E. Bustarret et al., “Optical constants of epitaxial AlGaN films

and their temperature dependence,” Journal of Applied Physics, 82, 5090–5096, 1997.� 1997 American

Institute of Physics.)
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for AlInGaN alloys. Refractive indices of GaN, AlxGa1� xN, and InxGa1� xN can be calculated

by the band-gap (Eg) of these materials:

nAlGaN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðxÞðhv=EgÞ� 2½2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ hv=Eg

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� hv=Eg

q
Þ� þ bðxÞ

r
ð3:29Þ

nInGaN ¼ nGaNðhv� ½EgðxÞ�Egð0Þ�Þ ð3:30Þ
EgðxÞ ¼ 3:45ð1� xÞþ 6:13x� 1:3xð1� xÞ ð3:31Þ
EgðxÞ ¼ 3:42ð1� xÞþ 2:65x� 3:9xð1� xÞ ð3:32Þ

where x is a fraction ofAl or In in the alloys, h is Planck constant, v is the frequency of light, and

a(x) and b(x) are fitting parameters. More precise Eg of AlxGa1� xN and InxGa1� xN can be

obtained [2]. n of GaN and AlxGa1� xN can be obtained from Equation 3.29, n of InxGa1� xN

can be obtained from Equation 3.30 by Eg(0), which is the band-gap of GaN. Equation 3.31 is

used to calculate the band-gap of AlxGa1� xN and Equation 3.32 is used to calculate the band-

gap of InxGa1� xN. The calculated n of GaN, AlxGa1� xN, and InxGa1� xN are shown in

Figure 3.33.

Absorption coefficients of AlInGaN alloys are more complicated due to the variation of

crystal quality. In most of studies [55,59–61], absorption coefficients of GaN and AlGaN for

blue light are around 20–50mm� 1, and for yellow light are around 9–15mm� 1. This result

may be too high, since ZLEE based on this definition is normally lower than 10% by ray tracing.

Schad et al. proposed that there was a high absorbing layer in the chip due to high dislocation

density in the buffer layer and the actual absorption coefficient of GaN materials should be

0.4mm� 1 [62]. The testing results of Lelikov et al. gave an absorption coefficient of around

2.3mm� 1 [63]. We believed that the traditional testing results [55,59–61] ignored the high

Figure 3.33 Refractive indices of GaN, AlGaN and InGaN in visible light.
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absorption of the buffer layer and deduced high absorption coefficient of GaN, but absorption

coefficient of GaN cannot be so low as in Schad et al. [62]. This is because that Eg of InGaN is

narrower than GaN and that means that the MQW layer also presents an extremely high

absorption for visible light. Schad et al [62] did not consider the absorption of InGaN and

believed thatmost absorption happened in the buffer layer. Some studies [64–66] have reported

that the absorption coefficient of InGaN is around 100mm� 1. Therefore, the absorptionmodel

of the chip should be carefully treated in defining the absorption coefficients of AlInGaN alloys

in the chip.

As an attempt, we studied the absorption model of chip by ray tracing chips with various

absorption coefficients. Bymaking ZLEE of ray tracing comparablewith experiments, we found

that if the ray tracing does not consider the roughness on surfaces, the absorption coefficients of

P-GaN,N-GaN, andAlGaN should be in the range of 2–7mm� 1, and the absorption coefficient

of InGaN is around 20–50mm� 1. It should be noticed that the absorption coefficients of

AlInGaN alloys are significantly affected by the crystal quality. This means that the absorption

coefficients of AlInGaN alloys can be further reduced with the improvement of epitaxial

growth technology.

3.4.2 Phosphor Modeling

The optical modeling of phosphor particles is complicated due to the non-spherical shape of

phosphor particles. Figure 3.34a is the SEM photograph of one typical YAG: Ce phosphor

material. By improving the milling process, the shape of phosphor particles can be greatly

improved andmademore spherical. Figure 3.34b is the SEMphotograph of YAG: Ce phosphor

obtained from Intematix.

The absorption spectrum and emission spectrum of phosphor material have been well

known. However, the light absorption and scattering by phosphor particles have not been

studied well. Narendran et al. [67], Zhu et al. [24], and Kang et al. [68] tested the optical

properties of YAG: Ce phosphor. Narendran et al. developed a double-integrating-sphere

system to measure the light transmitted and reflected from phosphor [67]. They obtained the

light transmittance and reflectance of phosphor as shown in Figure 3.35. For converted light

Figure 3.34 SEM photographs of YAG: Ce phosphor.
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from phosphor, both the transmitted light and reflected light are increased with the increase of

phosphor concentration, whereas the transmitted blue light and reflected blue light are reduced.

Through the comparison of the transmitted light spectrum and reflected light spectrum,

Narendran et al. deduced that natural white LEDs can be obtained when the phosphor

concentration is around 8mg/cm2. Zhu et al. obtained the transmittance and reflectance of

phosphor for blue light, green light, and red light using the similar double-integrating-sphere

system. They gave the conversion efficiency of phosphor to be around 77%. However,

Narendran et al. and Zhu et al. did not give the optical constants of phosphor material, which

are very important for the description of phosphor absorption and scattering properties. Kang

et al. firstly developed the calculation method of optical constants of phosphor by using

Lambert-Beer law. By coating phosphor films on the top surface of the chip, they obtained the

extinction coefficients of phosphor for blue light and yellow light, respectively. Figure 3.36

presents their testing results. But the extinction coefficients are estimated to be larger than the

actual coefficients. This is because that the numerical calculation does not consider the multi-

absorption between phosphor and chip due to the high absorption of chip materials.

We improved the double-integrating-sphere system of Narendran et al. and Zhu et al. by

changing the incident light to be parallel [69]. The phosphor slides were fabricated with

concentration changed from 0.2 to 0.5mg/cm3 and the thickness changed from 0.6 to 0.3mm.

The tested transmittance and reflectance of phosphor films are shown in Figure 3.37. The

conversion and emission properties are shown in Figure 3.38.

From Figures 3.37a and 3.37b, it can be found that the YAG: Ce phosphor presents

remarkable high absorption for blue light and induces rapid attenuation of ZBT and a small

reduction of ZBR when the phosphor thickness and concentration are increased. ZYT is also

reduced, but ZYR is increased quickly. This is mainly due to the reason that during the light

propagation, back scattered blue light will be further absorbed by phosphor particles, whereas

back scattered yellow light can be emitted out due to the low absorption of phosphor for long

wavelength. From Figure 3.37c, it can be found that ZCT and ZCR present similar values and

Figure 3.35 Transmitted and reflected radiant energies for blue and yellow light, as a function of

phosphor density [67]. (Reproducedwith permission fromN.Narendran, Y.Gu, J.P. Freyssinier-Nova and

Y. Zhu, “Extracting phosphor-scattered photons to improve white LED efficiency,” Physica Status

Solidi (a), 2005, 202, 6, R60-R62. � Wiley-VCH Verlag GmbH & Co. KGaA.)
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tendencies when the phosphor thickness and concentration are increased. This indicates that

the emission pattern of a phosphor particle may be isotropic Figure 3.38 shows that ZCE of

saturated phosphor is slightly higher than 70% and ZCT/ZCR is approximately 1.05–1.15.

Generally, the conversion efficiency is a multiplication of Stokes efficiency and quantum

Figure 3.36 Dependence of absorption and conversion coefficients on the volume fraction of phosphor

in the phosphor silicone [68]. (Reprinted with permission from D.-Y. Kang, E. Wu and D.-M. Wang,

“Modelingwhite light-emitting diodes with phosphor layers,”Applied Physics Letters, 89, 231102, 2006.

� 2006 American Institute of Physics.)

Figure 3.37 Tested reflectance and transmittance of (a) blue light (455 nm), (b) yellow light (595 nm),

and (c) converted light for phosphor films with various thickness and concentration.
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efficiency of phosphor [47]. The dominant wavelength of the converted light is approximately

562 nm. Therefore, the Stokes efficiency is around 81%and the quantum efficiency of phosphor

is around 87%. For cases with low concentration and thin thickness, unsaturated phosphor

demonstrates lower ZCE. If the thickness is too thick or the concentration is too high,

oversaturated phosphor may cause more converted light to be back reflected.

The optical constants of phosphor normally can be calculated by Mie theory [70,71]. We

developed the Mie calculation of optical constants of phosphor based on the particle size

distribution data. Generally, if the particle size distribution of phosphor and the phosphor

concentration are known, the Mie calculation of optical constants can be given as:

mabsðlÞ ¼
ð
NðrÞCabsðl; rÞdr ð3:33Þ

mscaðlÞ ¼
ð
NðrÞCscaðl; rÞdr ð3:34Þ

g lð Þ ¼ 2p
ð ð1

� 1

pðy; l; rÞf ðrÞcosy d cos ydr ð3:35Þ

where mabs(l) is the absorption coefficient, msca(l) is the scattering coefficient, g(l) is the

anisotropy factor, N(r) is the number density distribution of particles (mm� 3), Cabs(l, r) and
Csca(l, r) are the absorption and scattering cross-sections (mm2), p(y, l, r) is the phase

function of particles, f(r) is the size distribution function of phosphor material, l is

the wavelength of incident light (nm), r is the radius of phosphor particle, and y is the

scattering angle.

N(r) can be calculated by multiplying f(r) with the number density coefficient KN:

NðrÞ ¼ NsðrÞþNphosðrÞ ¼ KNf ðrÞ ð3:36Þ

Figure 3.38 Emission and conversion properties of YAG: Ce phosphor with various thicknesses and

concentrations.
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where KN denotes the number of unit phosphor material in the specific concentration, and can

be obtained by dividing the phosphor concentration c (mg/mm3) with the total mass of unite

phosphor material.

KN ¼ cÐ
MðrÞdr ð3:37Þ

whereM(r) (mg) is the mass distribution of unit phosphor material.M(r) can be expressed by:

MðrÞ ¼ rVðrÞf ðrÞ ¼ 4

3
pr3rf ðrÞ ð3:38Þ

In Mie theory, Cabs(l, r) and Csca(l, r) are normally calculated by the following relations:

Csca ¼ 2p
k2

X1
0

ð2nþ 1Þ anj j2 þ bnj j2
� �

ð3:39Þ

Cext ¼ 2p
k2

X1
1

ð2nþ 1ÞReðan þ bnÞ ð3:40Þ

Cabs ¼ Cext �Csca ð3:41Þ

where Cext is the extinction cross-section, k is the wave number (¼2p/l), and an and bn are the
expansion coefficients with even symmetry and odd symmetry, respectively. an and bn are

calculated by:

an ¼ mcnðmxÞc0
nðxÞ�c0

nðmxÞcnðxÞ
mcnðmxÞx0nðxÞ�c0

nðmxÞxnðxÞ
ð3:42Þ

bn ¼ cnðmxÞc0
nðxÞ�mc0

nðmxÞcnðxÞ
cnðmxÞx0nðxÞ�mc0

nðmxÞxnðxÞ
ð3:43Þ

where x is the size parameter (¼kr),m is the relative refractive index of particles, andcn(x) and

xn(x) are the Riccati-Bessel functions.

For small spheres, the phase function p(y, l, r) can be calculated according to:

pðy; l; rÞ ¼ 4pbðy; l; rÞ
k2Cscaðl; rÞ ð3:44Þ

where b(y, l, r) is the dimensionless scattering function, which is obtained by the scattering

amplitude functions S1(y) and S2(y).

bðyÞ ¼ ð1=2Þ½jS1ðyÞj2 þ jS2ðyÞj2� ð3:45Þ

S1ðyÞ ¼
X1
n¼1

2nþ 1

nðnþ 1Þ an
P1
nðcos yÞ
sin y

þ bn
dP1

nðcos yÞ
dy

� �
ð3:46Þ

LED Packaging for Lighting Applications 106

IPR Page 125



S2ðyÞ ¼
X1
n¼1

2nþ 1

nðnþ 1Þ bn
P1
nðcos yÞ
sin y

þ an
dP1

nðcos yÞ
dy

� �
ð3:47Þ

where P1
nðcos yÞ is the associated Legendre polynomial.

The optical constants of phosphor calculated byMie theory are not accurate enough in terms

of describing the light absorption and scattering properties of phosphor. This is because that

Mie theory normally is suitable for those particles with spherical shape, whereas the shape of

phosphor particles is non-spherical and varies significantly. Therefore, the Mie’s theoretical

results should be further modified according to the experimental results. We introduced the

reduced scattering coefficient and compared the Mie’s theoretical calculation results with the

ray tracing results to find reasonable method to modify the Mie’s calculation. The reduced

scattering coefficient is:

dsca ¼ msca 1� gð Þ ð3:48Þ

Two ray tracing cases are considered. One case assumes msca(l) to be the same as that of

Mie’s results, and mabs(l) and g(l) are changed to make the ray tracing results compatible with

the experimental results. The other case assumes g(l) to be the same as that ofMie’s results, and

mabs(l) andmsca(l) are changed tomake the ray tracing results compatiblewith the experimental

results. The comparisons between ray tracing results andMie’s theoretical results are shown in

Figure 3.39. It can be found that dsca in the two ray tracing cases are almost coincident, implying

that dsca is more precise in describing the light scattering of phosphor with g(l)> 0.8. Results

show that in Mie’s theoretical calculation dsca(595 nm) is larger than dsca(455 nm), whereas in

ray tracing calculation dsca(595 nm) is smaller than dsca(455 nm). This difference indicates that

Mie theory is not accurate enough in describing the light scattering properties of phosphor

when the incident light is changed from high absorbed spectrum to low absorbed spectrum.

Figure 3.39 Comparisons of reduced scattering coefficients of ray tracing results andMie’s theoretical

results. The solid and dashed lines are results for blue light and yellow light, respectively.
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The differences between dsca(455 nm) and dsca(595 nm) in ray tracing calculation are also

smaller than that in Mie theoretical calculation, meaning that the light scattering properties of

phosphor in the whole visible spectrum are not varied too much.

The real reason that caused the differences between Mie calculation and ray tracing is that

Cabs(l) and Csca(l) of Mie calculation are smaller than the actual cross-section. The non-

spherical shape of phosphor particles indicates that the size distribution data is difficult to

provide the true sizes of phosphor particles. Changing non-spherical phosphor particles to

spheres ensures that the true absorption and scattering cross-sections of phosphor particles tend

to be smaller. Therefore, a simple method is modifying Cabs(l) and Csca(l) by two fitting

parameters kabs and ksca:

C0
abs ¼ kabsCabs;C

0
sca ¼ kscaCsca ð3:49Þ

According to Equations 3.32–3.34 and 3.49, mabs(l), msca(l) and g(l) will be revised to be:

m0abs ¼ kabsmabs; m
0
sca ¼ kscamsca; g

0 ¼ g=ksca ð3:50Þ

Therefore, dsca(l) will be revised to be:

d0sca ¼ kabsmsca 1� g=kscað Þ ¼ msca ksca � gð Þ ð3:51Þ

where C0
abs;C

0
sca; Z

0
abs; Z

0
sca; g and d

0
sca are the revised absorption cross-section, scattering cross-

section, absorption coefficient, scattering coefficient, anisotropy factor, and reduced scattering

coefficient, respectively.

Therefore, if kabs and ksca can be obtained by experiments, the revised Mie calculation will

give a precise prediction of phosphor optical properties. In our experiments, the calculated kabs
and ksca are around 1.47 and 1.06, respectively. The smaller ksca and the larger kabs indicate that

Mie theory has a good description of light scattering but has difficulty in describing the light

absorption for non-spherical particles with a high absorption of incident light.

3.5 Phosphor for White LED Packaging

Phosphor is one of the most important components in phosphor converted white LEDs. As a

bulk scattering material, phosphor not only absorbs the blue light and converts the blue light to

complement light, but also scatters the light to enhance the absorption for blue light and make

the spatial color distribution uniform. Many studies have been done to investigate the impacts

of phosphor properties on the packaging performance [24,26,27,43,47,51,67,72–76]. The

location, thickness, and concentration of phosphor are the most important factors affecting

LED optical performance.

3.5.1 Phosphor Location for White LED Packaging

Phosphor location is the primary consideration in LED packaging. alternating the phosphor

layer from being close to the chip to being remote, the propagation path and energy of light will

be affected in terms of the scattering and absorption of phosphor, the reflection of the reflector,
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the absorption of the chip, the refraction of the lens, and so on. The absorption of the phosphor

and the chip will influence the output optical power. The scattering of phosphor will disorder

the light propagation. The directions of rays could be converged to central zones by the

reflection of the reflector and the refraction of the lens or be changed to edge zones. These will

induce the variation of light extraction and CCT.

Since almost half of blue light is back scattered and half of converted light is back

emitted [24,72], the change of phosphor location is estimated and can effectively reduce the

absorption by the chip. Narendran et al. [67,72] proposed the scattered photon extraction (SPE)

method to improve the light extraction as shown in Figure 3.40. By applying an optic lens with

its top surface coated with phosphor, this method can efficiently transfer the light from theGaN

die to the phosphor layer and simultaneously make the most of backscattered light from

phosphor escape through the lateral surfaces. Experiments revealed that both the light output

and luminous efficiency can be enhanced by as much as 61%.

Kim and Luo et al. [26,27] compared the light extraction for phosphor directly coated on the

chip and remote phosphor location. The surface of the reflector was changed from specular to

diffuse to investigate the light enhancement by remote phosphor. The shape of the lenswas also

changed from flat to hemispherical as comparisons. Their simulation results are shown in

Figures 3.41 and 3.42. From Figure 3.41, it can be found that the improvements of light

extraction efficiency of remote phosphor arrangement are 36% and 75% for specular reflector

cup and diffuse reflector cup, respectively, when comparing with the phosphor in a cup

arrangement using a specular reflector cup. Figure 3.42 shows that the phosphor efficiency for

phosphor on top configuration with diffuse cup is enhanced 50% compared with that for

phosphor in specular cup configuration with flat encapsulation. But their experiments reveal

that the actual enhancement of light extraction is not as high as the declared simulations. In

experiments, the improvement of light extraction for configuration with specular cup and

phosphor on top is 7.8%, and the improvement for configuration with diffuse cup and phosphor

on top is 15.4%. This value is lower than that of SPE method.

Allen et al. [47,73] change the shape of remote phosphor from flat to be spherical as shown in

Figure 3.43. The ELiXIR luminaire developed by them applied the dye as the color converting

material to reduce the light loss caused by diffuse scattering of conventional YAG: Ce phosphor.

Figure 3.40 Schematic of the scattered photon extraction white LED package [67]. (Reproduced with

permission from N. Narendran, Y. Gu, J.P. Freyssinier-Nova and Y. Zhu, “Extracting phosphor-scattered

photons to improve white LED efficiency,” Physica Status Solidi (a), 2005, 202, 6, R60-R62. � Wiley-

VCH Verlag GmbH & Co. KGaA.)
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Figure 3.41 (a) Phosphor location in white LED: (1) Conformal distribution directly on LED chip. (2)

Uniform distribution in reflector cup (phosphor in cup). (3) Uniform distribution thin layer above LED

chip (remote phosphor). (4) Remote phosphor distribution in diffuse reflector cup. (b) Calculated light

extraction efficiency as a function the height of reflector cup [26]. (Reprinted with permission from J.K.

Kim, H. Luo, E.F. Schubert et al., “Strongly enhanced phosphor efficiency in GaInN white light-emitting

diodes using remote phosphor configuration and diffuse reflector cup,” Japanese Journal of Applied

Physics, 44, L649-L651, 2005. � 2005 The Japan Society of Applied Physics.)

Figure 3.42 Extraction efficiency of phosphorescence calculated by ray tracing for different package

configurations [27]. (Reprinted with permission fromH. Luo, J.K. Kim, E.F. Schubert et al., “Analysis of

high-power packages for phosphor-based white-light-emitting diodes,” Applied Physics Letters, 86, 24,

243505, 2005. � 2005 American Institute of Physics.)
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By using a refractive index matched encapsulation lens to eliminate the total internal reflection,

this LED packaging configuration can improve the quantum efficiency of phosphor to be almost

100%, which is significantly higher than those packaging configurations with YAG: Ce

phosphor. Since the photostability of dye is not good, Allen et al. also developed the composite

material that is fabricated by glass andYAG:Ce phosphor. This compositematerial can decrease

the optical scattering and therefore increase the packaging efficiency.

We systematically analyze the effects of phosphor’s location on LED packaging perfor-

mance by ray tracing simulation for five different LED packaging configurations [43]. The five

packaging configurations are depicted in Figure 3.44. To evaluate the impact of the reflector on

packaging performance, three numerical models in terms of Type III, IV, and V have a reflector

on each to compare other two non-reflector models of Type I and II. In Types I and III, the

phosphor layer is conformally coated on the chip. The distance between the phosphor layer and

the chip is altered from 0mm to 0.1mm. The case with 0mm distance is called the direct-

coating case. In Types II and V, the model changes the location by increasing the radius of the

phosphor layer. The secondmodel fabricates the phosphor layer with a hemispherical film, and

increases the radius from 0.8mm to 3.9mm. The radius is increased from 4.25mm to 10mm in

the fifth model. In Type IV, the height of phosphor layer is increased from 0.2mm to 1.9mm.

The thickness of phosphor layer is 0.1mm in all cases.

Figure 3.43 Cross-sectional views of ELiXIR remote hemispherical shell semitransparent phosphor

package [47]. (Reprintedwith permission fromS.C.Allen andA.J. Steckl, “ELiXIR-solid-state luminaire

with enhanced light extraction by internal reflection,” Journal of Display Technology, 3, 2, 155–159,

2007. � 2007 Optical Society of America.)

Figure 3.44 Five packaging configurations for the analysis. (Color version of this figure is available

online.)
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We applied the wall plug efficiency (ZWPE), nominal packaging efficiency (ZNPE), and real

packaging efficiency (ZRPE) as the evaluation indices of LED performance. They are expressed

in the following:

ZWPE ¼ PpcLED=Pelec ð3:52Þ
ZNPE ¼ ZWPE=ZLED ð3:53Þ

ZRPE ¼ ZWPE=ðZinjZintZfZp�LEEÞ ð3:54Þ

where PpcLED is the extracted optical power from phosphor-converted LEDs including optical

power of blue light PpcLED (465 nm) and optical power of yellow light PpcLED (555 nm); Zp-LEE
is the light extraction efficiency of the packaged LED chip; Pelec is the consumed electrical

power; Zinj, Zint, and Zf are injection efficiency, internal quantum efficiency, and feeding

efficiency, respectively. The optical power ratio of yellow light and blue light (yellow/blue

ratio, YBR) is used here to denote the color of white LEDs.

The numerical results of light extraction efficiency for Type I and III are shown in

Figure 3.45. It is clear that real packaging efficiency and wall plug efficiency increases

slightly when the phosphor layer is changed to remote place from 0.01mm to 0.1mm.

However, there is a sudden variation if phosphor is directly dispensed on the chip surface.

The variation is strange since the wall plug efficiency is significantly higher than those cases

with small distance but the real packaging efficiency is obviously lower.

The variation is mainly due to the relatively lower chip absorption in the direct-coating case.

Since the refractive index of the phosphor layer is higher than silicone materials, when

phosphor is directly coated on chip, the critical angle is bigger than those cases with silicone

Figure 3.45 Effects of phosphor’s location on the light extraction efficiencies of Type I and III. (Color

version of this figure is available online.)

LED Packaging for Lighting Applications 112

IPR Page 131



first coated on the chip. Therefore, less blue light will be confined in the chip and emitted out.

This induces the lower chip absorption.

As noted in Figure 3.46, the blue light output for a direct-coating case is obviously higher

than other cases, which indicates that the effect of refractive index is great. Another important

factor is the absorption of phosphor for blue light. Simulation results show that, when phosphor

is directly coated on the chip, the totally absorbed blue light by phosphor is 32.49%, but for the

distance of 0.01mm this value is 25.397%. There is at least 8% difference in the absorption of

blue light. As a result, the yellow light output could also be higher in the direct-coating case

after phosphor’s conversion. Consequently, the extracted power from the module is higher but

the real packaging efficiency is lower.

It can be found that the increase of yellow light output is not as significant as that of blue light

in the direct-coating case, and the yellow light output is increased slowly with the increase of

distance in Figure 3.46. This is mainly due to the conversion loss of phosphor and the high

absorption of the chip. Since the conversion efficiency is 80%, there will be more energy loss if

more blue light is converted. Taking the cases of direct-coating and 0.01mm distance as

examples, the difference between absorbed blue light and converted blue light is reduced from

7.09% to 5.67%.

When phosphor is directly coated on the chip, all of the back scattered yellow lightmust pass

through the chip and lose most of the power. However, when there is a gap between the

phosphor and the chip, part of the back scattered yellow light could directly emit out after the

reflection of board. The further the distance is, the more significant the phenomenon is. This

indicates that the remote phosphor location could exhibit a higher light extraction.

Figure 3.46 Effects of phosphor’s location on yellow/blue ratio of Type I and III, blue light output and

yellow light output of Type I. (Color version of this figure is available online.)
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As noted in Figure 3.46, the relatively higher blue light output and lower yellow light

output also induce the sudden reduction of yellow/blue ratio in direct-coating case. Because

of the increased yellow light output for remote location, the color of LEDs should tend to be

warm white.

From Figures 3.45 and 3.46, it can be found that the trend and value of light extraction

efficiency and CCT in the third numerical model are similar to the first model. This may be

caused by the size of reflector. Since the angle of the cone is 102.6�, this may cause most of the

lights to be directly emitted out without being reflected. However, if the angle of cone is small

enough and the height of the reflector is bigger, the impact on the light propagation may be

significant, thus distinguishing the difference between two types. The small difference of YBR

indicates that the reflector could change the color to be cooler.

The simulation results for the two structures with a convex phosphor layer are displayed in

Figures 3.47 and 3.48. It demonstrates that the influences on light extraction are small when the

location is remote enough. The fluctuations for wall plug efficiency and real packaging

efficiency are no more than 0.56% and 1.45%, respectively. However, the influences on YBR

are significant. This could change the color of light and luminous efficiency.

In the second structure, the efficiency is increased at the beginning but reduced at the end.

Inversely, the tendency of the YBR curve is up and then down. The same characteristic is that

there exists one balance zone around the radius of 2mm, which is the half of the lens’s radius.

This is mainly due to the power ratio between forward scattered light and back scattered light

changed with the location. Three factors are considered effective, and they are the size and

surface area of phosphor layer, the reflection loss, and the absorption of chip. As shown in

Figure 3.49, the blue light output and yellow light output could illustrate the influencing

mechanism of these factors.

Figure 3.47 Effects of phosphor’s location on the light extraction efficiencies of Type II and V. (Color

version of this figure is available online.)
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In the second structure, the determining factor is the absorption of chip when the location is

small. An increased gap between the phosphor layer and the chip could reduce the absorption of

the chip, since partial rays could be reflected and emit out. Therefore, there is a slight increase

of light output. However, the influence on the blue light ismore significant. Blue light is emitted

from the chip, which is in the center of the hemispherical phosphor layer. As a comparison, the

direction of yellow light is random and disordered. Therefore, the absorbed power of the yellow

light is higher than that of the blue light.

Figure 3.48 Effects of phosphor’s location on the yellow blue ratio (CCT) of Type II and V. (Color

version of this figure is available online.)

Figure 3.49 Blue light output and yellow light output in Type II and V with the increase of radius.

(Color version of this figure is available online.)
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However, with the increase of the radius, the absorption and scattering of the enlarged

phosphor layer, and the reflection loss will be the main factors. The effect of the chip’s

absorption should beweakened gradually. This results in the phenomenon of the balance zone.

Finally, the remoter phosphor layer absorbs more blue light and emits more yellow light.

The reduced gap between the lens and the phosphor enhances the recycling of blue light and

enables it to be absorbed by the phosphor. The back scattered blue light should also be reflected

many times by the board or reflector and finally lose most of its energy in reflection and

phosphor layer.

Comparing the obvious change by location in Type II, the variation of Type V is relatively

small. This may be due to the location that is too remote. However, the change of curvature still

has limited impact on the CCT.

As shown in Figure 3.50, the light extraction and CCT in Type IV has a similar tendency to

that of Type II. This indicates that remote phosphor location has a similar influencing

mechanism for packaging. However, this case does not present the phenomenon of a balance

zone. Therefore, the manufacturing tolerance is relatively lower.

To further discuss the simulation results and obtain more useful conclusions, the light

extraction efficiency andYBR for all cases are displayed in one figure. Figure 3.51 presents the

tendency of nominal packaging efficiency and real packaging efficiency. Figure 3.52 is about

the variation of CCT. Compared to the significant variation of CCT, the impact of phosphor’s

location on efficiency is small. The fluctuations are no more than 6.5% for ZNPE and 4.9% for

ZRPE. The variations of efficiency tend to be slower and smoother with the increase of location.

Results also confirm that remote phosphor location presents higher light extraction than

proximate phosphor.

It can be found that the light extraction efficiency of the convex phosphor layer is normally

higher than that of the plane phosphor layer, such as Type IV. This may be due to the fact that

Figure 3.50 Effects of phosphor’s location on packaging performance of Type IV. (Color version of

this figure is available online.)
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convex surface could improve the critical angle for some random light rays and provide more

chances to let these rays be extracted from the surface by reducing the number of multi-

scattering. This effect is limited because most of the rays are disordered by phosphor’s

scattering. This effect plays a special role in structures with light source in the center of convex

surface. For example, the blue light emitted from the chip should have relatively higher blue

light output in Type II, on the other hand the yellow light emitted from the phosphor layer

Figure 3.51 Effects of phosphor’s location on light extraction efficiencies for all cases. It can be found

that the highest ZNPE could reach 178%. This is larger than actual test results, which are in the range of

90–110%. (Color version of this figure is available online.)

Figure 3.52 Effects of phosphor’s location on yellow/blue ratio for all cases. (Color version of this

figure is available online.)
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should present higher yellow light output in Type IV. Therefore, the YBR of Type II is lower

than that of Type IV, as shown in Figure 3.52.

Attention should be paid to the calculation of efficiency that is based on the optical power

instead of the luminous flux. Luminous flux is relatedwith thevisual sensitivity function,which

is based on the wavelength. The human eye is more sensitive to yellow light. Therefore, more

yellow light output normally generates higher luminous flux. From Figures 3.51 and 3.52,

although thevariation of optical power output is small, the great change ofYBRcould influence

the luminous flux significantly. Finally, the Type IV with remote and plane phosphor layer is

predicted to have the highest luminous flux.

3.5.2 Phosphor Thickness and Concentration for White LED Packaging

Thickness and concentration of phosphor are the second consideration in white LED

packaging. This is because the luminous flux and color of LEDs are adjusted mainly through

changing the phosphor thickness and concentration after the phosphor converters are chosen.

The issue is that the phosphor thickness and concentration can be varied in manufacturing and

therefore will affect the optical consistency of white LEDs. The optical consistency, is the

ability to control the fluctuation of the produced LED optical performance such as luminous

efficiency, correlated color temperature (CCT), and color rendering index (CRI) in a desired

range, and is believed to be important for the reduction of LED cost. Poor optical consistency

means reduced profit and a higher sale price to the end users, since the material loss for those

LED products with poor performance will be included in the price.

Tran el al. [74] experimentally studied the effects of phosphor thickness and concentration

on LED luminous flux and correlated color temperature. The results are shown in Figures 3.53

Figure 3.53 Dependence of CCT, radiant power, and lumen on phosphor concentration for the package

with a phosphor thickness of 0.8mm and with two different surface geometries: flat lens and 2.3mm

height lens [74]. (Reprinted with permission from N.T. Tran and F.G. Shi, “Studies of phosphor

concentration and thickness for phoshor-based white light-emitting-dioedes,” Journal of Lightwave

Technology, 26, 21, 3556–3559, 2008. � 2008 Optical Society of America.)
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and 3.54. Results show that the package with lower phosphor concentration and higher

phosphor thickness has lower trapping efficiency and less backscattering of light, and thus

has higher luminous efficacy. When the CCT value is around 4000K, the experimental results

show that the lumen output for 1.8mm thick phosphor package is 23% higher than that for

0.8mm thick phosphor package.

From Figures 3.53 and 3.54, it also can be seen that the brightness or luminous efficiency of

white LED depends largely on the phosphor thickness and concentration. Therefore, a slight

variation of phosphor thickness and concentration can change the optical performance

significantly. We have systematically analyzed the effects of YAG: Ce phosphor thickness

and concentration on the optical performance of phosphor-convertedwhite LEDs including the

light extraction, luminous efficiency, and CCT. Five LED packaging methods with different

phosphor locations are presented here as a comparison, as shown in Figure 3.55. In Methods I,

III, and Vwe conformally coat the phosphor to replicate the shape of the chip. The difference is

that there is a small gap between the phosphor and the chip in Methods III and V whereas,

phosphor is directly dispensed on the chip surface inMethod I. InMethod IV, the phosphor is a

planar shape but the location is more remote than those of Methods III and V. Method II

fabricates the phosphor with a hemispherical shape, with a patent filed [77]. In all methods,

the surfaces of the board and reflector are considered to be coated with Ag to provide

high reflection.

The ray tracing simulation results are displayed in Figures 3.56 and 3.57. Our previous paper

has reported how the packaging methods affect the initial ZWPE, ZRPE, and RY/B [51]. From the

Figure 3.54 Lumen output as a function of CCT and phosphor thickness for a package with a convex

lens of 2.3mmheight [74]. (Reprinted with permission fromN.T. Tran and F.G. Shi, “Studies of phosphor

concentration and thickness for phoshor-based white light-emitting-dioedes,” Journal of Lightwave

Technology, 26, 21, 3556–3559, 2008. � 2008 Optical Society of America.)
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figures, the variations of phosphor thickness and concentration have more significant impacts

on ZWPE, ZRPE, LE, and RY/B. Both the increase of phosphor thickness and concentration can

induce rapid reduction of ZWPE and ZRPE and a significant increase of LE and visible change of

color from natural white to yellowish white. However, the different fluctuation behaviors of

ZWPE, ZRPE, LE, and RY/B for different packaging methods imply that the packaging method is

an important factor affecting the optical consistency of white LEDs. Adopting a suitable

packaging method can improve the optical consistency when the phosphor thickness and

concentration are varied. On the other hand, once the packaging method is chosen, it is

important to know the fitting phosphor thickness and concentration. The improvement of

optical consistency requires relatively high LE and proper CCT for the packaging method. It

can be found that the LE and RY/B of one packaging method can be better than those of other

packaging methods depending on the choice of phosphor thickness and concentration.

Figure 3.55 Five packagingmethods for the analysis. L represents the location of phosphor. InMethods

III, IVandV, L is the gap between phosphor and chip. InMethod II, L is the radius of phosphor. The radius

(R) of lens is 4mm. The baseline diameter (D) of reflector is 3mm and the height (H) is 2mm.

Figure 3.56 (a) Effects of phosphor thickness on ZWPE and ZRPE (phosphor concentration is 0.33 g/cm
3).

(b) Effects of phosphor concentration and ZWPE and ZRPE (phosphor thickness is 0.1mm).
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Therefore, for the purposes of the discussion herewe are proposing suitable packagingmethods

for white LEDs through the detailed comparison of the optical consistency of the five

packaging methods, and providing some suggestions for each packaging method on the

choice of phosphor thickness and concentration.

As the most adopted packaging method by manufacturers such as Cree and Lumileds,

Method I actually presents the poorest overall performance among all the methods. When the

phosphor thickness and concentration are increased, both ZWPE, ZRPE are reduced more rapidly

than those of other methods. The maximum luminous efficiency of Method I is estimated to be

85 lm/W for CCT of 5000K and CRI of 70, which is the lowest result. However, the color

variation ofMethod I is smaller than that ofMethods II, III, and IV. This is due to the higher chip

absorptions of blue light and converted yellow light than those inMethod I.When the phosphor

thickness and concentration are varied, the variations of chip absorption for blue light and

converted light will be similar. This feature of high chip absorption is also the fatal defect of

Method I, since the luminous efficiency cannot be enhanced as in other methods. But the small

variations of luminous efficiency andRY/Bmean that the optical consistency of LEDproducts of

Method I can be higher than that ofMethods II, III, and IV.Method I also can be an economical

packaging method among the five methods, since the process of Method I has been well

developed and the chip scale phosphor coating can minimize the size of white LEDs to reduce

the total material cost.

Although Method I cannot provide LEDs with the highest luminous efficiency among these

methods, the luminous efficiency of Method I can be improved by applying phosphor with a

high concentration and thin thickness or a low concentration and thick thickness. From

Figures 3.56 and 3.57, it can be seen that when the phosphor thickness <0.06mm or the

concentration <0.2 g/cm3, ZWPE is higher than other methods, and when phosphor thickness

<0.07mm or the concentration <0.25 g/cm3, luminous efficiency is higher than that of

Methods II, III, and V. Results by Tran et al. also confirm that low phosphor concentration

and thick thickness is beneficial for light extraction [74]. This also explains the reasons why

Figure 3.57 (a) Effects of phosphor thickness on luminous efficiency and RY/B (phosphor concentration

is 0.33 g/cm3). (b) Effects of phosphor concentration on luminous efficiency andRY/B (phosphor thickness

is 0.1mm). The dashed lines in (a) and (b) refer to the potential maximum luminous efficiency in different

methodswhenRY/B¼ 4, forwhich the correspondingCCTandRa are approximately 5000K and 70. It can

be found that the maximum luminous efficiency of each method are similar in (a) and (b).
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Lumileds and Cree develop thin film conformal coating of phosphor, whereas the corporations

without advanced phosphor coating facilities prefer to control the phosphor silicone mixing

ratio to be lower than 0.2 g/cm3.

For Methods II and III, the tendencies of ZWPE, ZRPE, luminous efficiency, and RY/B of these

two methods are similar. Therefore, Methods II and III are discussed together. Methods II and

III are applied in high reliability LED packaging, in which the silicone layer between the

phosphor and the chip is used to protect the electrodes of the chip from the contaminations of

phosphor. It can be found that the both methods present poor consistency of ZWPE, ZRPE,
luminous efficiency, and RY/B when phosphor thickness and concentration are varied. The

variations of ZWPE and ZRPE are larger than those of Methods IV and V, and the variations of

luminous efficiency and RY/B are larger than those of Method I. The maximum luminous

efficiency of the two methods for RY/B¼ 4 are estimated to be 86.5 lm/W and 86 lm/W,

respectively. These values are only slightly higher than that of Method I. Therefore, although

these two methods present higher consistency of ZWPE and ZRPE than that of Method I, the

cost increase caused by the fabrication of the silicone layer meansthat Methods II and III

cannot compete with Method I.

Method IV is the common configuration of remote phosphor packaging (RPP), in which the

phosphor is planar [26,27]. It can be found that Method IV presents excellent consistency of

ZWPE and ZRPE. The variations of luminous efficiency of Method V are also comparable with

those of Methods I, II, and III. The most important feature of Method IV is that the LE of

Method IV is the highest among these methods, no matter how the phosphor thickness and

concentration are varied. The maximum luminous efficiency of Method IV for RY/B¼ 4 is

93.5 lm/W, which is 10% higher than that of Method I. Therefore, Method IV is suitable for

those white LEDs with requirements of high luminous flux and moderate consistency of

luminous efficiency. But the highest variations of RY/Bmeans that Method IV is not suitable for

thosewhite LEDs with requirements of high consistency of color. Themain reason causing the

significant variations ofRY/B inMethod IVis that the chip absorption for converted yellow light

of phosphor is reduced effectively. When the phosphor thickness and concentration are

increased, the increase of phosphor absorption for blue light and the emission for converted

yellow light is more significant than the increase of yellow light loss caused by chip absorption

and reflection. Therefore, Method IV is beneficial for yellow light extraction and therefore can

enhance luminous efficiency, but the blue light extraction is not good.

Since the color of Method IV is sensitive to the variations of phosphor thickness and

concentration, a suggestion for the choice of phosphor thickness and concentration of Method

IV is thin thickness and moderate concentration or moderate thickness and low concentration.

From Figure 3.57, it can be seen that when the phosphor thickness is <0.09mm (concen-

tration 0.33 g/cm3) or the concentration is <0.3 g/cm3 (thickness 0.1mm), Method IV can

provide proper RY/B (CCT) for white LEDs, and the luminous efficiency can also be

significantly higher than other methods. Therefore, as an example, it is best to fulfill the

requirements of consistency control of white LEDs by controlling the phosphor thickness to

be thin (that is 0.06–0.08mm) and the concentration to be moderate (that is 0.3–0.35 g/cm3),

or the phosphor thickness to be moderate (that is 0.09–0.11mm) and concentration to be low

(that is 0.25–0.3 g/cm3).

Method V is an improvement of Method IV. Changing the phosphor shape to be hemi-

spherical can lead to similar enhancements on the extraction of blue light and yellow light

simultaneously [51]. From Figures 3.56 and 3.57, it can be seen that Method V presents the
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best consistency of ZWPE, ZRPE, and RY/B among these methods when the phosphor thickness

and concentration are varied. Method V is the only method that can provide better color

consistency thanMethod I among the fivemethods. This feature means that Method V can be a

strong competitor for Method I in those applications demanding more rigorous color

consistency of white LEDs, for example, the large size flat panel backlighting. The issue

for Method V is that the luminous efficiency consistency of Method V is not good. When the

phosphor thickness is thin or the concentration is low, since the extracted blue light of Method

V is higher than that of other methods, less converted yellow light makes the luminous

efficiency of Method V lower than that of other methods. But a slight increase of phosphor

thickness and concentration can enhance the yellow light output more effectively than other

methods. The luminous efficiency of Method V is therefore relatively higher among the five

packaging methods.

Since the color variation of Method V is the smallest and the luminous efficiency of Method

V is lower than that of other methods in the range of thin phosphor thickness and low

concentration, the suggestion for the choice of phosphor thickness and concentration of

Method V is moderate thickness and moderate concentration. From Figure 3.57, it can be

found that when the phosphor thickness is in the range of 0.08–0.113mm (concentration of

0.33 g/cm3) or the phosphor concentration is in the range of 0.27–0.37 g/cm3 (thickness of

0.1mm), both the luminous efficiency and color consistency can be better than that ofMethods

I, II, and III. Therefore, taking this simulation as an example, phosphorwithmoderate thickness

(that is 0.09–0.11mm) and moderate concentration (that is 0.3–0.35 g/cm3) is believed to be

best for the requirements of optical consistency control of white LEDs.

Comparing Figures 3.57a and 3.57b, it can be seen that the variation of phosphor thickness or

concentration presents similar effects on ZWPE, ZRPE, luminous efficiency, and RY/B. Therefore,

in the aforementioned phosphor thickness and concentration chosen for each packaging

method, both the control of phosphor thickness and concentration are important for the

improvement of optical consistency.

As a prospect,Methods I, IV, andVare further discussed and compared here to suggestwhich

method is the most suitable method for future white LED packaging, for which both high

luminous efficiency and high optical consistency are required. Method V is predicted to be the

best choice. This is because that the moderate thickness and concentration of the phosphor of

Method V make the consistency control of Method V easier and the potential maximum

luminous efficiency of Method V is only slightly lower than that of Method IV. The thin

phosphor thickness of Methods I and IV may cause concern that the mechanical strength of

phosphor is poor, and the low phosphor concentration may cause concern that the phosphor

settling is more serious. Therefore, the actual consistency of Methods I and IV may be

poorer than the simulation, proposing a challenge for precise process control for an optimal

optical performance.

3.5.3 Phosphor for Spatial Color Distribution

Spatial color uniformity is important in the efforts to achieve high quality white LEDs. A non-

optimized packaging method will induce unexpected phenomenon such as yellow ring.

This can be found in some commercial products as shown in Figure 3.58. Color inhomogeneity

will influence the actual illumination effects and result in discomfort for the human eye.
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Nowadays most white LEDs are phosphor converted LEDs. It is perceived that phosphor and

packaging structure can influence the spatial color distribution significantly.

Sommer et al. firstly studied the effects of phosphor thickness, concentration and size on the

spatial color distribution of white LEDs [75]. The results are shown in Figure 3.59. It can be

seen that the spatial color uniformity of white LEDs can be realized by changing the phosphor

concentration or thickness suitably, and at the same time controlling the phosphor thickness or

concentration not to be changed. An increase of the phosphor thickness or concentration can

change the color from bluish to yellowish, and the increase in central zone is faster than that in

border zone. Therefore, a perfectly uniform white light can be theoretically obtained by

adjusting the phosphor thickness and concentration.

We investigated the effects of phosphor location on the spatial color distribution [43,76].

The phosphor location is varied as shown in Figure 3.60. Each packaging method considers

four specific caseswith different locations. Simulation data are displayed in Figure 3.61 to 3.65.

Longitudinal axes for all cases are set with the same length scale to easily compare the

variations of curves.

It can be found that YBR at edge zones are normally larger than that at central zones,

especially in Methods IV and V. This indicates that there is a yellow ring around the central

white zone. The difference cannot be distinguished if the change of YBR from center to side is

small and smooth such as in Method I.

Color uniformity is decreased with the increase of location in most methods. However, the

influences of packaging methods are more significant than those of location. The variations of

color uniformity in each method are 16.67%, 9.8%, 12.5%, 70%, and 31.82% by location,

respectively. The average color uniformity is 0.65, 0.67, 0.45, 0.17, and 0.075 in each method.

The variation of color uniformity between Methods II and V exceeds 88%. Therefore, the

packaging method is most critical to determine the color uniformity, while location plays the

secondary role. The tendencies of YBR curves also support this viewpoint. The tendencies are

similar with the variation of location, whereas there are obvious differences for YBR curves in

various packaging methods.

Methods I and II present higher color uniformity than other methods with a reflector. This is

because the reflector can converge the side rays to the central zone especially for blue light.

Themore blue light is converged to the central zones, then less blue light can emit out at the side

zones. Increasing the location of the reflctor can enhance this phenomenon. For example, YBR

is reduced from 2.5 to near 1 at central zone in Figure 3.64.

Figure 3.58 Illustration of yellow ring in LED modules. (Color version of this figure is available

online.)
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However, the variation of color uniformity inMethods III andVis not as significant as that in

Method IV. InMethod III, the variation in location is small compared to the size of the reflector,

which cannot efficiently affect the light propagation. InMethod V, the location is too remote. It

can be found that the variation in color uniformity is small when the location is larger than the

Figure 3.59 (a) Mean average of CIE x chromaticity coordinates for a constant layer broadness of

1040mm and a constant phosphor concentration of 10% vol. for different heights (1) 100mm, (2) 400mm,

and (3) 700mm of phosphor. (b) Mean average of the CIE x chromaticity coordinates for a constant layer

broadness of 1040mm and a constant height of 400mm for different concentration of yellow phosphor

particles in the silicone matrix (4) 2, (5) 10, and (6) 18 vol.% [75]. (Reproduced with permission from C.

Sommer, F.-P. Wenzl, P. Hartmann et al., “Tailoring of the color conversion elements in phosphor-

converted high-power LEDs by optical simulations,” IEEEPhotonics Technology Letters, 20, 9, 739–741,

2008. � 2008 IEEE.)
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Figure 3.60 Five packaging configurations for the analysis. (Color version of this figure is available

online.)

Figure 3.61 YBR curve and color uniformity in Method I. The first specific case directly coats the

phosphor on the chip.

Figure 3.62 YBR curve and color uniformity in Method II.
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1.4mm in Method IV. Therefore, when the location is remote enough, the change of location

plays a minor role on color distribution.

The initial color uniformity ofMethod II is lower than that ofMethod I, however, the average

color uniformity is higher. This is due to the fact that the phosphor layer is hemispherical.

Figure 3.63 YBR curve and color uniformity in Method III.

Figure 3.64 YBR curve and color uniformity in Method IV.
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The radiation pattern of blue light emitted out of chip is similar to Lambertian. Blue light can

almost vertically enter the phosphor layer and improve the extraction of side rays. The increase

of location cannot affect light propagation fundamentally. Therefore, Method II presents a

more stable color distribution.

The reasonwhy the initial color distribution ofMethod I ismore uniform than othermethods

is that the chip and phosphor are located in the center of the lens. The radiation patterns of blue

light out of the chip and yellow light from the phosphor layer are both similar to Lambertian.

Since the lens’ size is significantly larger than the chip and phosphor layer, they can be treated

as small sources. Therefore, most of the rays could directly emit out without being internally

reflected. This indicates that the initial color uniformity is high. However, with the increase of

location, enlarged dimension and height of the phosphor layer will gradually disorder the

directions of blue light and the phosphor layer which cannot be seen as a small source.

Actually, to obtain high color uniformity, packaging elements shouldmake the blue light and

yellow light have a similar radiation pattern. That means the packaging elements such as the

lens and reflector should affect the propagation of blue light and yellow light simultaneously.

This is the fundamental reason why Methods IV and V have so low color uniformity. The

reflector affects the propagation of most blue light rays and converges them to center, whereas

only part of back scattered yellow light is affected by the reflector. This has the effect that the

Figure 3.65 YBR curve and color uniformity in Method V.
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radiation pattern of blue light and yellow light are obviously different after passing through the

phosphor layer. Therefore, the color distribution is significantly non-uniform.

3.6 Collaborative Design

3.6.1 Co-design of Surface Micro-Structures of LED Chips
and Packages

At present, high power white LED is realizedmainly through GaN based high power blue LED

exciting yellow phosphor. However, the highest electro-optical conversion efficiency of GaN

based high power LED already discussed does not exceed 60% in the industry [78], which is

still far from the ideal 100%. Relatively low light extraction efficiency of LED chips is one of

the main factors. In recent years, domestic and foreign researchers have improved its light

extraction efficiency mainly through processing various micro-structures on light surface of

LED chip, including: surface roughening [31], patterned substrate [79], photonic crystals [80],

micro-structure array [81], and so on. Light extraction efficiency can be increased from 20% to

300%. The shapes of various micro-structures are shown in Figure 3.66.

High power LED chips can only be used in various lighting occasions after packaging. The

overall light extraction efficiency after LED packaging is its ultimate manifestation of light

extraction efficiency. However, most researchers are only concerned about improving the light

extraction efficiency of the LED chip itself, often neglecting the effects of follow-up package

materials, structure and processes on the light extraction efficiency of the LED, which result in

Figure 3.66 Various surface micro-structures on of LED chips: (a) surface roughening; (b) patterned

substrate; (c) photonic crystals; and (d) micro-structure array.
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great changes of LED luminous efficiency after packaging. The study of Jiang et al. shows that

the light extraction efficiency of the LED chip is improved by an average of 50% after surface

roughening of the LED chip, but the output optical power is only improved by an average of

15% after packaging [82]. For the photonic crystal LED, air is always adopted as the gap

medium when designing its photonic crystal structure, but silicone of a different refractive

index in the packaging process will plug the photonic crystal gap and destroy its periodic

structure, resulting in defects in photonic crystals, seriously affecting the light extraction

efficiency of photonic crystal LED.

At the same time, people currently invest a lot of energy in the careful optimization design of

the LED chip structure, with a view to further enhance the light extraction efficiency, but the

amount of increase is relatively small, and some even less than 10%.The silicone or phosphor is

coated on the light surface of the LED chip in the packaging process, increasing the exiting

angle range of chip interface, further improving chip’s light extraction efficiency. But for LED

chips of different surface micro-structures, the amount of efficiency elevation differs. The

simulation studies of Lee T X et al. has shown that fabricating a pyramid micro-structure array

on the N-type GaN surface can improve the light extraction efficiency of the chip. The

simulation results show that (Figure 3.67) [83], the efficiency of 30� angle of inclination

improvesmore than 12% than that of 10 � angle of inclination, but after theLED is encapsulated

with an epoxy lens (simplified EEL–LED) of refractive index of 1.5, the amount of elevation

reduces to less than 4%.

Figure 3.68 shows four kinds of different surface micro-structure of LED chips, in which the

sample 1 and sample 2 are the vertical electrode LEDs, and the sample 3 and sample 4 are the

level electrode LEDs. We have found that the total optical power of four kinds of chips

increases considerably after packaging with silicone of refractive index of 1.54, but the rate of

light extraction efficiency increasing differs from 31.4% to 59.2% with different surface

Figure 3.67 Light extraction efficiency (LEE) vs. the angle of the slanted surface in an inversed

pyramid structure.
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structures (as shown in Figures 3.69 and 3.70). From the figures we can find, the optical power

of the sample 2 LED chip is the same as that of the sample 1 LED chip, but after packaging, the

total optical power efficiency of the sample 2 LED is lower than that of sample 1 which

demonstrates that for LED chips of the same vertical electrode structures, micro-structure on

the surface of sample 1 is more advantageous in lighting.

As shown in Figure 3.71, the surface roughening structures of a level electrode LED chip A

and a vertical electrode LED chip B are quite different.,We have found from Figure 3.72 to

Figure 3.73 that sample B’s optical power of bare LED chip is higher than that of sample A, but

Figure 3.68 SEM diagram of four kinds of surface micro-structures of different LED chips.

Figure 3.69 Comparison of optical power of four kinds of LED chips with different micro-structures

before and after packaging with silicone.

131 Optical Design of High Power LED Packaging Module

IPR Page 150



the luminous flux between the two is very close to each other after they are packaged by using

the same materials and process, and sample A is even higher than sample B in some occasions.

This experiment shows very well that LED chip structure needs co-designing with packages.

The output luminous flux is not necessarily high after packaging the LED chip of high bare

Figure 3.70 Comparison of increasing rate of LED light extraction efficiency after packaging with

silicone.

Figure 3.71 AFM diagram of surface micro-structures of sample A and sample B LED chips.

Figure 3.72 Comparison of optical power of sample A and sample B LED chips.
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output optical power. Thereforewhen designing the chip, the follow-up package situationmust

be considered and the overall plan must be made to truly improve the cost performance of

LED chip.

It can be found from the above analysis that owing to the complexity of LED chip light

exiting surface, it is difficult to roughly estimate the impact of packaging on light extraction

efficiency increasing of the LED chip with different micro-structures. If considering only from

the chips, it is difficult to judge which surface micro-structure is more advantageous and

whether there is any further need for careful optimization for certain micro-structures.

Therefore, design of the LED chip surface micro-structures must be coordinated with the

follow-up package design; quantitatively and systematically analyzing the change between

light extraction efficiency and overall packaging efficiency for LED chips of different micro-

structure surfaces, guiding the structural optimization design, and processing technology

selections of LED chips.

In addition, because light surfacemicro-structure greatly differs amongLEDchips, interface

behaviors of silicone or phosphor silicone and LED chip light exiting surface are different, and

the types, because of defects in the interface and impact of these defects on the LED packaging

efficiency and reliability are also different. It is easy for themicro-structure surface LEDchip to

introduce all kinds of impurities (such as bubbles, dust, and so on.) in the interface of chip and

package. The existence of these impurities will not only affect the overall LED light

performance, but is also very likely to become the factor inducing crack growth appearing

in LED follow-up assembly process (such as reflow), testing and long-term use (temperature,

moisture, and so on.), thereby affecting the reliability and durability of the LED. Meanwhile,

the interfacial stress situation of the surface micro-surface structure and silicone are different

for different chips in the process of silicone curing. There may be relatively large stress

concentration points for some micro-structures, easily leading to packaging defects such as

delaminations, cracks, and so on in the course of long-termuse of LEDand a negative impact on

the LED light efficiency and reliability. Therefore, co-design of LED chip surface micro-

structure and packageswill also help guide reliability design of LEDchip and packages, aswell

as the choice of packaging materials and process optimization.

Therefore, co-design of high power LEDchipmicro-structures and packagesmust be carried

out, integrating all aspects into consideration of the entire course, overall optimizing based on

Figure 3.73 Comparison of luminous flux of sample A and sample B LED after packaging.
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local optimization. The study on co-design of the LED chip micro-structure and packages can

guide not only optimization design of LED chips, but also processing technology of the chips

and packaging, which is significant to improving the overall LED light efficiency and the

reliability after packaging.However, there is a lack of systematic and quantitative research both

at home and abroad. LED chip structure design is separated from packaging. Therefore it is

important and urgent to carry out co-design of the high powerLEDchip surfacemicro-structure

and packaging.

3.6.2 Application Specific LED Packages

As shown in Figure 3.74, secondary optics are essential to LED illumination systems because

the light patterns of most LEDs are circular symmetrical with non-uniform illuminance

distribution,which cannot directlymeet the requirements of different illumination applications

(for example rectangular light pattern required in road lighting). Freeform lens is an emerging

optical technology being developed in recent yearswith advantages of high design freedom and

precise light irradiation control. However, belonging to the category of secondary optics,

traditional freeform lenses also have many disadvantages such as being too large for some

space confined applications, requiring highly accurate assembly and they can be inconvenient

for customers to use. The optical performance of many LED luminaires existing in the market,

such as road lamps, MR16 lamps, and so on is poor mainly due to their manufacturers lack of

ability of prescribed optical design. Therefore, if the LED package and secondary optics could

be integratedwithin one LEDmodule and could be directly used for some specific applications,

this new LED package will be popular in the market.

(i) Application Specific LED Package Single Module

In this section, we will introduce a novel LED package, application-specific LED package

(ASLP), which will provide a more cost-effective solution to high performance LED

Figure 3.74 Schematic of the concept of an application-specific LED package.
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lighting [82–84]. Since road lamps’ significance in our LED community signal the open area of

general lighting, demonstrated by a recent Chinese government program called 10–city

10,000–lamp and other programs around the world, rectangular light patterns for road lighting

are designed for examples. Figure 3.75 shows a novel freeform polycarbonate (PC) LED

package lens (LPL) and a silicone LPL with the refractive index of 1.586 and 1.54 respectively

for LEDpackages to form a 32m long and 12mwide rectangular illumination area at the height

of 8m. The volume and largest value of length, width and height of the PC lens are 42.9mm3,

6.1mm, 3.8mm and 2.6mm respectively, and the values are 44.5mm3, 6.3mm, 3.9mm and

2.7mm for the silicone lens. The volume of these two lenses are close to that of themost widely

used hemisphere PC LPL.

Figure 3.76a shows one type of the most widely used high power LED package based on

leadframe and heat sink. The optical structure of this LED is constructed by LED chip,

phosphor, silicone, and PC packaging lens. Since the PC packaging lens is circular symmet-

rical, the light pattern of this LED is circular with non-uniform illuminance distribution as

shown in Fig. 3.76b, which is hard to be directly used in road lighting.

A novel ASLP is obtained only by replacing the circular symmetry PC LPL by the designed

compact freeform PC LPL. The optical performance of this ASLP is simulated numerically by

thewidely usedMonte Carlo ray tracing method. The light output efficiency (LOE), defined as

Figure 3.75 (a) Novel compact freeform PC and (b) silicone LED package lenses.

Figure 3.76 (a) Traditional LED package based on leadframe and heat sink; (b) its illumination

performance; and (c) its detail optical structure.
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the ratio of light energy exits from lens to light energy incidents into lens, of this novel LPL is

94.2% (considering Fresnel loss), which is slightly less than that of traditional hemisphere

LPL of 95.0%. As shown in Figure 3.77, more than 95% light energy of the ASLP distributes

within an approximately rectangular light patternwith the length of 33m andwidth of 14m at

the height of 8m, which is quite suitable for road lighting. Therefore the ASLP could be

directly used for road lighting and no secondary optics is needed, which make it convenient

for LEDfixtures designers andmanufacturers to use and alsowill furthermore reduce the cost

of LED fixtures.

During this novel LED packaging process, the only change we need to make is fixing this

novel freeform LPL to the traditional hemisphere PC LPL on the frame, and that is compatible

with current LED packaging processes totally, whichmakes it easier for LEDmanufacturers to

adopt this new technology with little change of existing process.

As shown in Figure 3.78, the freeform PC LPL is manufactured by an injection molding

method. The LOE of the freeform PC LPL reaches as high as 94.8%, which is slightly lower

than that of traditional hemisphere PC LPL of 95.4%. Considering that the LOEs of secondary

optics (for example freeform lenses) are always at a level of about 90%, the system LOE of

LED fixture consisting of ASLPs will be about 9% higher than that of traditional LED fixture.

In 2009, Guangdong Real Faith Optoelectronic Co. LTD developed a white light ASLP

integrated with the freeform PC LPL for road lighting and its optical efficiency reached as high

as 105 lm/W@350mA (as shown in Figure 3.79). An LEDmodule for road lighting consisting

of an LED and a secondary optical element with the kind of freeform lens are shown in

Figure 3.80c. From comparisons shown in Figure 3.80, we can find that the height and volume

of this novel ASLP are only about a half and an eighth of that of the LEDmodule respectively,

which provides an effective way for some size compact LED illumination systems design and

more design freedoms for new concept LED lighting fixtures.

Figures 3.81a and 3.81b show the illumination performances of a traditional LED package

and the ASLP respectively. The light pattern of the traditional LED package is circular with

non-uniform illuminance distribution, while the ASLP redistributes LED’s light energy

Figure 3.77 (a) Novel application-specific LED package based on leadframe and heat sink; (b) its

illumination performance; and (c) its detail optical structure.
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Figure 3.78 (a) Front view of traditional hemisphere LPL (left) and the novel application specific

freeform LPL (right) and (b) left view of these two LPLs.

Figure 3.79 Real Faith Optoelectronic white light ASLP.

Figure 3.80 (a) Traditional LED package, (b) Real Faith Optoelectronic ASLP and (c) traditional LED

road lighting module consisting of a traditional LED and a freeform secondary lens.
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distribution and forms a rectangular light pattern on the target plane, which is more uniform

than the circular light pattern. Therefore, there is no need for this new type of road lighting

ASLPwhich adopts integrated lens tomath collocatewith the second optical component. Light

can be accurately irradiated to the target area, and does not produce any stray light, so saving

labour and worry in LED road lighting.

The ceramic board based high power LED package is another kind of traditional LED

package with low thermal resistance. The detail optical structures and illumination perfor-

mances of the traditional LED package and ASLP based on the ceramic board are shown in

Figures 3.82 and 3.83. The ASLP is also obtained by replacing the circular symmetry silicone

LPL with the designed compact freeform silicone LPL.

A variety of application specific LED package module have also been introduced to

the market by OSRAM, such as OSLUX LW F65G and Golden DRAGON oval Plus

(http://www.osram.com/). OSLUX LWF65G is as shown in Figure 3.84: the length is 5.3mm,

width 5.2mm, high 2.8mm, and the luminous efficiency is 55 lm/W @ 100mA. Its luminous

intensity distribution curve is as shown in Figure 3.85, and compared with Lambert light

distribution, it is converging light. The light patternwhich is 40mmaway from a sub-rectangle,

with its length of 50mm and width of 45mm and uniform illumination distribution. This type

Figure 3.81 Illumination performance of (a) traditional LED package and (b) ASLP. (Color version of

this figure is available online.)

Figure 3.82 (a) Traditional LEDpackage based on ceramic board; (b) its optical performance; and (c) its

detail optical structure.
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of LED is mainly applied in photo flash, torch lighting, and high-brightness backlights display

lighting, and so on.

Golden DRAGON oval Plus is a type of application specific LED module developed

especially for road lighting which was recently introduced by OSRAM inMay, 2009, shown in

Figure 3.86. Uniform elliptical light pattern (vertical angle 80 �, horizontal angle 120 �) can
meet the demands of road lighting and tunnel lighting, and the light extraction efficiency

reaches 90 lm/W@350mA.

(ii) Application Specific LED Package Array Module

ASLP array module is the developing direction of these novel LED packages. ASLP array

modules for road lighting, with the type of chip on board (CoB) packaging, could also be

Figure 3.83 (a) Novel ASLP based on ceramic board; (b) its optical performance; and (c) its detail

optical structure.

Figure 3.84 OSRAM OSLUX LW F65G.
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Figure 3.85 Luminous intensity distribution curve and illumination performance of the OSRAM

OSLUX LW F65G at 40mm away.

Figure 3.86 OSRAM Golden DRAGON oval Plus.
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obtained by integrating freeform lens arrays with traditional CoB LED modules. Figure 3.87

shows a 3� 3 LED array module based on ceramic board and it mainly consists of a ceramic

board with circuits, LED chips, phosphor, and novel silicone lens array. As shown in

Figure 3.88, the simulated light pattern of this LED array module is quite similar to that of

the single ASLP and also could be used in road lighting directly. The light source of a 108watt

LED road lamp, which is one of the mostly used types of LED lamps in the market, could be

achieved easily by integrating 12 of this type of LEDmodule. Since the length andwidth of this

module are only 34mm and 30mm respectively, then the size of the light source of the 108watt

LED road lamp could be less than 120mm� 105mm, which will considerably reduce the size

and cost of the LED road lamp and throw down a challenge to heat dissipation technologies for

LED fixtures in the future.

In most LED applications, since the LED array module with ceramic board will be bonded

onto the metal core printed circuit board (MCPCB) before connecting with heat sinks, ASLP

array modules directly based on MCPCB will provide a more effective solution with the

advantages of low thermal resistance and cost. Figure 3.89 shows a 3� 3 LED array module

based onMCPCB and it mainly consists of a MCPCBwith circuits, LED chips, phosphor, and

Figure 3.87 A novel 3� 3 ASLP array module based on ceramic board for road lighting.

Figure 3.88 Optical performance of the novel 3� 3 ASLP array module based on ceramic board.
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novel freeformpolycarbonate (PC) lens array. Thismodule can be directly bonded onto the heat

sink of LED road lamps and reduce one thermal interface between the ceramic board and

MCPCB, which will decrease the thermal resistance from LED chips to heat sink. Since the

solder mask existing on the surface of the MCPCB will reduce the bonding strength between

the silicone lens and the MCPCB, a PC freeform lens array is adopted in this LED module

packaging and it could be fixed on the MCPCB by bonding or mechanical fastening. Then

silicon will be injected into the cavities of PC lens through the injection holes and fill the

cavities. Moreover, the PC lens array will reduce the cost of application-specific LED array

modules even more and make it more convenient to assemble.

(iii) Application Specific LED Package System

LED lighting is an integrated system which involves optics, thermal management, electronics,

control, mechanical reliability, and other subjects. In addition to good optical design, it also

needs appropriate heat dispassion design, driving design, and control design, and so on, and all

these are indispensable. Therefore, more and more LED applied commodity producers hope

that LED package modules can not only integrate optical systems, but also integrate cooling,

driving, controlling systems, and so on. Therefore, themulti-system integrated application that

specific LED package modules use will be more convenient for customers to utilize.

Figure 3.90 shows an integrated LED packagemodulewith lens and cooling function. Vapor

chamber technology is adopted in this LEDmodule to reduce the spreading thermal resistance

of the system. Figure 3.91 presents an integrated LED package module with lens, cooling

function, powering, and controllers which can be used in lighting applications directly.

The LED module can adopt array packaging to increase the total output luminous flux of a

single module. Thus, this kind of LED package module can not only work normally, but be

even smarter. Controllers comprise micro controller units (MCU), memory, wireless

communication modules, and sensors, such as temperature sensor, luminous intensity sensor,

audio sensor, accelerometer, and so on. The sensors can monitor the working state of LED

Figure 3.89 (a) A novel 3� 3 ASLP array module based onMCPCB for road lighting and (b) its detail

optical structure.
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modules, and by feedback of the control of the driving, make LED modules work in a

more healthy state. Figure 3.91 shows an LED light source packaging module which is

respectively applied in LED headlamp and rear projection television, introduced by OSRAM

(http://www.osram.com/). These modules have integrated optical systems and controlling

systems, which are very convenient for customers to utilize.

In summary, by comparing the traditional LED illumination modules consisting of an LED

and a secondary optical element, the novel ASLP has the advantages of low profile, small

volume, high system light output efficiency, low cost and convenience for customers to use.

Moreover, the ASLPs can also be designed to meet other LED lighting applications, such as

backlighting for LCD display, automotive lighting, and so on. Therefore ASLPs will provide a

more cost-effective solution to high performance LED lighting luminaires and probably

become the trend of LED packages.

Figure 3.90 Schematic of an integrated LED package module with lens and cooling function.

Figure 3.91 Schematic of an integratedLEDpackagemodulewith lens, cooling function, powering and

controllers.
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3.7 Summary

In this chapter, optical design of high power LED packaging modules was described in detail.

First, the properties of LED light were introduced which are important to the module design,

with the focus on the definition of those properties such as lumen efficiency, luminous intensity,

illuminance and luminance, color temperature, correlated temperature, and color rendering

index. Key components and packaging processes for the optical design were also introduced,

including chip types, phosphors and their coating processes, and the lens and molding process.

Light extraction in the chip and module level was defined. Chip modeling and phosphor

modeling were presented, which are essential for white light optical modeling and simulation.

Focuswas on the phosphors for white LED packaging and detailed discussionswere devoted to

the various quantities such as location, thickness, and concentration of the phosphor. Spatial

color distribution was first proposed as a function of phosphor and packaging structure. A

challenging issue of chip surface roughness forced us to propose a co-design issue by

considering the interface condition in the optical design model. Finally, a new application

specific LED packaging was proposed and discussed, with the objective of providing more

functions and chips integrated into one module.
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4

Thermal Management of High
Power LED Packaging Module

Thermal dissipation has been a serious issue with the invention of high power LEDs.

Constrained by the internal and external quantum efficiencies, non-radiative process

converts a significant part of electrical power to heat. There is a power density of almost

70W/cm2 for an one watt (lW) LEDwith an 1mm2 area, which is higher than a conventional

microprocessor chip. Generated heat will increase the junction temperature significantly,

which may damage the PN junction, lower luminous efficiency, increase forward voltage,

causewavelength shift, reduce lifetime, and affect the quantum efficiency of phosphor [1–4].

The degradation of materials may occur when subjected to high temperature. Elevated

temperature can induce thermal stresses in packaging components due to the mismatch of

the coefficient of thermal expansion (CTE). The active layer of the chip is very sensitive to

thermal stresses. For most commercial LEDs, the junction temperature cannot exceed

120 �C. High thermal stress may lead to cracks, delaminations and other failures. Therefore,

it is crucial to rapidly remove the heat and keep the junction temperature below a certain

limit for the maintenance of performance.

Since a lowoperation temperature of the LEDchip is very important, thermalmanagement is

strongly required for LED packaging and application products. In this chapter, we will discuss

the thermal issues on LED packaging from the perspective of heat transfer theory.

4.1 Basic Concepts of Heat Transfer

Heat transfer is a science that seeks to predict the energy transfer which may take place in a

body or between bodies as a result of temperature difference [5]. Heat transfer is a natural

phenomenon, which appears in nearly all the engineering fields. Thermal management design

based on heat transfer theory is the bottleneck ofmany technology applications, and the LED is

one of them.

There are three modes of heat transfer: conduction, convection, and radiation as shown in

Figure 4.1. In the following parts, we will briefly explain the mechanisms of these modes.
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4.1.1 Conduction Heat Transfer

There will be an energy transfer from the high-temperature region to the low-temperature

region when a temperature gradient exists in a body. We say that the energy is transferred by

conduction. Inmicroscopic scale, thermal motion of micro-particles such as molecules, atoms,

free electrons, and so on. in a body will induce heat transfer. The induced heat transfer

process is called heat conduction [6]. In 1804, French physicist Biot obtained the earliest

expression of a heat conduction law based on the experimental result of heat conduction

through a planewall. Fourier in France usedmathematicalmethods to derive a differential form

expression named the Fourier Law according to Biot’s law. Its expression is given by:

q ¼ f
A
¼ � l

qT
qx

ð4:1Þ

whereF is the heat transfer rate, q is the heat flux density, A is the cross-sectional area which is

perpendicular to the direction of heat conduction, l is the thermal conductivity of the material,

and qT
qx is the temperature gradient in the direction. The minus sign indicates that heat transfers

in a direction opposite to that of the temperature rise as shown in Figure 4.2.

4.1.2 Convection Heat Transfer

Heat convection is a heat transfer process caused by themixing of hot and cold fluids because of

the macroscopic motion of fluids which gives rise to the relative displacement within parts of

Figure 4.1 Three modes of heat transfer.

Figure 4.2 Directional relationship between temperature gradient and heat transfer.
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the fluids [5]. Convective heat exchange, usually mentioned in engineering, denotes a process

of heat exchange between fluids and the solid surface exposed in fluids. It results from the co-

effect of heat conduction and convection. According to the possibility whether phase changes

occur or not, convective heat exchange can be divided into convections with phase changes and

without phase changes. According to the causes of flow, there are free convection and forced

convection. Free convection is caused by the circulation of fluids due to buoyancy from the

density changes induced by heating itself. Forced convection is due to movement in the fluid

which results from many other forces, such as a fan or pump. The heat transfers which occur

when fluid boils on a hot surface or when vapor condenses on a cold surface are called the

boiling heat transfer and condensation heat transfer (convective boiling of phase changes),

respectively. In 1701, British scientist Newton put forward a mathematical expression which

was later called Newton’s Law of Cooling for calculating the temperature of a glowed iron bar.

Law of Cooling is a commonly-used calculation method for convective heat exchange.

Figure 4.3 shows the model of convective heat exchange, with the equation as follows:

f ¼ hA tw � t1ð Þ ð4:2Þ

q ¼ f
A
h tw � t1ð Þ ð4:3Þ

where F is the heat flux, q is the heat flux density, A is the cross-sectional area which is

perpendicular to the direction of heat transfer, tw is the surface temperature of the solid, t1
is the fluid temperature, and h is the convective heat transfer coefficient. Convective heat

transfer coefficient is a physical quantity denoting the intensity of convective heat transfer.

There are many factors to affect h, such as physical properties of fluids (thermal conductivity,

viscosity, density, specific heat capacity, and so on), form of flow (laminar flow, eddy flow),

the cause of flow (free convection or forced convection), the shapes and sizes of the object’s

surface, the occurrence of phase change in heat exchange (boiling or condensation), and so on.

Different heat transfer coefficientmagnitudes with different fluids under various conditions are

shown in Figure 4.4.

4.1.3 Thermal Radiation

Thermal radiation is the process bywhich the surface of an object radiates its thermal energy in

the form of electromagnetic waves. It is a kind of electromagnetic radiation whosewavelength

Figure 4.3 Model of convective heat exchange.
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is from 0.1mm to 100mm. Therefore, heat can directly transfer in a vacuum without any

media by radiation. Every object owns a radiating power which is in proportion to the

biquadrate of its Kelvin temperature. An object can also absorb the thermal radiation around it.

The co-effect of radiation and absorption is called radiation heat transfer [8]. Radiation heat

transfer is a dynamic process. When the substance reaches thermal equilibrium with the

environment, the rate of radiant heat exchange is zero. However, radiation and absorption are

still in process, with a heat balance between radiation and absorption.

All objects with a temperature higher than absolute zero can radiate heat. The higher the

temperature, the greater the amount of radiated energy is. The spectrum of thermal radiation

is continuous with awavelength theoretically covering from 0 to1. General radiation depends

mainly on long-wavelength visible light and infrared ray. Heat radiates mainly by invisible

infrared light at low temperature. At temperature of 300 �C, the wavelength of the strongest

thermal radiation is in the infrared region. In the range of 500 �C to 800 �C, the wavelength of
the strongest thermal radiation is in the visible region. In 1878, Stefan’s experiment found that

radiance is directly proportional to the biquadrate of absolute temperature. The result was

proven theoretically by Boltzmann in 1884 and expressed as Stefan–Boltzman law, commonly

known as fourth-power law and is given by:

f ¼ AsT4 ð4:4Þ
s ¼ 5:67� 10� 8 W=ðm2 �K4Þ ð4:5Þ

where f is the total radiate energy, A is the radiant superficial area, s the is Stefan–Boltzman

constant.

Usually, the actual heat transfer does not occur in a uniquemode. It is a process of co-effect of

radiation, convection and conduction. Different modes of heat transfer follow different laws.

To select the correct mode, three heat transfer modes are studied respectively in research and

then integrated together for actual heat transfer process analysis.

Figure 4.4 Magnitude order of heat transfer coefficient of different fluids under various

conditions [7].
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4.1.4 Thermal Resistance

There are driving force and resistance in every kind of transfer process, of which the transfer

amount is closely related with those two, that is:

m ¼ F

R
ð4:6Þ

wherem is the transfer amount in the process, F is driving force, R is resistance of the process.

Ohm’s Law that we are familiar with in electrics is a typical example:

I ¼ U

R
ð4:7Þ

where I is the current of some critical component,U is the voltage between two terminals of the

component, and R is the electrical resistance of the component.

Heat transfer is a kind of transfer process in nature. Similarly, heat transfer process follows

the same law as Equation 4.6. Temperature difference is the driving force of heat transfer. Heat

flux is similar to m in Equation 4.6. As a result, resistance of heat transfer called thermal

resistance is defined as:

Rth ¼ DT
Q

ð4:8Þ

where DT is the temperature difference of some critical component, Q is the heat flux in the

component at steady station.

According to Equations 4.1 and 4.8, the thermal resistance of conduction is given by:

Rc ¼ d
lA

ð4:9Þ

Similarly, the thermal resistance of convection is defined as follows based on Equations

4.2, 4.3 and 4.8:

Rh ¼ 1

hA
ð4:10Þ

Being similar to electric resistance, themethod for calculating electric resistances in series or

in parallel is suitable for thermal resistance calculation in series or in parallel. After a system

thermal resistance is calculated, the temperature difference between the system and the

environment can be calculated by Equation 4.8. The junction temperature of the die can be

calculated as the ambient temperature is known.

In electronic or LED packaging, heat generated by chips is dissipated through

thermal interface materials and a small heat sink inside the chips to the outside of the

packaging structure in the way of conduction. It is a thermal conduction process of multi-

layer structure.
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On the basis of Fourier’s law, heat flux density is proportional to the temperature gradient.

q ¼ Q

A
¼ k

T1 � T2

L
¼ k

DT
Dx

ð4:11Þ

where k is the thermal conductivity, A is the cross-sectional area,Dx is the thickness of the heat
conduction material, and q is the heat flux density or the dissipation power per unit area. For

multi-layer composite materials, entire thermal resistance can be simplified as:

DT
Q

�
X

i

Dxi
ki

ð4:12Þ

Using the case shown in Figure 4.5 as an example, there is:

R ¼ R1 þR2 ¼ L1

k1A
þ L2

k2A
ð4:13Þ

When k1 > k2, R1 > R2, the above equation can be simplified as R � R2.

From the above equations, reducing thicknesses of materials and using materials with high

thermal conductivity will minimize thermal resistances. The following formula is usually used

to describe the thermal resistance in packaging:

Rja ¼ Tj � Ta

Q
ð4:14Þ

where Tj is the juncture temperature of chip, Ta is the ambient temperature, Q is the heating

power input of the chip. Under the condition of the same heating power and ambient

temperature, the bigger the thermal resistance, the lower the reliability is.

4.2 Thermal Resistance Analysis of Typical LED Packaging

The LED chip’s operation temperature generally should be maintained below 120 �C.
Therefore, in heat transfer analysis of LED packaging, only a small amount of heat is radiated

Figure 4.5 Heat transfer of double-layer materials.
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out from the LED as compared with other heat transfer modes because of relative low

temperature. Itmeans that conduction and convection should be themain heat transfermodes in

LEDpackaging and application products. It should be cautioned that radiation heat transfer can

be important in those cases such as LED bulbs, which are going to be discussed in Chapter 7.

There are two paths for heat dissipation in LED packaging. One is through the encapsulant

component, the other is through the chip and leadframe. Since the encapsulants are polymer

and heat insulated, all of the heat must be conducted through the leadframe. Considering the

high heat flux density of the chip, the leadframe should not only present high thermal

conduction, but also rapidly spread the heat to circumstance with effective configuration.

In 1998, Lumileds developed the first high power LED packaging-Luxeon, which was

embedded with a metal slug of large volume for heat dissipation. This leadframe based plastic

package has become the main packaging type adopted by many corporations. This packaging

method has reduced the thermal resistance to 4–10K/W and can dissipate chip power up to

5W [9]. Figure 4.6 shows the thermal resistance network for a complete Luxeon LEDmodule.

Thermal resistance network is generally utilized to evaluate the performance of heat dissi-

pation. Low system thermal resistance implies that heat can be conducted to the environment

rapidly and therefore the temperature difference between junction and environment is reduced.

In 2006, with the improvement of base materials and attachment technologies, Luxeon K2

package can allow the junction temperature to rise to 150 �C for the white LED with a drive

current up to 1.5A [10].

Instead of a separate heatsink/leadframe assembly packaging as shown in Figure 4.6, another

approach for high power LED solutions is the Chip-on-Board (CoB) technology. The chip is

directly mounted on the board with a circuit. Therefore, the size of the CoB can be more

compact. Figure 4.7 is the thermal resistance network of CoB. Two thermal interfaces between

chip and heatsink are reduced. Therefore, heat can be more efficiently conducted to the

heatsink. Another advantage of CoB is that the packaging density can be significantly higher

with hundreds or thousands of chips packaged on one board. Increased lumen output in the unit

packaging area can decrease the manufacturing cost due to less packaging material usage.

Figure 4.6 Thermal resistance network ofLuxeonLED. (Color version of this figure is available online.)
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The main constraints are the light intensity control and thermal dissipation because of the high

heat flux density.

4.3 Various LED Packages for Decreasing Thermal Resistance

4.3.1 Development of LED Packaging

LEDpackaging aims to guarantee electrical andmechanical connection between LEDchip and

the circuit and to protect the chip from external shocks such as mechanical force, heat,

moisture, and so on. In the packaging development, to implement the optical functionality of

the LED, design of the packaging should firstly meet the thermal requirements, while

implementing the optical functionality of the LED [3].

After 40 years’ development, the LED industry has undergone four stages: Lead LED, SMD

LED, Power LED, and High Power LED [11]. Figure 4.8 shows the development of the

Figure 4.8 Development of LED packaging technology and structure.

Figure 4.7 Thermal resistance network of CoB packaging. (Color version of this figure is available

online.)
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packaging structures of the LED module. Figure 4.9 shows the thermal resistance evolution

history. From Figure 4.9, we can see that the value of thermal resistance of the packaging is

becoming smaller and smaller.

LED lead packaging, using leadframe as the lead of various packages, was the earliest and

most successfully developed packaging structure in themarket, which is packagedwith highly-

matured technology. LED standardization is recently regarded by most customers as the most

convenient and economical solution. The traditional LED is placed in the package which can

only bear 0.1W input power. Ninety percent of generated heat is dissipated from the cathode

pin frame to the PCB (printed circuit board), and then into the air. How to decrease the

temperature rising of PN junction during work is an issue that must be considered in packaging

and applications. In 2002, the SMD LED was gradually accepted by the market, and gained a

large share of the market. The packaging change from Lead to SMD followed the development

trend of electronic industry.Manymanufacturers launched such kind of products. Tomake sure

that luminous flux which is 10–20 times bigger than that f5mm LED can be generated at the

high current, an effective thermal dissipation structure should be designed and stable packaging

materials should be used [12] to solve the issue of optical attenuation. The key techniques also

cover the shell-tube design and packaging. High power LED packagings such as 5W–series

LED in white, green, cyan, and blue have been supplied to the market since 2003.

From the perspective of applications, simple, high-power, and high-brightness LED

devices in smaller volume will replace the traditional lower-power LED devices in most

lighting applications. Lighting fixtures using lower-power LEDs have achieved high

brightness. However, their disadvantages are obvious: the leads are extremely complex and

the cooling effect is very poor. A complex power-supply circuit is designed to balance the

discrepancy of voltage current relation among each LED. In comparison, a single-chip high-

power LED whose power is equal to the total power of tens of low-power LEDs has simpler

Figure 4.9 Thermal resistance changing history of LED module [2–4].
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power-supply circuit and thermal dissipation structure, and the physical features of high-

power LED are stable.

For the high-power LED devices, traditional packaging methods and materials as used in

lower-power LED devices cannot be easily used. Simply enlarging the light-emitting area

cannot radically solve the issues of thermal management and lighting. As a result, expected

luminous flux in an application cannot be achieved. The thermal characterization of the high-

power LED directly affects the operation temperature of the LED, luminous efficiency,

luminescence spectrum and service life, and so on. Therefore, it is very important to develop

an effective packaging structure of high-power LEDs.

Flip chip bonding has been recently applied in the manufacturing of the high-power LED. In

flipchip bonding, the removal of the gold wire bonding pad on the top of the chip surface

improves the brightness. Because the distance that the current flows is shortened and electric

resistance decreases, the generated heat is relatively smaller. Moreover, this kind of bonding

transfers heat effectively to the substrate lower and outer layers. By the application of the

technology to SMD, the LED will not only increase light output but also reduce the volume of

the products. There are two main proposals in the development of flip chip LED technology.

One is lead-tin ball bonding. The other is ultrasonic thermal bonding. Lead-tinball bonding has

been applied in IC packaging for a long time. The technology is highly matured. For the target

with low cost and small leads, the ultrasonic thermal flip-chip technology is applicable to the

bonding of the high-powerLED.Gold is used at the interface forwelding, forwhich itsmelting-

point temperature is higher than silver paste. Therefore, the design of manufacturing after die

bonding can be more flexible. Besides, there are some other advantages, such as lead-free

processing, simple working procedure, and an accurate joining place. After years of research

and experience, the ultrasonic thermal bonding based flip-chip technology has mastered the

most optimized process parameters. A large number of LED manufacturers have successfully

put it into mass production.

4.3.2 Thermal Resistance Decrease for LED Packaging

According to Figures 4.6 and 4.7, the thermal resistance control of LED packaging needs a

system process. Every thermal resistance in the network should be effectively reduced. In this

section, the reduction method for every thermal resistance will be discussed one by one.

A chip is normallymounted on themetal heatslug or substratewith copper circuit because of

the high thermal conductivity of metals. However, there is a large CTE mismatch between

metal slug/circuit andGaN chip, whichmay generate seriously thermal stresses. Therefore, it is

essential to add a submount between the chip and slug/circuit to relieve the stress by

compensating for the CTE mismatch. Silicon is considered to be a suitable choice due to

the fact that the silicon has a similar CTE to the chip and can integrate electronics. However, if a

GaN chip can be separated by laser lift-off or other means from sapphire and bonded onto the

Si, a submount is not necessary for die attach.

Die attach materials between the chip and submount should be carefully selected. Expected

materials should present excellent adhesion between the bonded surfaces, good stress

relaxation at the interface, and effective heat dissipation. Eutectic solder is considered to be

a suitable choice. Au20Sn80 eutectic alloy is one of the most frequently used lead-free solders

with superior thermal properties (60W/mK). However, this alloy is sensitive to the compo-
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sition and shows poor reflow behavior. A perfect die bonding is important for the heat

conduction. It has been found that the thermal resistance of die solder constitutes a large portion

of system resistance. Defects such as pores and intermetallic compounds (IMC) in the bonding

layerwill increase the junction temperature dramatically, leading to premature failure of LEDs.

Figure 4.10 shows the temperature variation across the surface of a defected chip.

In leadframe packaging, the choices for heatslug materials are limited for industrial

applications in terms of cost and reliability. Copper is the most frequently used material.

Increasing the volume of heatslug is the generally adopted approach to enhance the heat

dissipation, which will induce a higher cost. CoB can provide more flexible and powerful

methods for heat removal by keeping the size compact. Figure 4.11 displays six technologies

based on CoB, in which the chips are all vertical electrode structures.

The board in the first method is called the Metal Core Printed Circuit Board (MCPCB).

Aluminum, is a low cost material, and is normally utilized as the metal core with a typical

thermal conductivity of 160W/mK. However, constrained by the low thermal conductivity

(2–10W/mK) of dielectric layer, it is estimated that the total thermal resistance may as high as

50K/W. Substituting the dielectric layer with a thin alumina film can lower the thermal

resistance to be approximately 35K/W. Another alternative approach for the metal core board

is removing the dielectric layer and soldering the chip directly onto the substrate. The benefit of

Method II is that the heat can be more efficiently dissipated through metal substrate. However,

for electrical design considerations, an electrically active metal base may generate reliability

issues.Method II is expected to be suitable for parallel electrode chip. But themismatch ofCTE

between the chip and substrate may induce high thermal stresses.

Compared to the overmolded leadframes and metal core based board, ceramic materials

are considered to be more suitable for high power LED packaging. Table 4.1 lists the

thermal properties of ceramics, metals, composites, and other materials as a comparison.

Figure 4.10 Temperature distribution for a defectedLEDchip [13]. (Reprintedwith permission fromB.

F. Fan, Y. Zhao, Y.L. Xian and G. Wang, “Thermal simulation studies of high-power light-emitting

diodes,” Advanced LEDs for Solid State Lighting,Proceedings of SPIE Vol. 6355, 63550D, 2006.� 2006

SPIE.)
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Ceramic substrate has advantages in terms of compact size, surface mountability, endurance

at high temperature andUV radiation, long-term thermal-mechanical stability, and so on. The

reflecting cavity, signal via, interconnections and various integrated electronics can be

fabricated onto theceramic substrate soforming a multi-layer circuit. Due to the low CTE,

thermal stress between the chip and ceramic board is also reduced and thereby the reliability

is enhanced.

The board inMethod III is a thick film ceramic substrate. Anode and cathode are routed to the

back of the substrate by metallized via. Ceramic substrate itself is utilized for thermal

dissipation. Al2O3 ceramics is considered to be preferable for low cost industrial requirements,

the typical conductivity of which is 27W/mK. Other ceramics such as aluminum nitride, and

Figure 4.11 Schematic diagram for six CoB technologies [14].

Table 4.1 Thermal properties of materials

Materials Thermal Conductivity (W/mK) CTE (�10� 6/K)

Cu 398 16.5

AlN 175 4.5

AlSiC 200 7.4

Si 148 4.0

Al 160 23.6

Al2O3 27 6.9

LTCC 3 5.8

Au 318 14.1

Ag 429 19.1

CuMo 165 6.6

CuW 175 6.8

Cu/Diamond 600 5.8
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beralliumoxide (BeO)with high thermal conductivities are not suitable for LEDpackaging due

to their high cost. Aluminum silicon carbide (AlSiC) is evaluated as a potential ceramic

substrate for LED, because it can provide higher thermal conductivity, more compatible CTE

with Si, and higher strength and stiffness than Cu and Al. The cost of AlSiC is also in an

acceptable range.

However, compared to metal substrate, the thermal conductivity of ceramic is obviously

lower,which restricts the development of ceramic basedCoB.Amodifiedmethod is fabricating

a large scale via a metal slug beneath the LED chip. The thermal conductivity can be improved

to more than 200W/mK and thermal resistance can be reduced to 8.5K/W [15–17].

Direct Bonded Copper (DBC) provides another competitive approach to improve the

thermal dissipation of ceramic based CoB. In Methods III and IV, there actually exists a

compound interface between the circuit and ceramics. This interface increases the total thermal

resistance of the board. DBC bonds the copper circuit to ceramics by high temperature eutectic

soldering. Therefore, there is no identifiable interface between the copper and the ceramic. The

eutectic bonding layer constrains the expansion of copper and therefore lowers the CTE of the

board. In addition, DBC presents a higher thermal conductivity since the copper is purer than

that in Methods III and IV. The controllable thickness of the copper layer also provides

competitive thermal management solution. The disadvantage of DBC is that it cannot fabricate

metallized via through ceramics, which indicates that the DBC board cannot be applied to a

surface mounting process.

Since ceramics is capable of forming a multi-layer substrate, embedding leadframe with a

largemetal slug in ceramic is becoming themost potential solutionwith low cost for high power

LEDs. Both the thermal dissipation and electrical insulation can be solved. This method is

totally compatiblewith the IC process and only one issue should be improved on themolding of

the reflector. In addition, electronic devices such as the driver, sensor, and controller can be

integrated into the package to develop the System in Packaging (SiP) technology.

To further improve the thermal performance of substrate, other composite materials such as

monolithic carbonaceous materials (MCMs), metal matrix composites (MMCs), carbon/

carbon composites (CCCs), and ceramic matrix composites (CMCs) are developed. These

materials present controllable CTE and remarkable thermal performance.

Another alternative approach to lowering the thermal resistance of substrate is thinning the

substrate. Kim et al. [18] developed a competitive aluminum-based packaging platform by

selectively anodizing Al. The total thickness of the package is only 500 mm and the base for

chip attachment is 180 mm thick. Thermal resistance was reduced to approximately 2 K/W,

which is a significant advancement for today’s LED packaging. However, thinner substrate

may bemore fragile due to thermal stress and operation. Therefore, themechanical reliability

must be evaluated.

The final factor affecting the system thermal resistance is the interface among submount,

heatslug/substrate, and heatsink. Since these components may be warped and the surfaces are

roughened, there exist small gaps between two components. Thermal interface materials

(TIMs) are therefore essential to fill these gaps to increase thermal conduction. TIMs should be

soft andwettable to avoid residual air in the interfaces. SnAgCu alloys are normally utilized for

soldering between the submount and heatslug/substrate, whereas thermally conductive epoxy

is chosen as the attachment of heatslug/substrate and heatsink. TIMs should be as thin as

possible since the thermal conductivities of these materials are low. Precise dispensing and

optimized curing processes are important to enable a thin film for TIMs. However, compared to
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the bulk thermal resistance of TIMs, it has been found that the contact resistance presents more

significant impacts on the total interface resistance.

Adding aligned carbon nanotubes (CNT) to thermal interface materials may improve the

thermal conduction in the long run. However, compared to the ultra high thermal conductivity

of CNT itself, the effects are not as significant as expected. This is due to the fact that the small

size of CNT leads tomany interfaces and thereby blocks the heat conduction. There needs to be

further improvements on alignment, straight morphology, and bonding strength for CNTwhen

the density is increased.

For single-chip packaging and low power multi-chip packaging, thermal dissipation must

rely primarily on natural conversion cooling to achieve low cost and high reliability. However,

there may be tens or hundreds of chips integrated in one package in some specific illumination

applications such as airport illumination, head lamp of tank, and so on. This demands a semi-

active cooling or active cooling system integrated to the package, with some examples to be

presented in Chapter 6.

4.3.3 SiP/COB LED Chip Packaging Process

A typical laboratory example for LED packaging by using CoB packaging technology is given

below.

(1) As shown in Figure 4.12, the electrical connection and copper board were designed; the

distances between the chips in the module were optimized based on thermal dissipation

solutions.

(2) The LED chips were bonded with the board through a series of processes such as solder

coating and reflow, the wires were connected by wire-bonder; the final prototype is shown

in Figure 4.13.

(3) The LED chips were cured in an oven for 1–2 hours after phosphor was dispersed on the

chips and the temperature was maintained between 120–150 �C. Figure 4.14 shows the

LED chips after phosphor coating.

Figure 4.12 Two-by-two chip array on copper board.
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Figure 4.15 Packaged LED array.

Figure 4.13 Two-by-two chip array after wire bonding.

Figure 4.14 LED array after phosphor coating.
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(4) The reflection cup was fixed onto the circuit board, filling it with flexible and optically

transparent silicone elastomer, then the chips were put into the oven to bake in order

to cure the silicone elastomer. Figure 4.15 shows the LED modules after silicone

elastomer curing. The lens and light reflector were installed according to the demands

of optical design.

(5) The LED module like the one shown in Figure 4.15 cannot work stably by relying on the

thermal dissipation structure on the copper board because a large amount of heat needs to

be dissipated out. A cooling means is necessary to exchange the heat out to the ambient.

Figure 4.16 shows the working LEDs array with cooling system added on the base.

4.4 Summary

In this chapter, issues in the thermal management of the LED in packaging level were

discussed. Basic concepts of heat transfer were briefly introduced covering conduction,

convention, radiation, and thermal resistance. Models for system level thermal resistance for

typical LED packages were briefly discussed. Various ways to decrease thermal resistance in

terms of packaging formswere discussed, including packagingmaterials. System in packaging

(SiP) and chip on board (COB) were discussed and some examples were given.
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5

Reliability Engineering of High
Power LED Packaging

5.1 Concept of Design for Reliability (DfR) and
Reliability Engineering

The concept of reliability engineering has been practiced in many industries in the past few

decades. The aerospace industry is an example, but one where it is not practical to develop a

mock-up due to the high cost of making even the prototypes. However, the development of the

aerospace industry has matured to the stage that it has accumulated significant databases for

materials, loading, components, sub-assemblies, and full vehicles so as to be able to design the

vehicle bymodeling and simulation. Design forX (DfX) has beenwidely used for this industry.

X refers to almost everything such as manufacturing, assembly, reliability, durability,

maintenance, and cost. Reliability engineering is one of the most important aspects of DfX,

in which three major tasks are involved: design for reliability (DfR), reliability testing and data

statistics analyses, and failure analysis [1]. Figure 5.1 schematically plots the relationship

among these three tasks. In the DfR, both numerical methods and experimental validation

methods are covered, including models for life prediction, models and simplified test vehicles

(TVs) for material selection, processes development, and structural optimization. Numerical

methods include the finite element method (FEM), boundary element method, coupled FEM,

various validation tools such as strain gages, test chips, and optical measurement methods.

Reliability testing and statistics data analyses include various accelerated testing methods

associatedwith screening components/modules/systems bymuchmore severe tests. Due to the

fact that new generation chips appear every three to six months and even the harshest tests may

last one or two months, new model based accelerated testing methods are desirable, which are

still in the research stage. This second task will focus on the data analysis. The third task is

concerned about failure analysis including fundamental failure mechanisms and their analysis

methods by SEM, TEM, AFM and so on. This approach has also been successfully developed

for the automobile industry. In the past 25 years, the integrated circuit (IC) industry has begun

to systematically develop DfR based methodology for reliability problems. Here in this
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chapter, we intend to present a platform for the LED industry with the focus on LED modules

and application products.

5.1.1 Fundamentals of Reliability

Reliability is defined as the probability that a system will meet specified performance

criteria for a predefined period of time while operating within specified environmental

conditions [2].

(i) The Reliability Function

The reliability function R(t) is defined as the probability that a device will function for a given

period of time t under specific operating conditions. The formula is:

RðtÞ ¼ PðT � tÞ ð5:1Þ

R(t) ranges between 0 and 1:

0 � RðtÞ � 1 ð5:2Þ

(ii) The Cumulative Failure Probability

The cumulative failure distribution function F(t) is the probability that failure occurs before

time t. The formula is as follow:

FðtÞ ¼ PðT � tÞ ð5:3Þ

Obviously,

FðtÞþRðtÞ ¼ 1 ð5:4Þ

Figure 5.1 Schematic of reliability engineering.
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(iii) Failure Distribution Density

Failure density function f(t) is defined as the failure probability of the electronic components at

the time t.

0 � f ðtÞ � 1 ð5:5Þ

It is necessary that:

ð1
0

f ðtÞdt ¼ 1 ð5:6Þ

The cumulative failure distribution function in the time interval from zero to t can be

expressed as:

FðtÞ ¼
ðt
0

f ðtÞdt ð5:7Þ

And the reliability function is given by:

RðtÞ ¼
ð1
t

f ðtÞdt ð5:8Þ

(iv) The Failure Probability

The failure probability l(t) is defined as the probability that failure occurs during time t. It is

also known as the instantaneous failure rate or the hazard function.

lðtÞ ¼ f ðtÞ
RðtÞ ð5:9Þ

5.1.2 Life Distribution

Life is a quantitative characterization of the reliability of electronic devices. Since reliability is

a statistical concept, in a particular individual electronic device, it is difficult to evaluate the

exact value of life before failure occurs. But if we know the failure rate l(t) of a number of

electronic devices, we can obtain some life characteristic values. Themean time to failure is the

average working or storing time of a device before its failure; it is usually presented as Mean

Time to Failure (MTTF):

u ¼
ð1
0

tf ðtÞdt ð5:10Þ

u ¼
ð1
0

RðtÞdt ð5:11Þ
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The service life of LEDs can be defined by MTTF. As to the lighting purposes, it generally

refers to the operating time duringwhich the output luminous flux of LEDs attenuates to 70%of

the initial value for high power packaging, which are commonly accepted [3]. The failure rate

of LED devices can be generally divided into three periods: the infant mortality phase, the

useful life phase and the wear-out phase. The bathtub reliability curve is a sequential

combination of these three phases as shown in Figure 5.2.

The infant mortality phase is characterized by failure occurring in the early stage of the

product utilization and the failure rate decreases rapidly with the extension of working time.

The reason which causes the early failure is largely due to manufacturing defects or improper

handling or installation. The useful life phase is characterized by a low and stable failure rate

which is very close to a constant. Failures during this period are random. Thewear-out phase is

characterized by a marked increasing failure rate. It is largely due to wear-out or physical

degradation of the devices.

Parametric failure and catastrophic failure are two failure modes of LED devices.

Catastrophic failure is defined as when the LED device will not illuminate due to the

change of key electrical or optical parameters. Parametric failure is defined as when the

change of key parameters from their initial value exceeds a certain amount. The normal and

slight parameter changes which do not affect LED devices operation should not be recognized

as failure.

One always desires to use a single mathematical model to express the failure rate of

electronic devices throughout the whole life. Here we present some common distribution

functions, such as the exponential distribution function, normal distribution function, the

Weibull distribution function, and lognormal distribution function.

(i) Exponential Life Distribution

The major characteristic of exponential life distribution is that its failure probability is a

constant which is very convenient for the calculation. The hazard rate function is:

lðtÞ ¼ l ¼ Constant ð5:12Þ

Figure 5.2 Typical failure rate curve.
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The failure density function of a normal distribution is:

f ðtÞ ¼ l expð�ltÞ ð5:13Þ

The cumulative failure distribution and the reliability function are given by:

FðtÞ ¼ 1� expð�ltÞ ð5:14Þ

RðtÞ ¼ expð�ltÞ ð5:15Þ

The MTTF is:

MTTF ¼ 1

l
ð5:16Þ

(ii) Normal Life Distribution

Normal distribution function is also known as Gaussian distribution or the error distribution

function. The normal distribution is two parameters distribution: the mean, u and the standard

deviation, s. The probability density function is:

f ðtÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2ps2

p exp
�ðx� uÞ2

2s2

" #
ð5:17Þ

The cumulative failure distribution function and the reliability function are given by:

FðtÞ ¼
ðt
0

1ffiffiffiffiffiffiffiffiffiffi
2ps2

p exp
�ðx� uÞ2

2s2

" #
dx ð5:18Þ

RðtÞ ¼ 1�
ðt
0

1ffiffiffiffiffiffiffiffiffiffi
2ps2

p exp
�ðx� uÞ2

2s2

" #
dx ð5:19Þ

The MTTF is:

MTTF ¼ u ð5:20Þ

(iii) Weibull Life Distribution

The Weibull distribution is widely used in the analysis of the failure distribution of semi-

conductor devices. The probability density function is as follows:

f ðtÞ ¼ m

T

t

T

� �m� 1

exp � t

T

� �mh i
ð5:21Þ
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The cumulative failure distribution function and the reliability function are given by:

FðtÞ ¼ 1� exp � t

T

� �mh i
ð5:22Þ

RðtÞ ¼ exp � t

T

� �mh i
ð5:23Þ

The MTTF is:

MTTF ¼ T . G 1þ 1

m

� �
ð5:24Þ

GðnÞ ¼
ð1
0

e� xxn� 1dx ð5:25Þ

where m is the shape parameter, and T is scale parameter. When the shape parameter m is

less than 1, the failure rate is decreasing, which can model the early failure period. When

the shape parameter m equals 1, the Weibull distribution is changed to an exponential

distribution with failure rate 1/T, which can represent the useful life period. When the shape

parameter m is greater than 1, it has an increasing failure rate, which is suitable for modeling

wear-out period.

(iv) Lognormal Life Distribution

The failure density function of lognormal distribution is given by:

f ðtÞ ¼ 1

st
ffiffiffiffiffiffi
2p

p exp
�½lnðt� uÞ�2

2s2

" #
ð5:26Þ

The lognormal cumulative distribution is obtained by transformation from standard normal

tables. The transformation is:

Z ¼ ln t� u

s
ð5:27Þ

The MTTF is:

MTTF ¼ exp uþ s2

2

� �
ð5:28Þ

5.1.3 Accelerated Models

MIL–HDBK–217, Telcordia SR–332, RAC’s PRISM, JEDEC, SAE’s reliability prediction

method, and the CNET reliability prediction method, and so on have long been used for
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reliability prediction [4]. However, due to many reasons such as inappropriate field loading,

and unreliable material databases and constitutivemodels, the effect ofmanufacturing induced

defects on the life prediction, lack of the understanding of failuremodes and failure criteria, the

accuracy of the prediction has been low, and often with one order in difference for the life

prediction as compared to the test data and field life. This is particular true for high power LED,

as it is so new, and so many companies are rushing to join this booming business, that the

reliability research is far behind the development of the industry.

Due to the facts mentioned above, traditional testing standards themselves have been

challenged [4–12]. Those standards suffer from various disadvantages and that was why

physics of failure based modeling approach has been suggested [12]. Therefore, those

traditional testing standards may still be used as screening testing methods. The challenge

is how to use accelerated testing to predict the reliability of LED devices quantitatively. As

discussed by Xie and Pecht [13], neither the Arrhenius model, which considers the environ-

mental condition of only constant temperature, nor the exponential distribution model

developed on the basis of constant failure rate is suitable for LEDs reliability prediction.

It is believed that the physics of failure based modeling approach represents the right direction

to follow.

Unfortunately in the current industry, testing is still the most commonly used method of

high-power LED reliability evaluation. By accelerated test, the life test of luminous semi-

conductor devices can be finished within several weeks or months. Usually, after testing life

characteristics under high stress, life under normal stress can be derived using accelerated

models to be described below. Generally, as pointed out previously, failure criterion is that the

optical attenuation achieves 70% of the initial value.

When LEDs are used in a system such as in a road light or a tunnel light, we require them

operate for a long time without much maintenance. It is partially true for tunnel lighting which

is on 24 hours a day and seven days a week. Reliability of these systems evolves into more

requirements such as reliability, safety, maintainability, and supportability, requiring advanced

prognostics health management techniques [6,7]. Sensors and/or other leading indicators such

as amaterialmicrostructure evolution in the device or system itself are needed. In the LED light

fixture design, advanced sensors are being considered to provide a health monitoring for the

LED road light systems [14].

In this chapter, we will still present those statistics based models, which can provide a

reference to those practicing engineers and researchers. Thousands of samples are needed for

testing, which are expensive, time consuming, and often cannot check out those failure modes

in the field. At the same time,wewill presentwhatwe feel is essential for the physics of a failure

based modeling approach. With better and more complete material databases, sensor based

loading monitoring, fundamental understanding of failure mechanisms, robust numerical

modeling, and accelerated reliability evaluation models we will achieve the final designation

for robust prediction of the actual life.

(i) Arrhenius Equation

The Arrhenius model can be used with great success if the key factor for failure is temperature.

This empirically based model is expressed in the following form:

k ¼ Ae
�Ea
RTð Þ ð5:29Þ
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where k is the rate coefficient, A is a constant to be determined, Ea is the activation energy, R is

the universal gas constant (8.314� 10� 3 kJ/mol�K), and T is the temperature (in Kelvin). The

acceleration factor between accelerated stress and use environment is given by:

AF ¼ e
Ea
R

1
T
� 1

Tref

� �
ð5:30Þ

where AF is acceleration factor, and Tref represents use environment. Note that the only

parameter unknown in Equation 5.30 is the activation energy which can be calculated by

running multiple stress conditions.

(ii) Peck’s Model

The Peck’s model is widely adapted if the accelerated stresses are temperature and humidity.

The Peck’s model is expressed as following form:

AF ¼ RH

RHref

� �� c

e
Ea
R

1
T
� 1

Tref

� �
ð5:31Þ

whereRH is the relative humidity in percentage, c isRH inverse power law coefficient,Ea is the

activation energy, R is the universal gas constant (8.314� 10� 3kJ/mol�K), and T is the

temperature (in Kelvin). The interaction between the relative humidity and temperature is

ignored in the model.

(iii) Eyring Model

Apowerfulmodel used formultiple accelerated stresses is the Eyringmodel. TheEyringmodel

usually includes temperature and other relevant non-thermal stresses. The model for temper-

ature and two additional stresses takes the general form:

AF ¼ T

Tref

� �
e

Ea
R

1
T
� 1

Tref

� �
þ Bþ C

Tð Þ S1 � S1refð Þþ Dþ E
Tð Þ S2 � S2refð Þ

h i
ð5:32Þ

where S1 and S2 are the functions of the stresses, Ea is the activation energy, R is the universal

gas constant (8.314� 10� 3 kJ/mol�K), and T is the temperature (in Kelvin). B, C, D, E are

constants related to stress. The interaction terms between the temperature and other stresses

are presented by parametersC andE. The simplified Eyringmodel with temperature, humidity,

and voltage stresses is given by:

AF ¼ Vref

V

� �� n
RHref

RH

� �� c

e
Ea
R

1
T
� 1

Tref

� �h i
ð5:33Þ

where c is the RH inverse power law coefficient, and n is the voltage inverse power

law coefficient.
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(iv) Coffin–Manson Model

For failure of solder joint or othermetals under the thermo-mechanical fatigue inwhich the key

factors are the temperature and frequency, the most widely used model is the Coffin–Manson

model which is expressed in the following form:

AF ¼ DTref
DT

� �� n

ð5:34Þ

where DT is entire temperature cycle range within which a device operates, and n is material

dependent inverse power law coefficient.

Nf ¼ Af � aDT � bG Tmaxð Þ ð5:35Þ

where Nf is the number of cycles to fail, f is the cycling frequency, a is cycling frequency

exponent, b is the temperature range exponent, andG(Tmax) is the Arrhenius term evaluated at

the maximum temperature.

5.1.4 Applied Mechanics

(i) Thermo-elasticity: Thermally Induced Strains and Stresses

When the temperature change is small, the expansion and contraction deformation of a

substance can be considered as linearly proportional to the temperature change. This

proportionality is expressed by the coefficient of thermal expansion (CTE). For the ther-

mo-elastic problem the deformation due to thermal change will disappear when temperature

change vanishes. The thermal strain for an isotropic material can be expressed as:

ethx ¼ ethy ¼ ethy ¼ a T � T0ð Þ ð5:36Þ

gthxy ¼ gthyz ¼ gthzx ¼ 0 ð5:37Þ

where a is the coefficient of thermal expansion and the unit is 1/ �C,T is the current temperature,

T0 is the reference temperature. eth and gth represent normal and shear thermal strains

respectively. The thermal shear components gth are zero because the thermal expansion is

a volumetric expansion.

Due tomechanical constraints, the non-uniform temperature distribution andCTEmismatch

between different materials of packaging, thermal stress is generated in the LED device inside

the bulk materials and along interfaces. For an isotropic linearly elastic material the thermal

stress and thermal strain can be related by generalized Hooke’s law:

ex ¼ qu
qx

¼ 1

E
sx � m sy þ sz

� �	 
þ a T � T0ð Þ ð5:38Þ

ey ¼ qv
qx

¼ 1

E
sy � m sz þ sxð Þ	 
þ a T � T0ð Þ ð5:39Þ
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ez ¼ qw
qx

¼ 1

E
sz � m sx þ sy

� �	 
þ a T � T0ð Þ ð5:40Þ

gxy ¼
txy
G

ð5:41Þ

gyz ¼
tyz
G

ð5:42Þ

gzx ¼
tzx
G

ð5:43Þ

where E is Young’s modulus, m is Poisson’s ratio, andG is shear modulus. The components sx,
sy, sz are normal stresses, and txy, tyz, tzx are shear stresses. ex, ey, ez represents normal strain,

and gxy, gyz, gzx represents shear strain. u, v, w are displacement component functions.

(ii) Hygro-elasticity-Moisture Induced Strains and Stresses

Moisture diffusion modeling can be based on the analogy between mass diffusion and heat

conduction [15]. Transient moisture diffusion is assumed to be modeled by Fick’s law of

diffusion as described below:

q2y

q2x
þ q2y

q2y
þ q2y

q2z
¼ 1

D

qy
qt

ð5:44Þ

where y is moisture concentration, and D is the moisture diffusivity of respective materials.

As the moisture concentration is discontinuous across the material interface, relative

moisture concentration, w defined with Equation 5.45, could remain continuous across the

multi-material interface.

w ¼ y=ysat; 1 � w � 0 ð5:45Þ

where ysat is the saturated moisture concentration of materials. By using relative moisture

concentration the Fick’s law of diffusion can be reconstructed as:

q2w

q2x
þ q2w

q2y
þ q2w

q2z
¼ 1

D

qw
qt

ð5:46Þ

The hygroscopic swelling linearly increases with the moisture content. The mismatch of the

coefficients ofmoisture expansion (CME) causes hygroscopic swelling stress in the packaging.

This is analogous to the expansion induced by amismatch of CTEs. Therefore, the hygroscopic

stress could be obtained as:

s ¼ Ebðy� yrefÞ ð5:47Þ

where b is the coefficient of moisture expansion, y is the current moisture concentration, and

yref is the reference moisture concentration.
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(iii) Hygro-thermal-elasticity: Combined Temperature and Moisture Induced Strains

and Stresses

In both manufacturing processes and reliability testing, temperature and moisture can occur

individually in sequence or occur at the same time, resulting in very complicated stresses,

which could cause significant yield and reliability problems, such as popcorning issue [15,16]

in IC plastic packaging, BGA packaging, and reflow induced fall off of PC lenses in LED

packaging [17,18]. The combined strain can be expressed as:

e ¼ aDT þ bDC ð5:48Þ

where a and b can be temperature dependent and care must be exercised to correctly predict

quantitativelywhenwater and vapor can co-exist along partially or fully delaminated interfaces

during reflow and other complicated loading conditions.

(iv) Interfacial Facture Mechanics

Delamination and cracking will occur at the interfaces in high power LED packaging modules

due to the mismatch of the coefficients of thermal expansion and the possible existence of

moisture, as mentioned above, between different materials which could result in high

interfacial stress concentration. Cracks may form in the interface frommanufacturing defects,

material flaws, damages caused by applied loads induced by temperature cycling, andmoisture

penetration. Those cracks may then propagate through the interface and influence the thermal

and optical performance of LED packaging modules. Therefore, it is necessary to consider

mechanisms of the interfacial fracture at the interfaces under thermal stress, hygrostress, or

hygro-thermal conditions.

Cracks can be divided into Mode I, Mode II, and Mode III in the theory of fracture

mechanics, which are shown in Figure 5.3. Mode I crack is open mode crack, and the load is

perpendicular to the direction of crack propagation. Upper and lower crack surfaces open along

the direction of the load and the crack is extended along the crack face. Mode II crack is sliding

mode and Mode III is shearing mode. Mode II crack is controlled by shear stress which is

parallel to the crack plane and perpendicular to the crack front line. The tearing shear stress is

parallel to the crack plane and the crack line for Mode III.

Figure 5.3 Typical crack modes.
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Energy release rateG as a generalized crack driving force is an important physical quantity.

The energy release rate may be calculated in two ways: three energy release rates correspond-

ing to three modes and total energy release rate as a function of phase angles [19–23]:

G ¼ GðclocalÞ ð5:49Þ

clocal ¼ tan� 1 ssn
snn

� �
ð5:50Þ

where clocal is the local phase angle, n and s denote normal and sliding direction respectively,

snn and ssn are normal shear stresses at the crack tip associated with a delamination length of

a, as shown in Figure 5.4.

The strain energy release rates for Mode I and Mode II fracture modes, respectively, can be

expressed based on the linear elastic fracture mechanics as:

GI ¼ lim
Da! 0

1

2Da

ðDa
0

½uþ
n ðaþDaÞ� u�

n ðaþDaÞ�snnds
8<
:

9=
; ð5:51Þ

GII ¼ lim
Da! 0

1

2Da

ðDa
0

½uþ
s ðaþDaÞ� u�

s ðaþDaÞ�ssnds
8<
:

9=
; ð5:52Þ

whereDa is the crack extension, uþ
n , uþ

s , u�
n , u�

s are the displacements of the upper and lower

surfaces associated with a delamination length of aþDa, respectively, as shown in Figure 5.4.
Ideally, the above integral should be calculated by two solutions, that is, one before the crack

growth with a crack of a and the second solution after the crack growth for an amount ofDa. In
terms of the finite element framework, it has been demonstrated that only one run can generate

very accurate results for the strain energy release rates as long as the finite element mesh is

reasonable, even with a fairly coarse mesh [24–26]. The demonstrated examples covered

isotropic, orthotropic, anisotropic, long fiber reinforced composites, and woven composites by

the first author [19] and many others. In practice, it is reasonable to use finite increment Da to

Figure 5.4 Interfacial fracture mechanics modeling.
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obtain accurate results for the strain energy release rate and its components. Therefore,

numerically simple formulae are shown as follows:

GI ¼ 1

2Da
uþ
n ðaÞ� u�

n ðaÞ	 

fn ð5:53Þ

GII ¼ 1

2Da
uþ
s ðaÞ� u�

s ðaÞ	 

fs ð5:54Þ

where the fs and fn are nodal forces at the crack tip in s (sliding) and n (normal) directions

respectively, us and un are relative displacements for a pair of nodes right ahead of the crack

front in both tangential and normal directions respectively.

It is noted that no actual crack growth is needed if the growth is not implemental.

Therefore, one step is needed for the strain energy release rate calculation. It should be noted

that finite elements before and after the crack tip should have the same size in the crack

direction in order to simplify the energy release rate calculation [25]. It was once noted that

the energy release rate components are not converged for an opening crack tip when the

finite element mesh is sufficiently small, which has been demonstrated numerically by

Sun [27]. Therefore, when the crack closure technique is used, a reasonable mesh is desirable

as long as the components of the energy release rate are needed. Fortunately, the total energy

release rate can achieve a converged value even with a sufficiently fine mesh near the crack

tip, making it a useful fracture quantity [27]. The total energy release rate is the sum of

its components:

Gtotal ¼ GI þGII ð5:55Þ
Gtotal ¼ GðclocalÞ ð5:56Þ

The phase angel is defined as:

tan c ¼
ffiffiffiffiffiffi
GII

GI

r
ð5:57Þ

or approximately calculated by crack tip opening displacement in terms of tangential and

normal displacement components:

tan c ¼ Dus
Dun

ð5:58Þ

The first author’s previous work [19] should be referred to for three-dimensional

delamination crack front.

5.2 High Power LED Packaging Reliability Test

5.2.1 Traditional Testing Standards, Methods, and Evaluation

The defects may be induced at the early stage of product design and manufacturing of the light

emitting diodes. Therefore, the detection of potential defects within the LED devices through
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suitable reliability tests is very important for new LED product development. The MTTF and

failure rate of LED products can also be obtained through these tests. However there is not yet a

unified standard for reliability testing in the high power LED industry. The LED companies use

the referential reliability testing standards described for electronic devices by those screening

testing standards mentioned in Section 5.3. The environmental reliability tests are used to

simulate the operating environment of LEDs. Typical environmental reliability tests which can

be used for LED packaging are listed as follows:

(1) Room Temperature Operating Life Test (RTOL)

(2) Low Temperature Operating Life Test (LTOL)

(3) High Temperature Operating Life Test (HTOL)

(4) Wet High Temperature Operating Life Test (WHTOL)

(5) High/Low Temperature Storage Test

(6) Temperature Cycle Test

(7) Pulse Life Test

(8) Resistance to Soldering Heat Test

(9) Thermal Shock

(10) Mechanical Shock

(11) Vibration Test

(12) Salt Atmosphere (Corrosion Test)

(13) Dust Test

Some important environmental reliability tests done by theCree and Philips Lumileds Lighting

Corporations for high power LEDs are shown in Table 5.1. It can be seen that most of the

environmental reliability conditions are similar except for the low temperature operation life

test and thermal shock test. In addition, autoclave for 96 hours and precondition at 60 �C and

60%RH for 120 hours prior to soldering reflow tests is done instead of thewet high temperature

operation life test for the Luxeon K2 [28,29].

The performance of LEDdevices is always evaluated bymeasurement of thermal, electrical,

and optical parameters, which will be discussed in some detail in Chapter 7, but briefly

discussed here. Thermal parameters of LEDs include junction temperature, case/shell tem-

perature, and the thermal resistance. The junction temperature is the key parameter to evaluate

the quality of LEDs which greatly influences the optical and electrical performance of LEDs.

Thermocouples can be used to measure the thermal parameters of LED devices and an infrared

thermometer can be used for non-contact measurement. The optical parameters of LEDs

include luminous flux, correlated color temperature, radian flux, chromaticity coordinates,

color rendering index, and emissionwavelength. The output optical parameters of LEDs can be

measured using photometric and colorimetric parameters (PMT), spectroradiometer, and CCD

spectrometer. Electrical parameters of LEDs include leakage current, forward current, forward

voltage, power dissipation, and the current flow caused by generation/recombination of

carriers. The temperature, optical, and electrical performances are dependent on each other.

For example, the temperature of LEDs is related to the forward voltage, luminous flux, and

dominant wavelength.

The performance degradation phenomena for LED devices include (1) light output de-

crease; (2) leakage and generation-recombination current increase; (3) increase in series

resistance and temperature of the devices; and (4) modifications of spectral properties.
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The failure criteria for the LED packaging modules must be established before the reliability

testing.Currently, the failure criteria aremainly based on the optical degradation or being unable

to be illuminated, which are widely used by industry. The failure criteria for Cree–XLamp and

Luxeon–K2 are listed in Table 5.2. The failure criteria for Cree-XLamp are that luminous flux

degradation is more than 15% for InGaN LEDs and more than 25% for AlInGaP LEDs. It is

noted that some companies use different criteria. For instance, the failure criterion for the

Luxeon-K2 is that the degradation of optical output is 50% instead of 70% [28,29].

It should be pointed out that little information on the fundamental understanding of

materials, microstructures, thermal degradation, and mechanics based cracks, delamination

growth, and accelerated life prediction for high power LEDs is available to the community.

For instance, the cap fall off is a simple thermo-mechanical issue, but the final performance

does get reflected optically, resulting in significant light output loss.

Table 5.1 Some environmental reliability test conditions of Cree–XLamp and Luxeon–K2

Test Method
Stress Conditions

Cree–XLamp Luxeon–K2

RTOL Ambient Temperature: 45 �C Ambient Temperature: 55 �C
Forward Current: Maximum in

datasheet

Forward Current: Maximum in

datasheet

Test Period: 1008 hours Test Period: 1000 hours

HTOL Ambient Temperature: 85 �C Ambient Temperature: 85 �C
Forward Current: Maximum in

datasheet

Forward Current: Maximum in

datasheet

Test Period: 1008 hours Test Period: 1000 hours

LTOL Ambient Temperature: � 40 �C Ambient Temperature: � 55 �C
Forward Current: Maximum in

datasheet

Forward Current: Maximum in

datasheet

Test Period: 1008 hours Test Period: 1000 hours

WHTOL Ambient Temperature: 85 �C Precondition at 60 �C and 60% RH prior

to reflow soldering, 120 hoursForward Current: Maximum in

datasheet Autoclave: 121 �C, 100% RH, 15 psig,

96 hoursHumidity: 85% relative

humidity (RH)

Time: 1008 hours (cycles)

Thermal Shock Temperature Range: � 40 �C to

125 �C
Temperature Range: � 40 �C to 110 �C

Dwell Time: 15minutes

Dwell Time: 15minutes

Transfer Time: <20 seconds

Transfer Time: <20 seconds

Cycles: 200 cycles

Cycles: 1000 cycles

Mechanical Shock Shock: 1500G

Shock: 1500G

Pulse Width: 0.5ms
Pulse Width: 0.5ms

Direction: 5 each, 6 axis (30 total)
Direction: 5 each, 6 axis

Salt Atmosphere Ambient Temperature: 35 �C
Ambient Temperature: 35 �C

Salt Deposit: 30 g/m2/day
Test Period: 48 hours

Test Period: 48 hours
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5.2.2 Methods for Failure Mechanism Analysis

It is necessary to perform a detailed failure analysis to determine the root causes of the failure of

LED devices. The methods for failure mechanism analysis which could be used for LED

devices are listed as follows.

(i) Optical Microscopic Analysis

Optical microscopy is one of the main tools for LED packaging failure analysis. It can be used

to observe and analyze the breakdown phenomena of the chip under electrical stress, wire

failure, cracks, stains, and scratches of the LED chip, the corrosion of metal and the cracks in

the silicone glue, and so on.

(ii) Infrared Imaging System

An infrared imaging system provides a non-contact temperature measurement method for a

given region of the LED devices. Sometimes a local temperature in a small regionwill bemuch

higher than average temperatures, called hot spots, due to defects generated in the packaging.

These phenomena will directly affect the LED device’s reliability and lifetime. An infrared

imaging system is able to meet the requirements of non-contact temperature measurement

under the testing or operating condition.

(iii) SEM Analysis

A scanning electronmicroscope (SEM) has a series of advantages such as high resolution, high

magnification, large depth of field, and a strong three-dimensional sense, which can be used to

observe fine structures that cannot be seen under an optical microscope. In the failure analysis

of LED packaging, a scanning electron microscope can be used to observe short circuits, open

circuits, electro-migration, oxide layer and corrosion of metal contact and wire bonding. It can

also be used to observe the dislocations and other defects of epitaxial layer of the LED chip,

voids, cracks, debonding, and so on.

Table 5.2 Environmental reliability test failure criteria of Cree–XLamp and Luxeon–K2

Test Method Cree–XLamp Luxeon–K2

RTOL Forward Voltage Shift: >200mV Luminous Flux Degradation: >50%

HTOL Luminous Flux Degradation Catastrophic Failure

LTOL InGaN LEDs: >15%

WTOL AlInGaP LEDs: >25%

Forward or Reverse Leakage: >10mA
Catastrophic Failure

Thermal Shock LEDs no longer Illuminated after Test LEDs no longer Illuminated after Test

Mechanical Shock

Salt Atmosphere
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(iv) Acoustic Microscope Analysis

A C mode scanning acoustic microscope (C–SAM) is an excellent tool for a non-destructive

failure analysis of packaging. It can provide a fast and comprehensive image for the critical

packaging defects and can identify three-dimensional aspects of those defects in packaging.

In the process during which the packaging undergoes accelerated environment (such as

high temperature, high humidity), C–SAM can also be used for continuous monitoring of

the packaging.

(v) Nano X-Ray CT [30]

One of the newly developed tools used is computed tomography (CT) to observe tiny hidden

defects and three-dimensional imaging in a very fine resolution. Figure 5.5 presents the CT

“cross-section” with details and non-connected balls. It is believed this system is going to be

Figure 5.5 CT and its cross section and three-dimensional images [30].

183 Reliability Engineering of High Power LED Packaging

IPR Page 201



able to detect a number of issues, such as the damage shapes of flip-chip LED lenses, and

interface issues in LEDs.

5.2.3 Failure Mechanisms Analysis

(i) Deformation, Strain, and Stress

During the process of manufacturing many kinds of defects will be induced due to improper

manufacturing and installment processes. During the LED chip die attach process the

dalamination of the die attachment may be induced by using improper process parameters.

Defects such as electrode striping, damage of chip, breakage of gold wire may be induced

during the wire bonding process of LED packaging.

(ii) High Temperature and Its Induced Stresses

The diffusion velocity, concentration, and life of the current carrier as well as the forbidden gap

of semiconductor LEDs are all related to temperature. Poor heat dissipation will lead to an

increase in the temperature of LED packaging modules which will affect the performance of

LED devices. The degradation of LED devices due to the thermal stress is listed as follows:

(1) The increase in temperature will affect the band-gap of LEDs and change the color of

LED’s light-emitting. This phenomenon is known as colors drift/bleaching [31]. It is

found that the emission photon’s wavelength of the LED module will change with

electromagnetic radiation, temperature, and stress. The degree of color drift/bleaching

caused by the temperature is more significant [32].

(2) The phosphor conversion technology is generally used in white light LEDs currently.

With a rise in temperature, the conversion efficiency of phosphor will decrease [33]. The

high temperature will change the stimulated radiation wavelength of the phosphor

resulting in color drift/bleaching and thus affect the optical performance of LED

modules. In addition, the high temperature will accelerate the aging of phosphor to

shorten its lifetime, which will consequently lead to a decline of life of LED modules.

(3) The rise of temperature will lead to a decline in the optical transparency of the

polymer lens, resulting in a decrease of luminous flux output [34]. The extremely high

temperature can cause yellowing of the optical lens which is made of PC, PMMA, and

silicone gel. As shown in Figure 5.6, the relative ratio between the intensity of the yellow

and blue peaks decreases from 0.45 to 0.25 as a consequence of thermal stress (200 �C),
thus determining a significant shift of the light emitted toward the blue. This may

contribute to the decay of the conversion efficiency of the phosphor, degradation of the

transmittance of the lens and uniform browning of the white epoxy material as shown in

Figure 5.7 [34].

(4) The temperature has significant impact on the lifetime of LEDmodules. The experiments

have shown that an LED chip’s lifetime is reduced sharply with a rise in the junction

temperature [35]. Figure 5.8 shows that the light output of LEDs decreases with time

under different ambient temperatures. Figure 5.9 shows that LED lifetime is a function of

junction temperature.

(5) Due to the mismatch of thermal expansion coefficients in different LED packaging

materials, a lager thermal stress is likely to be induced, which will also have an
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Figure 5.6 EL spectra measured during stress at 200 �C on one of the analyzed white LEDs [34].

(Reproduced with permission from M. Meneghini, L.R. Trevisanello, G. Meneghesso and E. Zanoni,

“A review on the reliability of GaN-based LEDs,” IEEE Transactions onDevice andMaterial Reliability,

8, 2, 323–331, 2008. � 2008 IEEE.)

Figure 5.7 Micrograph of the emissive region of one of the analyzed samples, taken before and after

stress [34]. (Reproduced with permission from M. Meneghini, L.R. Trevisanello, G. Meneghesso and

E. Zanoni, “A review on the reliability of GaN-based LEDs,” IEEE Transactions on Device andMaterial

Reliability, 8, 2, 323–331, 2008. � 2008 IEEE.)
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unfavorable impact on LED packaging modules. When the strain/stress induced is high,

various damagemodeswill be caused to the devices [33], and cracking and delaminations

will likely occur. Even if the thermal stress does not reach the damage criteria, it will

result in deformation of the packaging lens, seriously affecting LED lighting output [36].

To sum up, the temperature and induced strain/stress have significant effects on the perfor-

mance and reliability of LEDmodules. In order tomeet the lighting demands, LEDmodules are

often provided with high power and high packaging density, which leads to a difficult problem

of LED heat removal. Therefore, effective thermal management is very important for the usage

of LED modules.

(iii) Moisture and Moisture Induced Stresses (Hydrostresses)

LEDpackaging contains polymermaterials such as silicone gel, epoxy resin, molded, or potted

plastics. These polymer materials are capable of absorbing moisture due to hydrophilic groups

in a lot of polymers, especially when the cure is not complete. In addition, the moisture can

also penetrate into the LED packaging through some pores which are inevitably brought into

the polymer materials during the preparation process. It is inevitable for the LEDmodule to be

Figure 5.8 Light output as a function of time for high-power white LEDs operated at various ambient

temperatures [35]. (Reproduced with permission from N. Narendran, and Y.M. Gu, “Life of LED-based

white light sources,” Journal of Display Technology, 1, 1, 167–171, 2005. � 2005 IEEE.)
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Figure 5.9 Life as a function of T-point temperature [35].
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exposed to certain high humidity environments when it is in normal operation, or testing, or

manufacturing. The LED road light is a typical example in such environments. The absorbed

moisture will do harm to the LED module’s performance, as explained below.

(1) The LED packaging module will expand after absorbing an amount of moisture. There

will be great stresses due to the hydro expansion coefficient mismatch between the

packaging materials. During the solder reflowing process there will be a large pressure

due to the moisture evaporation under the reflow peak temperature over 200 �C which is

much higher than the boiling point of water (100 �C) at standard atmosphere pressure;

(2) The moisture will reduce the bonding strength between different materials [37,38], and

cracking and delamination will likely be induced in the LED packaging. Severe cracking

and delamination will bring serious damage and even failure to LED devices. Cracking

and delamination which appear at the interfaces between the chips and the heat sink will

lead to an increase of the contact thermal resistance and thus increase the junction

temperature of LED devices [17,39]. Cracking and delamination which appear at the

interfaces between the lens and silicone gel or between the chip and silicone gel is

harmful to the light extraction of LED packaging [17,18];

(3) Moisture penetrating into the LED packagingmodulewill corrode themetallic materials

in the packaging structure, reducing the lifetime and performance of the entire packaging

structure [40]; and

(4) Moisture penetrating into the LED packaging module will affect the efficiency of

phosphor, absorbing and scattering light resulting in acceleration of degradation of

luminous efficiency.

(iv) Electrical Stress

Figure 5.10 shows the normalized light output degradation of LEDs under forward current

and reverse-bias stress. It was found that the slow formation of point defects, which enhance

non-radiative recombination and low-bias carrier tunneling [41].

The gold wire of the LED packaging will be fused due to high energy electrical transient

currents. Figure 5.11 shows a typical fused-wire catastrophic failure. Figure 5.12 displays a

wire bond lift-off due to electro-migration and/or electrolytic corrosion (if humidity is also

involved), which has been observed after decapsulation of the LED device [40].

The failure mechanisms, failure location and acceleration factors of LEDs are shown

in Table 5.3.

5.3 Rapid Reliability Evaluation

The life of a high power LED ismore than 100,000 hours in theory and its service life can reach

more than 50,000 hours generally. Most of the key reliability tests usually need more than one

thousand hours [42–44]. For the reliability test, the test time of a few weeks to a few months is

appropriate. In the long run, if a virtual reliability assessment could be done with realistic

considerations of major factors, a significant saving will be achieved, which could reduce

the time of screening to a very short period. In particular, the time for each new generation of

LED chips can be as short as a fewmonths and the time needed for reliability assessment should

be significantly reduced. For those extremely harsh environments, many tests need to be done,
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but most small vendors cannot afford this due to the time and funding pressure. It is therefore

highly desirable to enhance our modeling capability.

As mentioned before, manufacturing induced defects can affect both the yield and the long

term reliability, which has been proven to be true for both IC and MEMS packaging. It is also

true for LED packaging and a coupled modeling of stress build-up during the manufacturing is

also desirable.

The rapid reliability evaluation technology has been developed to simulate those traditional

reliability tests, with the hope of replacing them in the future.More andmore attention has been
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Figure 5.10 Normalized light output of the LEDs as a function of time under forward-current stress

(solid lines) and reverse-bias stress (dotted lines) [41].

Figure 5.11 Fused gold wire failure.
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paid to the accelerated life test and reliability rapid evaluation. This trend can be summarized

as follows:

(1) Robust material constitutive models that can deal with dependence of time, loading rate,

and history of those soft or low temperature materials;

(2) Coupled analysis and co-design modeling and simulation capabilities;

(3) Fundamental understanding of failure mechanisms and failure modes and advanced

failure analysis tools;

(4) Use sensors to real-time monitor the parameters which are sensitive to the health

monitoring system for modules and systems; and

(5) Integrated consideration of manufacturing processes simulation, packaging co-design

advisor, and rapid reliability qualification tools, coupled with new development of

validation tools. See Figure 5.13.

Figure 5.12 LED bond wire liftoff, including the pad metal [40]. (Reprinted from Microelectronics

and Reliability, 46, P. Jacob, A. Kunz and G. Nicoletti, “Reliability and wearout characterisation of

LEDs,” 1711–1714, 2006, with permission from Elsevier.)

Table 5.3 Failure mechanisms and accelerating factors of LEDs

Failure Mechanism Failure Location Accelerating Factors

Electro-migration Metallization Current Temperature

Corrosion Metallization Current Temperature

Humidity Salt Environment

Delamination Bonding Interfaces Temperature Humidity

Degradation Phosphor and Encapsulate Temperature Humidity

Degradation LED Chip Current Temperature

Disconnection Wire Bond Electrode Vibration
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5.3.1 Material Property Database

The performance and reliability of LED packaging are basically determined by materials,

loading history, processes, and structure. In order to determine the aging and failure mechan-

isms of high power LED packaging under multiple stress conditions (such as stress, heat,

humidity, current, and so on.), a material property database for LED packaging materials

including thermal property parameters, optical property parameters, mechanical property

parameters, constitutive equations, and interfacial strength should be established.

A database of exact material properties of LED packaging is also needed for precision

numerical modeling. Fortunately a lot of data has been accumulated in the past many years

[45–48]. However, we are still far from being satisfied: more testing of material properties are

needed to build a robust database.

(i) Thermal Property Parameters

Generally speaking, thermal properties are a function of temperature. The basic thermal

properties andmeasuring instruments are listed in Table 5.4. The thermal conductivity, specific

heat, and CTE parameters of some LED packaging materials are listed in Table 5.5.

Figure 5.13 An integrated platform for coupled manufacturing, rapid reliability qualification, and

packaging co-design for LED modules and systems.

Table 5.4 Thermal property parameters and measuring instruments

Thermal Property Parameter Measuring Instrument

Melting Point DSC, DTA

Softening Point DSC, DTA

Glass Transition Temperature DSC, DMA, DTA, TMA

Pyrolysis Temperature TG

Specific Heat DSC

Thermal Conductivity Thermal Conductivity Meters

Coefficient of Thermal Expansion TMA

Thermophysical and Heat Transfer Properties of Phase Change DSC, DMA, TG, DTA
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(ii) Mechanical Property

It is critical to investigate the effects of mechanical properties on LED failures for accurate

reliability assessments. The mechanical properties of materials include static mechanical

properties, dynamic mechanical properties, and bi-material interfacial strength.

(1) Static and quasi-static mechanical properties

Mechanical behaviors and important mechanical parameters such as Young’s modulus,

Poisson’s ratio, yield strength, strain-stress curves, creep or stress relaxation curves need

be obtained.

Mechanical properties may be a function of one or more independent variables such as

temperature, humidity, or the direction in thematerial. Therefore, mechanical measurements

should be conducted with different strain rates under different temperature and humidity

conditions. Constitutive equations can be constructed based on the test curves and are used to

describematerial behaviors.A simple constitutive equation for solidmaterials is theHookean

linear elasticitymodel. Plastic flowwill occur at the end of elastic deformation.Deformations

of solidmaterialsmay be time-dependent, temperature dependent, and history dependent and

highly nonlinear. The constitutive equations of many real materials resemble some com-

bination of elastic and plastic responses, even viscous responses. The basic mechanical

properties of some LED packaging materials are listed in Table 5.6.

(2) Dynamic mechanical property

Epoxy materials including PC, transparent silicone resin, and solders in LED packaging

areviscoelasticmaterials. Theviscoelastic property cannot bemeasured under quasi-static

conditions, because the response stresses or strains are constant or change too slowly to

be detected.When thematerials are subjected to dynamic mechanical loading, the sample

deforms under the impact or cycle loading. By comparing the strain response lag to the

applied force, theviscoelastic properties of thematerial can be determined. Stress analysis

needs the frequency-dependent dynamic module. The viscoelastic motions with various

frequencies within the whole temperature range could be written as:

Table 5.5 Thermal property parameters of typical LED packaging materials

Thermal Conductivity

(W/m �C)
Specific Heat

(J/kg �C) CTE (ppm/�C)

GaN 130-140 490 5.6

Sapphire 35-46 730 7.9

Cu 393 390 16.5

Silicone Glue 1.8 92 300

Epoxy Lens 0.2 350 45

EpoxyþAg 2.45 250 38

Al 216 940 23

Plastic 0.24 110 24

Die Attachment 57.1 @� 25 �C 248 27

56.2 @ 25 �C
53.3 @ 60 �C
52.9 @ 100 �C
52.8 @ 150 �C
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E ¼ E0 þ iE00 ð5:59Þ

where E0 is storage modulus which represents the rigidity of materials, and E00 is

loss modulus.

tan d ¼ E0

E00 ð5:60Þ

where tand is the loss factor.

Typical dynamic mechanical properties as a function of both frequency and

temperature for a silicone resin are shown in Figure 5.14.

(3) Interfacial strength

The mechanical integrity of many electronic devices and their components are deter-

mined by the strength of the interfaces between dissimilar materials. Therefore, a test of

interfacial strength is critically important to the design for reliability of these devices. The

important interfaces of the LED packaging include:

(1) GaN/Silicone

(2) Phosphor/Silicone

(3) PC/Silicone

(4) Copper/Silicone

(5) GaN/Solder

(6) Copper/Solder

Failure of these interfaces will result in thermal and optical performance degradation of

LED devices. For example, the CTE mismatch between the silicone resin and other

packaging materials for LED packaging is inevitable during thermal cycling. It would

generate stress concentration at the interface and may lead to delamination [17,50].

Table 5.6 Young’s modulus, Poisson’s ratio, and the density of LED packaging materials

Young’s Modulus

(GPa)

Poisson’s

Ratio

Density

(Kg/m3) Temperature ( �C)

GaN 210–295 0.31 6150

Sapphire 400 0.22 3965

Cu 128 0.26 8950

Die Attachment 55.8 0.255 7400 � 25 �C
48.1 25 �C
41.3 60 �C
35.3 100 �C
30.3 150 �C

Silicone Glue 6.1� 10� 4 0.34 1200 20 �C
6.4� 10� 4 0.31 65 �C
7.0� 10� 4 0.28 100 �C
7.3� 10� 4 0.26 125 �C

Epoxy Lens 0.31 0.45 980

Epoxy þ Ag 7.6� 10� 3 0.269 3800

Al 69 0.33 2700

Plastic 3.1 0.42 1300
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The method based on fracture mechanics is known as damage tolerant design [51].

It assumes that some detectable cracks/flaws exist in the structure and then one can

predict the probability of crack propagation during processing and operation cycles. The

interfacial strength of bimaterials can be studied by experimental and finite element

methods [16].

(4) Measurement equipment and methods

There aremany standardized testmethods tomeasuremechanical properties ofmaterials,

such as documents published by ASTM International. Static mechanical properties and

interfacial strengths can be measured by universal testing machines. A six-axis submi-

cron test machine for small samples (as shown in Figure 5.15) was first invented by the

first author group at Wayne State University, see Lu et al. [52]. Dynamic mechanical

properties of materials can be measured by plate impact experiments or dynamic

mechanical analysis using a dynamic mechanical analyzer.

(iii) Moisture Absorption Characteristics

As mentioned previously, LED packaging materials such as die attachment, silicone, PC, and

epoxy arevery sensitive tomoisture and theperformanceofLEDpackagingmodules is severely

influenced by moisture penetration. It was found that the luminous flux output of the LED

packaging modules will decrease by nearly 11.05% and the optical efficiency will decrease by
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Figure 5.14 Storagemodulus (E0), lossmodulus (E00), and loss factor (tand) as functions of temperature

for a silicone resin at 0.5, 1, 2, 5, and 10Hz frequencies [49]. (Reproducedwith permission fromQ.Zhang,

X. Mu, K. Wang et al., “Dynamic mechanical properties of the transparent silicone resin for high power

LED packaging,” International Conference on Electronic Packaging Technology & High Density

Packaging (ICEPT) 2008. � 2008 IEEE.)
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approximately 10.47% under the ambient condition of 85 �C/RH 85% for 100 hours in the

authors’ lab. If delaminationoccurs, significant reduction can begenerated, as describedbefore.

The diffusivity coefficient, coefficient ofmoisture expansion (CME), and saturated humidity

ratio of LED packaging materials should be measured. The moisture property parameters of

some LED packaging materials are listed in Table 5.7 [39].

(iv) Optical Property

The optical performance of LEDs is influenced by the properties of packaging materials of

transparent silicone resins and PC lens. Compared to epoxy resin, silicone has excellent light

resistance characteristics. It has been found that silicone can eliminate the yellowing which

occurs in LED packaging with conventional epoxy, as it encapsulates and enhances the optical

extraction efficiency. The optical properties of transparent silicone and PC include transmit-

tance, absorption rate, and refractive index, and so on. Similar to themechanical properties, the

optical properties will also be affected by environmental conditions such as temperature,

moisture, and corrosive gases. Table 5.8 lists some optical properties. If aging of the material

occurs, its transmittance, absorption rate, and refractive index will be changed severely.

5.3.2 Numerical Modeling and Simulation

The reliability of LED devices can be modeled with a nonlinear multi-variable coupling

technology. The loading may include thermal, moisture, static or dynamic forces, and

Figure 5.15 Six-axis submicron tester.

Table 5.7 Moisture property parameters of LED packaging materials

Moisture Diffusion

Coefficient (m2/s)

Saturated Humidity

Content (kg/m3)

Coefficient of Moisture

Expansion (m3/kg)

Plastic 1.886� 10� 12 4.88 0.210� 10� 3

Die Attachment 1.25� 10� 11 6.20 0.445� 10� 3

LED Packaging for Lighting Applications 194

IPR Page 212



electrical loading. Modeling in general is a very challenging subject and the authors of this

book tend to refer those colleagues in the community to another book specifically on modeling

and simulation for general packaging and interconnecting including IC packaging, namely

MEMS Packaging and Nano Packaging and Interconnects, co-authored by Sheng Liu and

Yong Liu [53].

(i) Temperature and Thermostress Modeling

The processes of thermal stress build-up are (1) the transient thermal modeling, (2) the

sequential thermal and stress coupling modeling as shown in Figure 5.16.

With a transient thermal model, it is found that it takes half an hour for the LED chip ‘s

temperature to increase from an initial temperature of 25 �C to about 90 �C when the power is

on, and it takes 20 minutes to cool down when the power is off, as shown in Figure 5.17.

It is also notable that the highest thermal mechanical stress (more than 60MPa) is at the

interface of the die attachment and Cu base due to the mismatch of CTE at the highest working

temperature of 90 �C, as shown in Figure 5.18.

Figure 5.16 Sequential thermal stress coupling modeling.

Table 5.8 Optical properties of LED packaging materials

Refractive Index Optical Absorption (/mm) Scatter Coefficient (/mm)

Lens 1.586 – –

Silicone 1.45–1.54 – –

Phosphor 1.65 1.5 5

p-GaN 2.43 8 –

MQW 2.61 8 –

n-GaN 2.39 8 –

GaN 2.42 8 –

Sapphire 1.71 – –
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Therefore, it could be inevitable to generate cracking at the interface of the die attachment

and Cu base if hard die attach material is used. It is notable that the cracks could be further

developed to become delaminations when there are some voids and short pre-cracks at the

interface, because the energy release rate increases with the temperature when the working

temperature rises and the length of delamination grows, as shown in Figure 5.19. It is noted that

the delamination could be unstable as the energy release rate is bigger with a longer

delamination size, as is common in fracture mechanics [54].
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Figure 5.17 LED chip temperature profile.

Figure 5.18 Thermo-mechanical stresses along one interface.
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(ii) Modeling for Moisture and Induced Hygrostress

When LED packaging is exposed to a moisture-heavy environment as in the case of combined

temperature and moisture loading, and harsh field applications, the LED packaging absorbs

moisture quickly. The moisture distribution in the LED packaging with processing time is

shown in Figure 5.20. It can be seen that the relative moisture concentration reaches 90% in

most of the LED’s components after only 200 hours in our research.Moisture penetration at the

position of A, B, and C in the LED packaging is shown in Figure 5.21.

In die attachment, the hygroscopic stress evolution with exposed time is shown in

Figure 5.22. After 700 hours, the maximum von Mises stress reaches 19.6MPa at die

Figure 5.19 Energy release rates as a function of time for three different delamination sizes.

Figure 5.20 Process of moisture penetration in the LED packaging.
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attachment interface. If there is any defect such as a crack existing at the interface

in general, it is possible for a short crack to develop into a long crack or delamination

which is harmful to thermal management and long term reliability, as will be seen in a

following section.

(iii) Effect of Defects on Thermal Resistance

In our research, it is found that the thermal resistance of the die attachment will be enhanced

greatlywhen there is any delamination at the interface of the die attachment andCu base, which

is shown in Figure 5.23a. It can be seen from the figure that thermal resistance increases

dramatically when the size of the delamination area reaches 90% of the die attachment’s area.

Although the moisture is harmful to LED packaging, the thermal resistance effect of

Figure 5.21 Moisture penetration in LED packaging.

Figure 5.22 Hygroscopic stress evolution in LED packaging.
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delamination filled with moisture is less than that of delamination filled with air as shown

in Figure 5.23b.

Another important defect studied in our research is voids in LED packaging. During LEDs’

manufacturing process, it is inevitable to generate voids in the solders or air bubbles in epoxy

glue or silicones due to bad mixing or even insufficient vacuum removal of air bubbles, which

are common even in a lot of commercial products. There are many kinds of voids in die

attachment, but only two kinds of voids were studied in this study as shown in Figure 5.24.

The effect of voids on thermal resistance is shown in Figure 5.25. From the figure, it is evident

that voids affect the thermal resistance greatly, and the voids filled with air would enhance

the thermal resistance by six times when the area of voids reaches 30% of the area of
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Figure 5.23 Effects of delamination on thermal resistance.
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Figure 5.24 Possible voids in die attachment.
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Figure 5.25 Effects of different depth voids on the thermal resistance of die attachment.
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die attachment. It is noticeable that the effect on the thermal resistance of voids filled with air is

more than that of voids filled with moisture.

In fact, the voids in the LED are also distributed in different places. But only three locations

are considered in this study, as shown in Figure 5.26. The effect of voids on thermal resistance is

shown in Figure 5.27. It is obvious that the thermal resistances change greatly with different

locations of voids. The voids at the edge affect the thermal resistance most, and the voids at the

edge which are filled with air could enhance the die attachment’s thermal resistance by almost

six times.

(iv) Effect of Defects on LED Light Extraction Efficiency

The effects of defects on the light extraction efficiency are studied with the Monte Carlo ray

tracing method. As shown in Figure 5.28, the LED’s relative light extraction efficiency

decreases when the ratio of delamination length to chip size increases. However, the extent of

the decrease is small, and only less than 4% of lights are lost when the ratio of delamination

length to chip size reaches 65%. The slow decrease might be caused by random scattering

of phosphor. The lights refracted into the phosphor are scattered by the phosphor and about

60%of the lightswere scattered backwards [55], so that the light loss caused by the scattering of

the phosphor originally existing at the air gap is probably similar to the loss caused by total

Figure 5.26 Different location voids: (a) center; (b) edge; and (c) distribution.
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reflection at the air delamination interface. It is also found that when the phosphor’s refractive

index increases from 1.65 to 1.8, the LED’s relative light extraction efficiency decreases faster

and by more than 7%, and lights are lost when the ratio of delamination length to chip size

reaches 65%.

But, in another conditionwhere delamination exists at the interface of the phosphor layer and

silicone glue, the effect of delamination on light extraction efficiency is significant. As shown in

Figure 5.29, the LED’s relative light extraction efficiency decreases fast when the ratio of

delamination length to chip length increases, and more than 28% of lights are lost when the

ratio of delamination to phosphor rises to 65%. Comparing delamination filled with different

media, it is found that the effect on the light extraction efficiency of delamination filled with air

is more than that of delamination filled with moisture.
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Figure 5.27 Effects of different location voids on thermal resistance of die attachment.
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(v) Modeling of Manufacturing Processes: Wire Bonding Process

Wire bonding is one of themain processes of LED packaging. Impropriate bonding parameters

may lead to reliability problems of the interconnect of LEDs, such as bond pad cratering,

peeling, and cracking below the bond pad, especially when there are defects induced

in epitaxial growth and chip manufacturing. In this section, a numerical simulation is

presented to investigate the stress and strain distribution on the electrode structure of LED

devices during the impact and ultrasonic vibration stages of the wire bonding process.

Figure 5.28 Effects of delamination on light extraction efficiency.

Figure 5.29 Effects of delamination on phosphor top interface on light extraction efficiency.
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Parametric studies are also carried out to examine the effects of the amplitude of the

ultrasonic vibration, the friction between the free air ball (FAB) and bond pad, and the tilt

of the bond pad on the stress level, and on the potential of structural defects in the ohmic

contact layers of wire bonding interconnection.

Figure 5.30 Schematic of wire bonding on LED chip: (a) impact stage, and (b) horizontal ultrasonic

vibration.
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The wire bonding process of high power LEDs is studied with a nonlinear finite element

framework. Typically the whole wire bonding process consists of four stages: the wire tip

heated to generate a FAB, the z-motion of capillary and FAB, the impact of the FAB with bond

pad, and the input of ultrasonic wave energy. In our model, the whole wire bonding process on

the bond pad of the LED was simplified to consist of the impact stage and ultrasonic vibration

stage, as shown in Figure 5.30. The model involves the capillary, the gold ball, the heat affect

zone (HAZ), GaN layer, and the sapphire substrate. The active layer of the LED is not

considered. The thicknesses of the GaN layer and sapphire substrate are 3 mm and 50 mm
respectively. The length of the structure is 100 mm.

The p-type electrode structure of the LED chip consists of the ITO layer as the ohmic contact

layer, which is covered by the nickel layer and the gold bond pad. The thickness of ITO layer is

assumed to be 0.1 mm in p-type electrode structure. The thicknesses of the nickel layer and gold

bond pad are chosen as 0.2 mm and 1 mm respectively.

The geometry of capillary is shown in Figure 5.31. A specific set of parameters, d1¼ 30 mm,

d2¼ 40 mm, d3¼ 90, a¼ 3�, b¼ 90�, R1¼R2¼ 2 mm, and R3¼ 20 mm, are applied. The

diameter of gold wire used in the package of high power LEDs is 25 mm. Generally

the diameter of the FAB must be 1.5–4 times bigger than that of gold wire. The diameter

of the FAB is chosen to be 50 mm in present work.

The actual wire bonding process is rather complex andmodeling cannot solve every detail of

the bonding process. In the present study, in order to conduct an effective numerical simulation,

the following assumptions are made:

(1) The thermal stress induced by the difference of thermal expansion coefficients between

the different metal layers of the electrode is not considered;

(2) The heat and temperature induced by plastic deformation and friction between the FAB

and bond pad is not included in this study; and

Fig. 5.31 Geometry of capillary.
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(3) The capillary is assumed to be a rigid body due to much higher Young’s modulus and

hardness and the inertia force is not considered [56,57].

Two-dimensional plane strain analyses were carried out for simplicity. Since the bonder

capillary is considered to be a rigid body due to high hardness, this leads to the rigid and elastic-

plastic contact pair between capillary and FAB. While the contact surfaces between FAB

and gold bond pad are a nonlinear contact pair with consideration of the dynamic friction.

The bottom of the sapphire is fixed and two sides are constrained in horizontal direction.

Figure 5.32 shows the vertical and horizon position of the capillary over the wire bonding

process. Two phases are defined in Figure 5.32, the first phase includes the contact impact with

strain hardening and the second phase deals with horizontal ultrasonic vibration. In the impact

stage, the capillary is supposed to move along a distance of 19 mm within duration of 2 ms.
In the ultrasonic vibration stage, the amplitude of horizontal movement cycle of the capillary is

assumed as 1mmwhile the frequency is set to be 100 kHz.During the ultrasonic vibration stage,

the displacement of capillary is supposed to be 1 mm to exert a bond force to the gold ball within

duration of 20 ms [56,57].
The material parameters are listed in Table 5.9. FAB, bond pad, nickel, titanium, and

aluminum layers are nonlinear (bi-linear) materials; the other materials are considered to be

linear elastic [56–60].

(1) Stress Distribution during Wire Bonding Process

Distributions of von Mises stress along the middle of the ohmic contact layer from the

center to the right edge at different times are shown in Figure 5.33. The vertical dots lines

in Figure 5.33a represent the contact edge between the FAB and bond pad.

At the impact stage, thevonMises stress is increasedwith time and themaximum stress

occurs close to the contact edge. The maximum stresses of 211MPa in the ITO layer

occur at the end of the impact stage.While at the ultrasonic vibration stage, the vonMises

stress appears periodically. The level of von Mises stresses is much higher than those in

the impact stage. It can be concluded that the defects such as peeling and cracks may be

more possibly induced at the ultrasonic vibration stage during the wire bonding process.

Fig. 5.32 Position of capillary during wire bonding process.

LED Packaging for Lighting Applications 206

IPR Page 224



0 10 20 30 40 50
0

40

80

120

160

200

240

V
on

 M
is

es
 S

tr
es

s 
(M

Pa
)

Distance (micron)
(a) Impact Stage

(b) Ultrasonic Vibration Stage.

1 0.5µs
2 1µs
3 1.5µs
4 2µs

1 2
3

4

0 10 20 30 40 50
0

50

100

150

200

250

300

350

400

V
on

 M
is

es
 S

tr
es

s 
(M

Pa
)

Distance (micron)

1 14.5µs
2 17µs
3 19.5µs
4 22µs

1

2

3

4

Figure 5.33 Distributions of vonMises stress along themiddle of ITO layer from center to right edge at

different times in p-type electrode structure.

Table 5.9 Material parameters

Material Modulus (GPa) Poisson Ratio CTE (ppm/�C) Yield Strength (MPa)

ITO 160 0.335 8.6 –

Titanium 40 0.36 8.6 –

Aluminum 70 0.35 23 400

Nickel 219 0.31 13.4 620

Gold Pad 30 0.44 14.2 110

HAZ 35 0.44 14.2 135

FAB 30 0.44 14.2 110

Sapphire 400 0.22 7.9 –

GaN 295 0.31 5.6 –
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(2) Effects of Amplitude of Ultrasonic Vibration

Effects of the ultrasonic vibration amplitude on the stress distributions in the bond pad

and ohmic contact layers during the wire bonding process are discussed in this section.

The results are listed in Figures 5.34 and 5.35.

Figure 5.34 shows that the stresses in the bond pad increase greatly when the amplitude

vibration changes from 0.5 mm to 1mm. In the p-type electrode structure, the maximum

von Mises stress increases from 185MPa to 266MPa and shear stress increases from

94MPa to 138MPa.
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Figure 5.34 Distributions of vonMises and shear stresses in the bond pad from center to right edgewith

different amplitudes at the end of ultrasonic vibration stage in the p-type electrode structure.
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Figure 5.35 Distributions of vonMises and shear stresses in the ITO layer from center to right edgewith

different amplitudes at the end of ultrasonic vibration stage in the p-type electrode structure.
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Figure 5.35 shows that the stresses on the ohmic contact layer also increase with the

greater ultrasonic wave amplitude. In the p-type electrode, the maximumvonMises stress

increase from 283MPa to 324MPa and shear stress increase from 149MPa to 174MPa.

The above results show that the amplitude of the ultrasonic wave has significant

influence on the stresses in the bond pad and ohmic contact layers under the bond pad. It is

essential to control the ultrasonic wave energy input to avoid the defects which may be

induced by too high energy input during wire bonding process.

(3) Effects of Friction between FAB and Bond Pad

Friction at the interface between the FAB and bond pad is a complicated multi-physics

process; bonding occurs when enough energy is available to overcome the active energy

of barrier and surface oxidation [56,59]. In this study, the effects of the friction coefficient

on the stress distribution were studied by using two different friction coefficients 0.38

and 0.8 in the numerical analysis. The modeling results are listed in Figure 5.36

to Figure 5.37.

From Figure 5.36, we can see that in the p-type electrode structure, the maximum von

Mises stress in the bond pad of high friction case is 288MPa, greater than the value of

lower friction case which is 266MPa. The maximum shear stresses in the bond pad of

high and lower frication cases are 157MPa and 138MPa respectively.

A higher friction coefficient results in greater stress and a larger area of higher stress

level on the bond pad, which may be good for the wire bonding process. However, this

will result in higher stresses in the ohmic contact layer under the bond pad and cracks and

delaminationsmay be induced there. FromFigure 5.37,we can see that themaximumvon

Mises stress and shear stress in the ITO layer increase from324MPa to 336MPaand from

174MPa to 183MPa respectively.

(4) Effects of Bond Pad Tilt

The tilt of the bond pad is induced during the die attach process of LED chip. A schematic

of the tilt of the bond pad and LED chip is shown in Figure 5.38. The tilt angle of the LED
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chip and the bond pad is set to be 1� in this analysis. The effects of the tilt of bond pad on
the stress distribution in different metal layers were studied. The maximum von Mises

stresses in different layers of both types electrode structures at both impact and ultrasonic

stages of wire bonding are listed in the Table 5.10. The effects of bond pad tilt are

dramatic at the ultrasonic vibration stage, while at the impact stage the influences of bond

pad tilt is less significant. At the end of the ultrasonic vibration stage, the maximum von

Mises stresses at the right part of the different metal layers of the tilt case increase,

compared to the flat case, while the values at the left part of the metal layer decrease. The

tilt of the bond pad induces a more rigorous condition for the metal layer under the bond

pad during the wire bonding process. Therefore, the tilt of the pad must be avoided

through using more suitable process parameters in the LED chip die attach process.

Figure 5.38 Schematic of LED chip tilt.
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5.4 Summary

In this chapter, the concept of design for reliability (DfR) and reliability engineering were

introduced for LED packaging. Fundamentals of reliability, life distribution, and accelerated

models were first discussed. Due to the fact that physics of failure becomes essential,

applied mechanics for both bulk materials and interfaces was introduced. High power LED

packaging reliability tests were introduced along with various traditional testing standards,

methods, and evaluation. Existing methods for failure mechanism analysis were also

presented and examples of failure mechanisms/modes were provided. Finally, a model-based

rapid reliability evaluation approach was introduced. A material property database was

identified as being essential for reliable modeling. Detailed moisture/temperature dependent

properties and rate dependent properties were the required properties for reliable modeling.

Some exampleswere provided. In particular, a coupledmanufacturing and reliabilitymodeling

may be essential to evaluate the effect of the process window on the yield and long

term reliability.
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6

Design of LED Packaging
Applications

6.1 Optical Design

6.1.1 Introduction of Light Control

With the continuous increase in the LED’s lumen efficiency and luminous flux of one single

module, the LED has quickly entered diversified markets from the traditional application of

indicators, decorative lighting to general lighting, such as backlighting, display, projectors,

automotive lighting, road lighting, indoor lighting, landscape lighting and so on, with a rapid

expansion of market share year after year (Figure 6.1). The LED has many advantages such as

energy-saving, environmental friendliness, long lifetime, small size, and so on. With its cost

continuously reducing, it is reasonable for us to believe that solid state lighting based on the

high-power LED will replace the traditional luminaires in a growing number of applications

and set the world lighting trend [1–3].

(i) Light Pattern Design of LED Lighting

Light pattern control and color control of LED luminaires are two key factors in the optical

design of the products in which the LED is applied. At present, circular symmetrical lens are

adopted in most high-power LED packaging and the light pattern is circular, as shown in

Figure 6.2. However, rectangular or sub-rectangular or elliptical light patterns are demanded on

many LED lighting occasions, such as backlighting, projectors, automotive lighting, road

lighting, and so on. If the circular light pattern is directly adopted in lighting, the ideal lighting

performance cannot be guaranteed.A comparison of road lighting performance among different

LEDs is shown in Figure 6.3, in which Figure 6.3a is the LED road lighting performancewith a

circular light pattern, while Figure 6.3b is the LED road lighting performancewith a rectangular

light pattern. It is very simple even at the first sight to recognize which is better.

At the same time, the light distribution curve ofmost high-powerLEDs is a Lambertain curve;

there are also other types of light distribution curves, such as batwing curve, side-emitting curve,

LED Packaging for Lighting Applications: Design, Manufacturing and Testing, First Edition. Sheng Liu and
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and soon, as presented inFigure 6.2.AnLEDwithLambertain light distribution is providedwith

a large beam divergence angle and nonuniform illumination distribution.

Therefore, it is difficult for some lamps (such as the MR16 lamp, down lamp, auto headlights,

and so on) tomeet the demands of light beam convergence and light pattern uniformity. Therefore,

LED luminaires are usually demanded to re-distribute the spatial distribution ofLED’s light energy

through the secondary optical system with a particular design and to accurately control the light

pattern shape and uniformity of luminaires, thus achieving high-quality lighting.

There are three main methods for the secondary optical system to control LED’s light-

emitting: reflection, refraction, and scattering, as shown in Figure 6.4. The following is an

introduction to these basic optical concepts.

(1) Law of reflection

The incident ray, reflection ray, and projection point normal are in the same plane; the

absolute values of the incident angle and reflection angle are equal but with an opposite

sign; that means that the incident ray and the reflection ray are at each side of the normal

respectively. The law of reflection can be expressed in the following equation as:

I ¼ � I00 ð6:1Þ

For the rough interface, when a beam of parallel incident light projects on it, the reflected

light will no longer be parallel, resulting in an irregular diffuse reflection. However, as to

any tiny reflecting surface on the rough surface, it still complies with the law of reflection.

(2) Law of refraction (Snell’s Law)

The incident ray, refraction ray, and projection point normal are in the same plane; the ratio

of the incident angle’s sinusoid to the reflected angle’s sinusoid is not related to the size of

the incident angle, but related to the nature of the two mediums. As to the light, with a

certain wavelength, this ratio is a constant under certain temperature and pressure

Figure 6.1 Applications of high power LEDs. (Color version of this figure is available online.)
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Figure 6.2 Luminous intensity distributions curves (radiation patterns) and light patterns (at 1 meter

away) of several typical high power LEDs: (a) Lumileds Lambert; (b) Cree–XLamp.

Figure 6.3 A comparison of road lighting performances of two LED road lights with circular light

pattern and rectangular pattern respectively. (Color version of this figure is available online.)
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conditions; it is equivalent to the ratio of the refractive index of the medium in which the

refractive ray exists (n0) to the refractive index of the medium in which the incident ray

exists (n); it can be expressed in the following equation as:

n sin I ¼ n0 sin I0 ð6:2Þ
(3) Total internal reflection

When light is emitting from the optically denser medium toward the optically thinner

medium (n2 < n1), according to the law of refraction, there exists the following equation:

sin I1

sin I2
¼ n2

n1
< 1: If sin I1 >

n2

n1
; sin I2 > 1;

which of course is meaningless. In fact, there is no refraction ray at this time; the incident

rays are reflected back to the optically denser medium. This phenomenon is known as the

total internal reflection (TIR). The incident angle which complies with the formula,

sin Im ¼ n2

n1
is called the critical angle, and the corresponding angle of refraction is

I2 ¼ 90�.
(4) Scattering

When the incident ray is entering a medium, the inhomogeneity of the medium (that is,

when the suspended particles of different refractive indices exist in the medium) will lead

to the light radiating in all directions. Even if we are not facing the direction of the incident

light, we can also see the light clearly; this phenomenon is known as the scattering of light.

The reflection control of the LED beam in LED lighting devices is generally achieved

through the reflectors.The reflectormainly plays the roleof convergenceofLEDbeamsand

strengthens their directivity, such as in flashlights, down lamp, and so on. With the three-

dimensional spatial distribution of various reflectors, large-scale lighting can be achieved

throughanglecombination, suchas road lights. Inaddition, the speciallydesigned reflectors

withashapedsurface (freeformsurface for instance)canbeprovidedwithaconvergentnon-

circular symmetrical light pattern, such as in the case of low-beam headlights.

The refraction control of the LED beam in LED lighting devices is achieved by the lens.

The lens can make LED beams converge and also make them diverge and the control is

flexible. Especially in recent years, with the emergence of LED freeform surface lens

technology, the light extraction efficiency of the lens has been further improved and the

control of light energy is more accurate. Therefore, it is applied on more and more

occasions such as the MR16 lamp, road light, and backlighting, and so on.

Figure 6.4 Schematic of (a) law of reflection and refraction; (b) total internal reflection; and

(c) scattering.
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AmongLED luminaires, themostwidely used scattering component is the diffuser plate.

The diffuser plate contains a lot of diffuse particles or diffuse structures, which can well

scatter the incident rays, thus achievinguniform illuminationon thediffuser plate surface. It

is widely used in LED lighting devices such as backlighting, daylight lamp, and so on.

(ii) Color Design and Control of LED Lighting

Color control is another key factor in the optical design of the products in which high-power

LED is applied. In the past ten years, the concept of “Green Lighting” has been gradually

recognized. In this version, lighting products with high efficiency, long lifetime, safety, and

stable performance can be utilized by a science-based lighting design so as to improve people’s

working, study, and living condition and quality, thus creating a highly efficient, comfortable,

safe, economic, and favorable environment and achieving the lightingwhich embodiesmodern

civilization. People are no longer satisfiedwith brightness alone, they paymore attention to the

influence of color, color temperature, and color rendering, and so on, on people’s physiology

and psychology, by using different luminaires according to different occasions, to meeting

people’s demands and to improving the customer’s lighting experience.

For example, in road lighting, when the light source has met certain criteria, the color

temperature is neutral but inclining to warm white which makes the pedestrian feel comfort-

able; and it does not demand a high color rendering of the light source, with color rendering

index (CRI) of only about 50. In indoor lighting such as the office and classroom lighting, the

color temperature of the light source should be neutral but inclining to cool white in order to

improve people’s working and study efficiency, with the CRI of about 75. As to lighting with a

high demand of color such as backlight source, the CRI should be over 90.

The solid state lighting represented by LED technology is the best carrier of Green Lighting.

It is not only because that compared with traditional luminaires, LED luminaires are provided

with some advantages such as high efficiency, long lifetime, no environmental hazard and so

on, but also because it is provided with some incomparable advantages such as rich colors and

high controllability (Figure 6.5).

Figure 6.5 Colorful LEDs. (Color version of this figure is available online.)
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The following is a detailed description of various methods of LED luminaires’ light pattern

control such as reflectors, TIR lens, freeform surface lens, diffuser plate, and so on.

Corresponding practical design examples will also be given in order to help the readers get

a better understanding of the methods of LED light energy distribution control. At the same

time, the color design and control of LED lighting products will also be introduced, including

the multi-color mixing, the color temperature choosing, and so on.

6.1.2 Reflectors

The bottom diameter of most reflectors is smaller than that of the top diameter which enables

the incident rays convergence (Figure 6.6). LED’s light distribution curves are mostly a

Lambertain curve, with its half intensity angle of 60�. Therefore, reflectors are suitable for

designing the convergent beam in which its half intensity angle is less than 60�. The design of
divergent LED lighting systems based on reflectors can be achieved by changing the LED light

sourcewith a large diverging angle (such as batwing light distribution) or the three-dimensional

organization of more than one reflector. At present, the materials of reflectors used in the LED

mainly includemetals and plastics. The reflector’s interior surface is coatedwith ametallic film

(such as silver, aluminum, nickel, stannum, and so on) to form a reflecting surface; the

reflectivity of the smooth reflecting surface is generally over 85%; some specially coated ones

can even be over 95%; the reflectivity of specially roughed reflecting surface is generally

between 75–85% (Figure 6.7).

(i) LED Collimation Reflectors

Collimation reflectors are mostly used on the occasions where convergent beam lighting is

demanded, such as flashlight, search light, and so on. The interior surface of collimation

reflectors are usually a paraboloid which is formed by a parabola turning 180� around the

symmetric axis. According to the paraboloid’smathematical properties, the light emitting from

the focus will radiate in the direction parallel to the symmetric axis after it is reflected by the

paraboloid. Therefore, by placing the LED light source at the paraboloid’s focus, the

collimation beam can be obtained theoretically, as shown in Figure 6.8.

Figure 6.6 Schematic of a reflector.
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However, in practical applications, the beam with a small diverging angle which radiates

from the LED with a Lambertain light distribution cannot incident at the reflector’s interior

surface limited by the height of the reflectors, but can exit out directly, making this part of

light keep the original exit direction without collimation. The lower the reflector’s height is,

the more light exits directly. Therefore, as the design of obtaining the collimation beam

through reflectors is limited in practice by the height of the reflector, it is not suitable for

some occasions where the optical system is highly limited. According to the far-field

condition, when the proportion of the reflector’s height to the LED’s edge length is less than

10, the LED light source is no longer regarded as a point light source, but an extended

source, for example, 1mm� 1mm. The LED chip’s edge is no longer at the paraboloid’s

focus, and the light emitting from this edge will be off the collimation direction after it is

reflected by reflector. The collimation effect of reflectors is limited by its own height and

the size of the LED light source, but for the lighting application which does not demand

a high collimation (such as flashlight, spot light, down lamp, and so on), it is still an

effective method.

(ii) Reflectors for Traditional LED Road Lighting

Currently, road lighting is a major application area of high power LEDs. The optical system of

LED road lighting can be achieved through reflectors or lens. This section will introduce the

Figure 6.7 LED reflectors in the market.

221 Design of LED Packaging Applications

IPR Page 239



design based on reflectors and the design of lens used in LED road lightingwill be introduced in

the next section.

At present, the road light posts in urban collector roads andmajor roads aremainly 8m, 10m,

and 12m high and the ratio of road light space to the height is about three. Figure 6.9 presents a

typical two-way four-lane collector road, with road lights on each side; the light post is 10m

high and the space between two lights is 30m; the road is 20m wide in total, including four

motorways and two cycle ways. The most common 1W high-power LED packaging module

based on hemispherical lens is set as the light source to design. Its light distribution curve is a

Lambertain curve as shown in Figure 6.10a. The light energy distribution of this LED on the

roadwhen it is 10mhigh is shown in Figure 6.10a; it is a circular light patternwith a diameter of

approximately 22m and the illumination distribution is nonuniform.Making a reference to the

oblong road with single side 30m� 10m, this light pattern is not long enough in the direction

along the road, easily resulting in nonuniform illumination. But at the same time it is toowide in

the vertical direction of the road, causing light waste. Therefore, a Lambertain curve cannot be

directly used in road lighting.

Turning the LED’s installation angle can change its irradiation direction. The combination

of LEDs with different projection angles can increase the light pattern’s length, so that it is

suitable for road lighting. However, as shown in Figure 6.10b, the direct three-dimensional

Figure 6.8 Schematic of collimation reflectors. (a) Collimation of paraboloid; (b) exit lights from

LED with small diverging angles are out of control; and (c) effects of extended light source on the

collimation of lights.
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arrangement of LED packaging modules will easily result in glare, light pollution, and great

light waste in the vertical direction of the road. Therefore, it is necessary to control the light

emerging angle of the LED through the reflectors.

The combined design method based on different high-power LED modules and the three-

dimensional arrangement of reflectors is as follows: firstly, combine the LEDmodules which

are with different special light distributions with different reflectors, adopt Monte Carlo ray

tracingmethod to observe LEDmodule groups’ light energy distribution on the road after it is

combined with reflectors, and record the modules whose light pattern’s size and light energy

distribution are reasonable. Secondly, choose different LED module groups according to

different road designs; optimize the three-dimensional arrangement to allow every LED

module group to control a lighting area on the road. Thirdly, simulate the combination of

more than one LEDmodule group, observe the overall road lighting performance, compare it

with the indexes in road lighting standards, optimize the design, and eventually obtain

the ideal LED road lighting design. The advantage of this design is its simplicity and

by optimization, it can fulfill road lighting on different roads and with different

lighting qualities.

Figure 6.11a is a reflector designed to be used in road lighting. The bottom diameter is 7mm

and the height is 10mm; the sidewall is a straight wall and its inclination angle is 58�; the
reflectivity of the interior surface is 85%. This reflector plays a significant role in controlling

the LED beam and when it is 10m high, the light pattern’s diameter decreases to 7m.

Figure 6.9 Schematic of two-way four-lane collector road.
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Figure 6.10 (a) Lambertian LED packaging module and its illumination performance at 10 meters

high; and (b) the schematic of multi projection angles’ three-dimensional combination of LED without

reflectors.

Figure 6.11 (a) Lambert LED packaging module with a reflector and its illumination performance at

10 meters high; and (b) the schematic of multi projection angles’ three-dimensional combination of LED

with reflectors.
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A three-dimensional arrangement of the LEDwith reflectors is made to meet the demands that

road lighting approximates a rectangular light pattern; it is divided into eight groups and their

inclination angles are respectively �10�, �30�, �40�, and �45�, as shown in Figure 6.12. In

order to meet the demand of illumination of collector road lighting, each group consists of 12

LEDmodules and this LED road light consists of 96 LEDs in total. The simulation illumination

performance of the LED light is shown in Figure 6.13. When the lamp is 10m high, an oblong

light patternwhich is 33m long and 12mwide is formed and the illumination distribution in the

central area is uniform, which is suitable for collector road lighting. A prototype 96W LED

light fixture based on this design of reflector array is shown in Figure 6.12c. As shown in

Figure 6.14, an LED road light developed by Hong Kong Polytechnic University also was

designed by this method.

Figure 6.12 (a) Schematic of inclination angles of 8 LED module groups; (b) LED array for an LED

road light consisting of 96 LEDs; and (c) the 96W LED road light.

Figure 6.13 Numerical illumination performance of the 96W LED road light. (Color version of this

figure is available online.)
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(iii) Reflectors for Ultra-Long Span LED Road Lighting

At present, the bilaterally symmetrical light pattern is commonly adopted in urban

expressways, major roads, and collector roads. The distance between two lights along

the road is generally 30–60m. The short distance between light posts is beneficial to

improve the uniformity of road lighting. However, it will lead to an increase in the numbers

of lights per unit-distance on the road. On many urban roads, light posts stand in great

numbers, which limits the drivers’ field of view to a large degree and affect their estimation

and judgment of the roadside, thus increasing the probability of traffic accidents. In

addition, with the increase in the lighting points on the road, night pedestrians and drivers

cannot concentrate if there is an increase of glare, which is a potential safety hazard.

Reducing the number of light posts can save construction, reduce repair, and beautify the

city. Therefore, on the premise of reaching the road lighting standards, it is the road lighting

development trend to increase the distance between two lights along the road and reduce the

light posts per unit-distance on the road.

As to the general road light with ultra-long span lighting (the distance between two lamps

>60m), this assumption is not likely to be realized because of the limitation of the light

source’s luminescence properties [5,6]. However, as to the LED, this assumption is very

likely to be realized because of the good directivity of the LED light sources. The design

method of the reflector LED array integrated with a three-dimensional arrangement is also

adopted in LED ultra-long span road lights. LED modules adopting different light

distribution curves and reflectors with different beam control effects are combined to

form different LED module groups, as shown in Figure 6.15. One may optimize the special

inclination angle of every LED module group to make each LED module group control a

lighting area on the road; more than one LED module groups’ lighting areas are combined

to form an even oblong lighting area along the road, as shown in Figure 6.16, thus meeting

the demands of road lighting.

Simulated illuminance distribution on the road of the ultra-long span LED road light is

shown in Figure 6.17. Table 6.1 presents a comparison of the simulated road lighting indices

Figure 6.14 An LED road light based on reflectors and 3D arrangement, developed by Hong Kong

Polytechnic University [4].
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Figure 6.15 LED module groups’ structural schematic of the ultra-long span LED road light.

Figure 6.16 Schematic of combination effect of different LEDmodule groups’ light pattern on the road.

Figure 6.17 Schematic of simulated illuminance distribution on road of ultra-long span LED road

lighting system (100m� 30m). (Color version of this figure is available online.)

227 Design of LED Packaging Applications

IPR Page 245



T
a
b
le

6
.1

C
o
m
p
ar
is
o
n
o
f
th
e
ro
ad

li
g
h
ti
n
g
p
er
fo
rm

an
ce

o
f
u
lt
ra
-l
o
n
g
sp
an

L
E
D

ro
ad

li
g
h
ti
n
g
sy
st
em

w
it
h
th
e
n
at
io
n
al

st
an
d
ar
d
s

G
ra
d
e

R
o
ad

T
y
p
e

R
o
ad

L
u
m
in
an
ce

R
o
ad

Il
lu
m
in
an
ce

A
v
er
ag
e

L
u
m
in
an
ce

L
a
v
(c
d
/m

2
)

O
v
er
al
l

U
n
if
o
rm

it
y
U
o

L
o
n
g
it
u
d
in
al

U
n
if
o
rm

it
y
U
L

A
v
er
ag
e

Il
lu
m
in
an
ce

E
a
v
(l
x
)

I
E
x
p
re
ss
w
ay

an
d
M
aj
o
r

R
o
ad

N
at
io
n
al

S
ta
n
d
ar
d

1
.5
/2
.0

0
.4

0
.7

2
0
/3
0

U
lt
ra
-l
o
n
g
S
p
an

L
E
D

R
o
ad

li
g
h
t

1
.6

0
.6
4

0
.7
4

2
4
.0

G
ra
d
e

R
o
ad

T
y
p
e

R
o
ad

Il
lu
m
in
an
ce

U
n
if
o
rm

it
y
U
E

G
la
re

L
im

it
at
io
n

T
h
re
sh
o
ld

In
cr
em

en
t
T
I
(%

)

S
u
rr
o
u
n
d
R
at
io

S
R

I
E
x
p
re
ss
w
ay

an
d
M
aj
o
r

R
o
ad

N
at
io
n
al

S
ta
n
d
ar
d

0
.4

1
0

0
.5

U
lt
ra
-l
o
n
g
S
p
an

L
E
D

R
o
ad

li
g
h
t

0
.6
4

9
.3

0
.5
6

LED Packaging for Lighting Applications 228

IPR Page 246



with the national standards. Through the comparison, we find that the indices of the ultra-long

span LED road lighting system all reach the vehicle road lighting standards in the Design

Standard of Urban Road Lighting CJJ45–2006; some indices are even more favorable than

those of the road lights with traditional light sources. All these prove that the ultra-long span

LED road lighting system is not only possible, but can provide better road lighting through

optimization design. Therefore, the ultra-long span LED road lighting system is one of the

important development directions of road lighting in the future; integrated with intelligent

control, it will provide the people with a totally new idea of road lighting design and road

lighting with higher quality.

(iv) Reflectors for LED Headlamp

The LED has great freedom of design and the lamps are small in size. This is beneficial to

achieve the streamline design of a headlamp which will reduce the wind resistance, reduce

the gasoline consumption, and at the same time improve the body’s aesthetic effect, making

the headlamp look attractive. However, the optical design of the car’s headlamps, especially

for the lower-beam headlamp, is the most difficult in various car lights. The lower-beam

headlamp should not only ensure that the driver can observe hazards 40m before the car,

but also ensure that drivers or pedestrians in the opposite direction do not suffer from

glare; at the same time, it should provide enough brightness for pedestrians on the roadside

and to illuminate signs. Therefore, there is a strict light distribution standard for the lower-

beam headlamp. At present, the most common light distribution standard is ECE standard

which mainly prescribes the light pattern’s distribution 25m away from the car lights,

Figure 6.18.

Figure 6.18 Schematic of ECE light distribution standard. (Color version of this figure is available

online.)
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Light distributionwhichmeets ECE standard can be obtained by using reflectors. Usually, in

order to make the design simple, reflector is designed which can generate an oblong light

pattern with obvious cut-off line at first, then according to the combination of certain

proportions and angles, superpose the light pattern to generate the prescriptive light pattern

(Figure 6.19).

A single reflector plus LED module is shown in Figure 6.20. The light pattern generated by

the single reflector plus LED module is shown in Figure 6.21.

Figure 6.19 Schematic of realization of lower-beam headlamp’s light distribution.

Figure 6.20 Schematic of a single reflector plus LED module.
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The lower-beamheadlamp after the combination ofmore than onemodules and its simulated

lighting result are shown in Figure 6.22. It can be seen that on the right side of the light pattern

there are obvious cut-off lines.

Currently, part of the lower-beam headlamp design not only adopts reflectors, but also

employs the convergence lens in front of the reflectors. A single module can realize the light

Figure 6.21 Light pattern generated by a single reflector.

Figure 6.22 Lower-beam headlights and its simulated lighting result.

Figure 6.23 Lower-beam headlamp module and overall lamp adopting reflector plus lens method [7].

(Reproduced from U. Schl€oder, “New optical concepts for headlamps with LED arrays,” Automotive

Lighting Technology and Human Factors in Driver Vision and Lighting, 2007-01-0869, 2007, SAE

International.)
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pattern’s shape which meets the normal requirement, only with a need to increase the modules

so as to meet the demands of illumination. This method can achieve a better lighting

performance; in addition, the lamp structure is more compact. The single module adopting

this method and the overall lamp is shown in Figure 6.23. The simulated result of this lamp is

shown in Figure 6.24.

6.1.3 Lenses

From the section above, we can see that reflectors play a role in converging the lights emitting

from the LED. If we want to obtain a divergent LED lighting performance, such as road light,

the three-dimensional arrangement of the reflectors becomes a necessity, and this makes the

entire LED lighting system large in volume and the installation and maintenance is incon-

venient. At the same time, because most LEDs are Lamberts or similar to Lambertian light

distribution, the reflector can only control the rays with big emerging angles emitting from

LED, but cannot control the rays with small emerging angle close to the symmetrical axis,

leaving them radiating freely. Therefore, the reflector’s ability of controlling the LED’s overall

beam is relatively weak.

As another major controlling means in LED lighting, the lens can not only generate a

convergent beam but also a divergent beam. In addition, it can control effectively the light

of various angles emitting from the LED. Furthermore, it has great freedom in design and

the realization ways are flexible, especially with the rise of freeform lens, the designs

of various noncircular light patterns are becoming more convenient. Therefore, the lens is

more and more widely used in LED lighting, becoming a key means in optical design

(Figure 6.25).

The materials commonly used in LED lens are polycarbonate (PC), polymethyl methac-

rylate (PMMA), and glass. PC is provided with very good toughness and good impact

resistance; its light transmittance is about 90%; the refractive index is close to 1.586; the

melting point is about 149 �C; the temperature for allowable thermal deformation is 130–140�,
however its fatigue resistance is not very good. In LED lenses, PC is mainly used in primary

lenses and as it is provided with weak flowing properties in injection molding, it is not suitable

Figure 6.24 Simulated light pattern of the lower-beamheadlights adopting reflector plus lensmethod [7].

(Reproduced from U. Schl€oder, “New optical concepts for headlamps with LED arrays,” Automotive

Lighting Technology and Human Factors in Driver Vision and Lighting, 2007-01-0869, 2007, SAE

International.)
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for producing thick products. PMMA is a kind of plastic material to replace glass. Its light

transmittance can reach 94%; the refractive index is close to 1.49; but its enduring temperature

is relatively low, about 80–110 �C. In LED lenses, PMMA is mainly used in secondary lenses.

Glass lenses are also widely used in high power LED lenses. It is characterized by high light

transmittance, widely distributed refractive index (the common refractive index is about 1.50),

and good temperature tolerance but has a complicated manufacturing process; therefore, it is

hard to use to make more complicated lenses.

(i) LED Collimation Lens

As the optical system for LED collimation is axisymmetric, the real lens body can be obtained

only by constructing a lens’ cross section and rotating it 180�. A collimation lens’s cross section

is shown in Figure 6.26.

Figure 6.25 Various LED secondary lenses in the market.

Figure 6.26 Schematic of an LED collimation lens’ cross section.
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In this collimation lens, there are four curved surfaces which control the beam. Curved

surface 1 is to collimate the rays with small emerging angles. Curved surface 2 is a cylindrical

surfacewhich is to refract the rayswith large emerging angles and reduce the lens’ volume. The

rays with large emerging angles which are refracted by the second curved surface into the lens

will achieve total internal reflection in Curved surface 3 and radiate upward with collimation.

Surface 4 is a plane and it will not change the exiting directions of the collimation rays. In other

LED collimation lenses, the fourth surface could also be designed as a curved surface.

The design of the first curved surface and the third curved surface is the key point in this lens

design. Since these two curved surfaces are freeform surfaces, it is necessary to calculate the

point’s coordinates on the cross section’s contour line of the lens and then fit these points to

form the lens’ cross section. There are two major steps in calculating the contour lines of the

first curved surface and the third curved surface.

(1) Construct the space coordinates of the points on the contour lines of the cross section

Firstly, set a seed point according to the size of the required lens. The incident ray of this

point is on an upward longitudinal propagation after refraction or total internal reflection

(the first curved surface controls the beams through refraction and the third curved-surface

controls the beams through total internal reflection). The normal vector of this point can be

obtained according to Snell’s law.

Secondly, the tangent line of this point on the curve can be obtained based on the normal

vector, and can then calculate the coordinates of the crossing point of the next ray radiating

from the light source and the tangent line.

Thirdly, repeat the steps above until all the space coordinates on the curve have been

obtained.

(2) Fit the points on the curves to obtain the contour lines of the first curved surface and the

third curved surface

The construction process of the collimation lens is shown in Figure 6.27.

Figure 6.28a is a PMMA collimation lens and its ray tracing effect. We can see that one-

side 0–90� rays almost radiate vertically upward after the refraction and reflection by the

lens. Figure 6.28b is a UFO LED collimation lens in which the fourth surface is not a

plane [8].

(ii) Axisymmetric Freeform Lens for LED MR16

One typical general lighting product of the LED is the LEDMR16 lamp (Figure 6.29). MR16

lamps are typically used as outdoor spotlights or accent lighting for part of a room, in

restaurants, museums, or retail displays. The light distribution of the LED is always similar to

Lambertain which is not suitable for MR16 lamps illumination, therefore secondary optics

design is essential. Freeform lens is an effective way to control lights accurately and to

achieve high quality illumination with high light efficiency into main beam and

uniformity [9].

TheMR16 lamp is designed to form a circular and uniform light beamon the target for accent

lighting. This freeform lens design belongs to the category of circularly prescribed illumi-

nation. As shown in Figure 6.30, the lens refracts the incident ray I into output ray O, and

irradiates O at corresponding point Q on the circularly target plane. According to the energy

mapping relationship, edge ray principle and Snell’s law, the coordinates and normal vector of

point P on the surface of the freeform lens is able to be calculated.
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Figure 6.27 Construction process of an LED collimation lens.

Figure 6.28 (a) PMMA LED collimation lens; and (b) UFO LED collimator lens [8]. (Reprinted with

permission from O. Dross, R. Mohedano, P. Benitez et al., “Review of SMS design methods and real-

world applications,” Nonimaging Optics and Efficient Illumination Systems, Proceedings of SPIE Vol.

5529, 35, 2004. � 2004 SPIE.)
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The freeform lens design method is briefly described in Figure 6.31 and it consists of three

main steps as follows:

Step 1. Establishment of Light Energy Mapping Relationship

Since both the circular target and luminous intensity distribution of the light source are a

central symmetry, the lens is also designed as a central symmetry. Then only the contour line

C0 of the lens’ cross section needs to be calculated and the lens can be formed by rotating this

contour line around the symmetry axis.

Figure 6.29 Different kinds of LED MR16 lamps. (Color version of this figure is available online.)

Figure 6.30 Schematic of the circularly prescribed illumination problem.
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In this design, both the light source and the illumination target plane are divided intoM grids

with equal luminous flux F0 and area S0 respectively. Then a mapping relationship is built

between a pair of light source grid and target plane grid. Therefore, the average illuminance,

E0 ¼ F0=S0 of each target plane grid is the same and a uniform light pattern can be obtained

when the grid is quite small comparing with the whole target plane.

Firstly, since the light source is axisymmetric, we divide the intensity space distribution of

light source into M grids with equal luminous flux f0 only in the longitude direction. The

intensity space distribution of light source I(y) can be obtained from the experiment where y is
the angle between ray and the symmetry axis of the light source as shown in Figure 6.32.

Suppose the total flux of light source is ftotal, according to the principle of photometry, the

relationship between luminous flux f and luminous intensity I is expressed as:

I ¼ df
do

ð6:3Þ

The solid angle do can be expressed as:

do ¼ sin yð Þdydj ð6:4Þ

Dividing Light Source and Illumination 
Target into Several Energy Grids

Constructing the Lens

An Acceptable Design

No

Yes

Satisfied?

Establishing Energy Mapping Relationship
between Those Grids Above

Validating Freeform Lens or Surface Design
by Ray Trace Simulation

Optimizing
the Design

Calculating Points on the Lens’ Contour
Line and Their Normal Vectors

Correspondingly

Figure 6.31 Design flowchart of the circular freeform lens design method.
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Therefore, we can obtain following equations:

df ¼ I yð Þsin yð Þdydj
f ¼ Ð 2p

0

Ð 2p
0

I yð Þsin yð Þdydj
ð6:5Þ

The edge angle y1; y2; . . . ; yi (i¼ 1, 2,. . .,M) of each part, which defines the direction of edge

light of each source grid, can be calculated from Equation 6.6.

f0 ¼
ftotal

MÐ yi
0
2pI yð Þsin yð Þdy ¼ if0

ð6:6Þ

Secondly, we divide the illumination target plane intoM concentric rings with the same area

S0. Suppose the radius of the illumination target is R. Then the radius ri (i¼ 1, 2,. . .,M) of each

ring on the illumination target can be calculated from Equation 6.7.

ri ¼ R

ffiffiffiffiffi
i

M

r
ð6:7Þ

Step 2. Construction of Lens

There are four steps to calculate the contour of lens. First of all, as shown in Figure 6.33, we fix a

point as the vertex of lens which is the 1st point (P1) on the curve C0, and the normal vector of

this point is also determined to be vertical up. The second point on the curve C0 can be

determined by the intersection of the incident ray and the tangent plane of the previous point.

Secondly, the direction of the exit ray can be calculated by the point obtained in the first step and

the corresponding point on the target plane. Thirdly, we calculate the present point’s normal

Figure 6.32 Schematic of light energy mapping between the light source and target.
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vector by incident ray and exit ray using the inverse procedure of Snell’ law, which is expressed

as follows:

1þ n2 � 2n O
r
g I

r
� �h i1

2

N
r ¼ O

r � n I
r ð6:8Þ

where~I and ~O are the unit vectors of incident and refracted rays;~N is the unit normal vector on

the refracted point and n is the index of refraction in the lens. Finallywe can obtain all the points

and their normal vectors on the curveC0 in this chain of calculation (Figure 6.34a). Then we fit

these points to form the lens’ contour and rotate this contour to obtain the entity of the lens, as

shown in Figures 6.34b and 6.34c respectively. To fix to the LED, a hemisphere inner cavity

Figure 6.33 Calculations of the points on the contour line C0 of a lens.

Figure 6.34 Progress of construction of the novel freeform lens.
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is needed at the bottom surface of the lens, which will not change the directions of lights

irradiating from the light source.

Step 3. Validation of Lens Design

Since it is costly to manufacture a real circular freeform lens, numerical simulation based on

Monte Carlo ray tracingmethod is an efficient way to validate the lens design. According to the

simulation results, slight modification is needed to make the illumination performance better,

such as the radius of the hemisphere inner cavity, installation position of the freeform lens, and

so on.

The following is the design ofMR16’s freeform lens based on the Cree–XLamp LEDwhich

will give the readers a better understanding of the design method of the LED MR16’s

freeform lens.

Step 1. Optical Modeling for an LED

As shown in Figure 6.35, here we use the Cree–XLamp XR–E LED as the light source. A

practical optical model of the Cree–XLampXR–E LED is also to be established to evaluate the

actual illumination performance of the designed lens.

First of all, we take some measurements to determine the geometrical parameters and

establish a practical structural model of the LED. We obtain LIDC of this LED model by the

widely used Monte Carlo ray tracing method and the LED is simulated by one million rays.

Then, a precise LED optical model is established by comparing the similarity between the

simulation light intensity distribution curve (LIDC) and the experimental LIDC, which is

quantified by the normalized cross correlation (NCC) [10]. The NCC is written as follows:

NCC ¼

X
x

X
y

Axy � �A
� �

Bxy � �B
� �

X
x

X
y

Axy � �A
� �2 X

x

X
y

Bxy � �B
� �" #1=2

ð6:9Þ

where Axy and Bxy are the intensity or irradiance of the simulation value (A) and experimental

value (B); �A�A (�B) is the mean value of A (B) across the x–y plane. As to the modeling algorithm

for an LED model mentioned in Figure 6.36 [11], we adjust the scattering parameters and

refraction indexes of some packaging materials used in the LED, such as phosphor, polymer,

silicone, and so on, until the NCC reaches as high as 97.6%, as shown in Figure 6.37. Thus, the

precise optical modeling for LED is finished.

Figure 6.35 Cree� XLamp� XR-E LED: (a) material object and (b) practical optical model.
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Step 2. Design of Freeform Lenses

Based on this method, two novel LEDMR16 lamp’s PMMA lenses of emerging angles of 90�

and 120� respectively have been designed as examples. As the comparisons shown in

Figure 6.38, the height, diameter, and volume of the 90� lens are 5.6mm, 5.2mm, and

105mm3 respectively, and are 5.6mm, 15mm, and 508mm3 respectively for the 120� lens.
However the size of the traditional MR16 lens existing in the market, with the type of total

LED Model Parameters

Lights Emitted from LED Source

Light Rays Reflected and Refracted by 
Optical Elements and Emitting

1D Light Patterns at Certain Distances

Normalized Cross Correlation between 
Measurement and Simulation

Precise LED Model

YES

NO

NCC>T

Figure 6.36 Modeling algorithm for an LED model.

Figure 6.37 Experimental LIDC versus simulation for the Cree LED.
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internal reflector (TIR) lens, is much larger than these novel lenses with a height of 10mm,

diameter of 28mm, and volumemore than 3000mm3. The volume of these novel lenses are no

more than a fifth of that of theTIR lens. Thus these novelMR16LED lenses provide a better and

effective way for those size compact illumination applications.

Step 3. Simulation Results and Analysis

We simulate the TIR LEDMR16 lens and the design novel freeform lenses numerically by the

widely used Monte Carlo ray tracing method. Figure 6.39 shows the simulation illuminance

distribution on a test areawhich is 1maway from theLEDmodule. The light output efficiencies

(LOE) of these two novel freeform lenses reachs as high as 98%while slightly less than 82% is

achieved for the TIR lens. This is probably due to the fact that some lights irradiate downward

after being reflected several times at the internal surface of the TIR lens and these lights are

totally lost. For the 90� MR16 lens, 89% of lights exit from the lens surface into themain beam,

and 90% for the 120� MR16 lens, which are much higher than that of the TIR lens with only

about 60% lights exiting from the lens into the main beam.

As shown in Figures 6.39 and 6.40, the novel LED MR16 lamps have a much higher

uniformity illuminance distribution across the target comparedwith the traditional LEDMR16

lamp with a TIR lens, especially for the central illumination area. Thus the novel LED MR16

could provide a high quality and more comfortable illumination performance in applications.

Moreover, the novel MR16 lamps with small distribution angles could not irradiate to the

desired points on the target, by one refracted optical surface limited by the largest deviation

angles of lights refracted by one optical surface.

(iii) Lens Integrated with 3D Structure

As the design of a freeform lens is very difficult, and as most LED manufacturers do not have

the capability of designing a freeform lens, it is very difficult to meet the demands of LED

lighting applications directly through a freeform lens, therefore, an axisymmetric lens

integrated with 3D distributions is usually used to meet the demands of lighting. This optical

design is simple and as to the realization process, the readers can make a reference to the 3D

distributions in Section 6.1.2 and the design of circular symmetric lens in Section 6.1.3.

(iv) Non-Rotational Symmetric Freeform Lens for LED Lighting

The freeform lens is a kind of newly emerging non-imaging optics and has become the trend for

LED secondary optics design due to its advantages of unique design freedom, small size, and

accurate light irradiation control. The advent of multi-spindle high-precision machine tools

brings forceful and totally new technology for the processing of freeform optical components,

which leads to a rapid development of freeform optical components. To deal with freeform lens

Figure 6.38 (a) ATIR lens for LEDMR16 lamp existing on the market; (b) the novel 90� LEDMR16

lamp lens; and (c) the novel 120� LED MR16 lamp lens.
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design, many different methods have been proposed, such as the simultaneous multiple

surfaces (SMS) method [12–14], the tailored freeform surface method [15], the discontinuous

freeform lens method [14,16,17], and so on. The following section will introduce the design

methods of these kinds of freeform lens and their applications in LED lighting.

(1) Simultaneous multiple surfaces (SMS) method

The SMS 3D method is a method used in 3D freeform lens which is proposed by Ben�ıtez
et al. [12]. Its basic strategy is as follows: firstly, according to the luminous characteristics

of the light source and target surface, make two pairs of incident wavefrontsWi correspond

to two pairs of exit wavefronts Wo, respectively Wi1 �Wo1 and Wi2 �Wo2. Then simul-

taneously design two freeform surfaces of an optical system,make the incident wavefronts

Wi1 and Wi2 correspond to the exit wavefronts Wo1 and Wo2 after they are refracted or

reflected by the optical system, as shown in Figure 6.41. The SMS method provides an

Figure 6.39 Simulation illumination performance of different LEDMR16 lenses on a test plane: (a) a

TIR LED MR16 lamp lens; (b) a novel 90� MR16 lens; and (c) a novel MR16 lens.
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optical system with two freeform surfaces that deflects the rays of the input bundles into

the rays of the corresponding output bundles and vice versa. At present, only the SMS

method could deal with extended light source effectively.

The advantages of the SMSmethod are: (1) it can simultaneously design more than one

optical surface to improve the control of emerging rays; (2) it is suitable to design an optical
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Figure 6.40 Relative illuminance distributions of different kinds of LED MR16 lenses.

Figure 6.41 SMSmethod providing two surfaces for transforming two inputwavefronts into two output

ones [12]. (Reprintedwith permission fromP.Ben�ıtez, J.C.Mi�nano, J. Blen et al., “Simultaneousmultiple

surface optical design method in three dimensions,”Optical Engineering, 43, 1489, 2004.� 2004 SPIE.)
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system based on an extended source; (3) the rays with large emerging angles are applicable

and have greater light source utilization. However, in this method the given illumination

distributions need to be converted into wavefronts. This method also needs to solve some

second-order nonlinear Monge–Ampere equations with a complicated and verbose

calculation. Detailed description can be found in a reference [12].

The SMS3Dmethod providesLED lightingwith an effective designmethod of freeform

lens. Figure 6.42 presents the LED headlamp lens for low beam designed through SMS

method [8].

(2) Tailored freeform surface method

The tailored freeform surface method constructs the freeform surface through a numerical

solution of partial differential equations. As to a light source with a small volume, every

point on the reflector or lens will distribute the radiation of the light source to a target area,

then the size and distributed radiation of the target area are totally defined by the curvature

and slope of the corresponding point on the optical surface. In addition, the curvature and

slope are the second derivative and first derivative of this optical surface respectively, so

that the optical surface can be obtained by solving the partial differential equation which

consists of curvature and slope. The method which obtains the freeform surface through a

numerical solution of the partial differential equation is highly efficiency and can obtain

the data of the surface directly, without the need for the iterative optimization process

in traditional methods. At the same time, during the solution, the continuous Gaussian

curvature of the surface is adopted to ensure the local smoothness of the surface and obtain

ideal illumination distribution in the area with small angles. However, it still has its

limitations: it is only suitable for light sources with a small volume and it does not take into

Figure 6.42 LED headlamp lens for low beam [8]. (Reprinted with permission from O. Dross, R.

Mohedano, P. Benitez et al., “Review of SMSdesignmethods and real-world applications,” Non-imaging

Optics and Efficient Illumination Systems, Proceedings of SPIE Vol. 5529, 35, 2004. � 2004 SPIE.)
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consideration the rays with large emerging angles; the development of theory and design

should be further improved. Detailed description of this method can be found in a

reference [15].

Figure 6.43a is a freeform lens design based on the tailored method by OEC, adopting

the beams within a half field angle of 32.8� from the light source to radiate on the lens. The

simulated lighting performance is shown in Figure 6.43b. It is the three letters of the

company’s name (Optics & Energy Concepts) which fully indicates the accuracy and

flexibility of the freeform lens to control the rays.

(3) Discontinuous freeform lens method

Both the SMS method and tailored method mentioned above are based on the coupling

of input wavefronts and output wavefronts. A practical design method in 3D is to

establish light energy mapping relationships between the light source and the target.

The strategy of designing a freeform lens based on energy mapping is as follows. First

of all, assume the light emitting from the light source all radiates on the target plane,

that is, the energy of the light source is equal to that of the target plane. Then divide

both the light source energy and target plane into many grids. According to the edge ray

principle [18], establish the corresponding relationship between every energy grid of

light source and the target plane grid by solving the energy conservation based

differential/integral equation or through direct correspondence, which will be discussed

in a later section. Finally, according to Snell’s law and certain method of constructing

curved-surfaces, calculate and obtain several points on the freeform surface, construct

integrated optical surface, then validate and modify it through numerical simulation.

The flow chart of this method is shown in Figure 6.44.

(a) The discontinuous freeform lens method based on solving the energy conservation

based differential/integral equation

Figure 6.43 (a) A freeform lens designed based on the tailored method and (b) its numerical

illumination performance [15]. (Reprinted with permission from H. Ries and J. Muschaweck, “Tailored

freeformoptical surfaces,” Journal ofOptical Society of America A, 19, 3, 590–595, 2002.� 2002Optical

Society of America.)
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Step 1. Establishment of Light Energy Mapping Relationship

Assuming the energy from the light source equals the energy illuminating the target

plane, the energy conservation integral equation is:

ðð
O

IdO ¼
ðð
O

Eds ð6:10Þ

where I is the luminous intensity distribution of the light source andE is the illuminance

distributionon the target plane.Odefines the regionsof the light directions fromthepoint

light source, and D defines the target region to be illuminated.

If we employ parametric coordinates (u, v) on the left side to represent the light

direction and parametric coordinates (x, y) on the right side to represent the position on

the target plane, Equation 6.10 yields:

ðð
O

I u; vð Þ J u; vð Þj jfufv ¼
ðð
O

E x; yð Þds J x; yð Þj jdxdy ð6:11Þ

Figure 6.44 Flow chart of the freeform lens design method based on the light energy mapping.
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In Equation 6.11, J u; vð Þj j is the absolute Jacobian determinant, which represents

the transformation factor using dudv as the differential area, and so is J x; yð Þj j.
Transforming Equation 6.11 into differential form yields gives:

I u; vð Þ J u; vð Þj jdudv ¼ E x; yð Þ J x; yð Þj jdxdy ð6:12Þ

Then according to the initial condition and boundary condition, solve this differ-

ential equation to obtain the corresponding relationship between the light source

(u, v) and the target plane (x, y): x¼ f(u, v), y¼ g(u, v). Next obtain the mapping

relationship between the light energy distribution of the light source and the energy

distribution on the target plane. For this energy mapping method, details can be

found in a reference [16].

Step 2. Construction of Lens

In this sectionwewill find out the lens which can realize themapping between the light

source and the target plane. There are fourmain steps to construct the outside surface of

the freeform lens:

Step 2.1. Construction of the seed curve

The seed curve is the first curve to generate other lens curves andwewill construct

curves along a longitudinal direction.As shown in Figure 6.45,we fix a point P0 as

the vertex of the seed curve. The first subscript of a point designates the sequence

number (1, 2, . . ., M þ 1) of the longitude curve and the second designates the

sequence number (1, 2, . . .,N) of the point on a longitude curve except the vertex.
The second point P1,1 is calculated by the intersection of incident ray I1,1 and the

tangent plane of the previous point. The direction of the refracted rayO1,1 can also

be obtained asQ1-P1,1, whereQ1 is the corresponding point of incident ray I1,1 on

the target plane. Then we can obtain the normal vector N1,1 of the second point

according toSnell’s law.Basedon this algorithmwecanobtain all other points and

their normal vectors on the seed curve. Thismethod can guarantee that the tangent

vectors of the seed curve are perpendicular to its calculated normal vectors.

Figure 6.45 Schematic of points generation on the outside surface of the lens.
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Step 2.2. Generation of other longitude curves

Since one quarter light source is divided into M parts along the latitudinal

direction, there areM corresponding longitude curves to be calculated except the

first seed curve. First of all we calculate the second curve whose vertex coincides

with that of the seed curve. As shown in Figure 6.45, different from the seed curve

algorithm, point P2,i on the second longitude curve is calculated by the inter-

section of the incident ray and the tangent plane of pointP1,i on the previous curve.

Then the following longitude curves, such as 3rd curve, 4th curve, and so on, are

easy to obtain based on this algorithm.

Step 2.3. Error control

Unit normal vector (N) of each point is calculated based on the corresponding

incident ray and exit ray at that point. However, the surface construction

algorithm of lofting between curves cannot guarantee that the real unit normal

vector (N0) of the point of the lens surface is still the same as the calculated one

(N). Thus the direction of the exit ray will deviate from the expected one, which

will result in poor illumination performance. As shown in Figure 6.46, starting

from the second longitude curve, every point (for example P2,i) on the curve only

has one adjacent point (for example P3,i) on its tangent plane in the latitude

direction. Therefore deviations between the real normal vectors and calculated

ones are generated on these longitude curves. The deviation can be estimated by

the deviation angle yd:

yd ¼ cos� 1 NgN 0

Nj j N 0j j
� �

ð6:13Þ

Since yd becomes larger with the increase of the sequence of longitude curves, a

threshold ydth, for example 6�, is needed to confine the deviation. If the maximum

deviation of one longitude curve is larger than ydth, we go back to the Step 1 and
calculate another seed curve to replace this longitude curve.
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Figure 6.46 Deviation between the real unit normal vector (N0) and the calculated unit normal vector

(N) of one point on the surface.
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Step 2.4. Construction of surface

The lofting method is utilized to construct a smooth surface between these

longitude curves. The freeform surface can be modeled using nonuniform

rational B-splines (NURBS) [19], which offer a common mathematical form

representing and designing freeform surfaces. Since the newly generated seed

curves are discontinuous with the longitude curves before them, the surface of

the lens becomes discontinuous.

Step 3. Validation of Lens Design

Due to the high cost involved in manufacturing a real discontinuous freeform lens,

numerical simulation based on the Monte Carlo ray tracing method is an efficient way

to validate the lens design. According to the simulation results, slight modification by

trial and error is needed to make the illumination performance better. For instance, the

construction of a transition surface between two sub-surfaces is not contained in this

method, and the shape of the transition surface should be modified according to the

simulation results and manufacturing process.

Wang et al. [16] adopted a similar method to design a discontinuous freeform

lens, as shown in Figure 6.47a. The first seed curve is a latitude curve, not the longitude

curve mentioned in the method above. Then they extended curves in the latitude

direction to construct curved-surfaces. The simulation illumination performance is

based on a point light source as shown in Figure 6.47b which is an ‘E’ light pattern. As

LED is small in volume and the general emitting area is about 1mm� 1mm, it can be

treated as a point light source when the lens size is large. Therefore, this method is

suitable for LED lighting design.

Figure 6.47 A discontinuous freeform lens to form ‘E’ light pattern and its simulation illumination

performance [16]. (Reprintedwith permission fromL.Wang,K.Y.Qian andY. Luo, “Discontinuous free-

form lens design for prescribed irradiance,” Applied Optics, 46, 18, 3716–3723, 2007. � 2007 Optical

Society of America.)
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Ding et al. [17] also obtained the mapping relationship between the light source

y;j; rð Þ and the target plane (x, y, z) through solving the energy conservation

integral equation as follows:

ð2p
0

dy
ðfmax

0

I I jð Þð Þsinjdj ¼
ð
E tð ÞdA ð6:14Þ

where E(t) is the luminance at point t, A is the area illuminated. I(I(j)) is LED
emitting intensity in the direction of I(j). Equation 6.14 indicates the relationship
between y,j and x, y, z, and its exact form depends on the topologicalmapping from

the source to the target plane. More details can be found in reference [17].

Ding et al. [17] adopted this method to design a freeform lens to form a 4:3

rectangular light pattern. During validation, they found that if the freeform surface

was smooth and modeled as a whole, the simulated result was no good. Therefore,

they also adopted a discontinuous surface to solve the problem by modeling the

surface with discrete sub-surfaces. As shown in Figure 6.48, the freeform lens

consists of 450 pieces. Each piece is lofted from three lines which are constructed

from points. It is shown in Figure 6.49 that the rectangular illumination is on the

target plane,which is a 4 : 3 rectangle,whose diagonal length is about 100mm. If the

fluctuation of errors on the surface has a low frequency, the surface tolerance can be

up to 2micrometers. It is fine to design this discontinuous freeform lens numer-

ically, but it is difficult to manufacture it in practice. Moreover, during mass

production (that is, injectionmolding),manymanufacturing factors, such as surface

morphology of mold, injection molding temperature and pressure, viscosity of

liquid, and so on, will affect the surface morphology of the discontinuous freeform

lens and thereby affect the optical performance of the lens. Sometimes the

manufacturing defects can be as large as several hundred micrometers and these

defects will significantly deteriorate the illumination performance.

(b) The discontinuous freeform lens method based on light ray direct mapping

Although the discontinuous freeform lens method is based on energy conservation,

and the differential/integral equation provides an accurate mathematical expression

Figure 6.48 Freeform lens consisting of 450 discrete sub-surfaces [17]. (Reprinted with permission

from Y. Ding, X. Liu, Z.-R. Zheng and P.-F. Gu, “Freeform LED lens for uniform illumination,” Optics

Express, 16, 17, 12958–12966, 2008. � 2008 Optical Society of America.)
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between the coordinates of light source and the target, it will become complicated to

handle light sources with random luminous intensity distribution curves (LIDC),

non-rectangular target grids, and to find these solutions when dealing with

uniform illumination problems. In this part, a discontinuous freeform lens design

method in 3D based on light ray directly mapping is presented [14], with advantages

of flexible energymapping relationship, accurate light irradiation control, and easier

to manufacture.

During the prescribed illumination design, in most cases, optical systems are designed

based on the LIDC of light sources and the expected illuminance distributions on the target

plane. As shown in Figure 6.50, the freeform lens refracts the incident ray I, represented by

spherical coordinates (g, y,r), into the output rayO. ThenOwill irradiate at corresponding

pointQ (x, y, z) on the target plane. According to the energymapping relationship, edge ray

principle and Snell’s law, the coordinates and normal vector of point P (x, y, z) on the

surface of the freeform lens is able to be calculated.

Figure 6.49 Simulation illumination performance of the discontinuous freeform lens consisting of 450

discrete sub-surfaces [17]. (Reprinted with permission from Y. Ding, X. Liu, Z.-R. Zheng and P.-F. Gu,

“Freeform LED lens for uniform illumination,” Optics Express, 16, 17, 12958–12966, 2008. � 2008

Optical Society of America.)

Figure 6.50 Schematic of the rectangularly prescribed illumination problem.
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In this design method, both light energy distribution of the light source and illumination

of the target plane are divided into several grids with equal luminous flux f0 and area S0
respectively. Then a mapping relationship is established between thelight source grid and

target plane grid. Therefore, the average illuminance is expressed asE0 ¼ Zf0=S0, where Z
is the light output efficiency of the freeform lens, each target plane grid is the same, and a

uniform light pattern can be obtainedwhen the grid is quite small comparedwith thewhole

target plane.

Since both the light source and target plane are of axial symmetry, only one quarter of the

whole light source and target plane are to be considered in this discussion. First of all, the

light energy distribution of the light source is divided intoM�N gridswith equal luminous

flux. As shown in Figure 6.51, the light source’s light energy distribution O could be

regarded as being composed of a number of unit conical object O0, which represents the

luminous flux within the angular rangewith a field angle dg in the latitudinal direction and
dy in the longitudinal direction. The luminous flux of O0 can be expressed as follows:

f ¼
ð
I yð Þdo ¼

ðg2
g1

dg
ðy2
y1
I yð Þsin ydy ð6:15Þ

where I(y) is the luminous intensity distribution of the light source and do is the solid angle

of a one-unit conical object. Least square curve fitting in the form of polynomial is one of

themost used curve fittingmethods in numerical analysis. Thus, most I(y), expressed in the
form of LIDC, can be fitted by a polynomial of y as follows:

I yð Þ ¼ I0
Xm
i¼1

aiy
i ð6:16Þ

where I0 is the unit luminous intensity, a is the polynomial coefficient and m is the order of

this polynomial. The larger m is, the more accurate the curve fitting will be, but

corresponding computational time will also increase. For most LIDCs, m should not be

Figure 6.51 Schematic of light energy mapping between the light source and target.
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less than 9. Moreno et al. (2008) provided a better method to describe the LIDC of LED as

the sum of a maximum of two or three Gaussian or cosine-power functions. By using this

method, random variations of the LIDC profiles can be obtained realistically. More

detailed information of this method can be found in a reference [20]. The total luminous

flux of this one quarter light source can be expressed as follows:

ftotal ¼
ðp=2
0

dg
ðp=2
0

I yð Þsin ydy ¼ p
2

ðp=2
0

I yð Þsin ydy ð6:17Þ

We divide the O into M fan-shaped plates along the latitudinal direction with an equal

angle of Dg ¼ p=2M and equal luminous flux of ftotal=M, as shown in Figure 6.51. Then

each fan-shaped plate is divided into N parts equally along the longitudinal direction. The

field angle Dyiþ 1, which is different for every j, of each separate conical object along

longitudinal direction can be obtained by an iterative calculation as follows:

p
2M

ðyjþ 1

yj
I yð Þsin ydy ¼ ftotal

MN
j ¼ 0; 1; 2; . . . ;N� 1; y0 ¼ 0ð Þ ð6:18Þ

Dyjþ 1 ¼ yjþ 1 � yj j ¼ 0; 1; 2; . . . ;N� 1ð Þ ð6:19Þ

Thus the light source has been divided into M�N sub-sources with equal luminous

flux. The directions of rays, which define the boundary of one sub-source, also have

been defined.

Secondly, to establish the mapping relationship with the light source, the one quarter

target plane is also divided intoM�N grids with equal area. Awarped polar grid topology

is appropriate to fit a rectangle. Since the target plane is perpendicular to the central axis of

the light source, z is a constant Z0 for all points on the target. As shown in Figure 6.51, the

length and width of the one quarter rectangle target plane is a and b respectively and the

area is S¼ab. Firstly, the target plane is divided into N parts equally by sub-rectangles

Rect1, Rect2, . . ., RectN, which have the same length-width ratios as the whole plane.

The relationship of area SReck of each sub-rectangle is:

SRectk ¼ kSRect1 k ¼ 1; 2; . . . ;Nð Þ ð6:20Þ

where SRectk ¼ S. Therefore the rectangular target plane has been divided intoN parts with

the same area of S/N. The coefficient Cq of length of Cq a of each sub-rectangle can be

obtained as follows:

Cq ¼ q

N

� �1=2

q ¼ 1; 2; . . . ;Nð Þ ð6:21Þ

Then the plane is divided into M parts equally along the central radiation directions by

M–1 radial lines. The endpoints of these lines equally divide the edges of the target plane,

which ensures that the plane has been divided into M parts with an equal area S/M.

The edges of the sub-rectangles and radial lines construct thewarped polar grids. Therefore

the plane has been divided into M�N grids S0 with an equal area of S/MN.
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According to edge ray principle, rays from the edge of the source should strike the edge

of the target. This principle is true in 2D, and in 3D the skew invariant will lead to light loss,

but which could be partly recovered by increasing the number of grids. Therefore if we

desire to map the light energy inO0 onto the target grid S0, we should ensure that four rays,

which construct theO0 as the boundary, irradiate at the four corresponding end points of the

target grid S0 after being refracted by the freeform lens. Since the light source and target

plane are both divided intoM�N grids, each ray from the light source could have only one

corresponding irradiate point on the target plane. Thus the light energy mapping

relationship between the light source and target plane has been established. When dealing

with non-rectangular illumination problems, it only needs to change the sizes and shapes of

the grids on the target plane, which makes it easier and more flexible to re-establish the

light energy mapping relationships comparing with the methods based on solving the

energy conservation based differential/integral equation.

Themethods of construction of the lens and validation of the lens design are the same as

themethodmentioned above and readers can refer to those design processes during design.

Let’s consider some work we did before. Wang et al. (2009) designed a PMMA

discontinuous freeform lens for road lighting based on this method [21]. Figure 6.52

depicts the schematic of the discontinuous freeform lens and its simulation illumination

Figure 6.52 (a) Schematic of the discontinuous freeform lens for road lighting; (b) LED module with

this lens; and (c) simulation illumination performance of the lens [21]. (Color version of this figure is

available online.)
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performance at 8m away. Thewhole discontinuous freeform lens was constructed by only

40 sub-surfaces, which made it easier to manufacture and few manufacture defects would

be induced comparing with 450 sub-surfaces used by [17]. From the simulation results we

found that more than 95% light energy was uniformly distributed in the central area of

about 28m long and 10m wide, which is suitable for road lighting. This discontinuous

freeform lens was also manufactured by an injection molding method. Figures 6.53a and

6.53b show the practical freeform lens and the LED testing module. The total

luminous flux of the LED module with and without the freeform lens were measured

byUV–VIS–near IR spectrumphoto colorimetermeasurement and integrating sphere. The

light output efficiency of the PMMA lens reached as high as 90.5%, which was quite close

to the simulation results. Figure 6.53c depicted the light pattern at 70 centimeters away

fromLED.We found thatmost of the light energywas distributed in a nearly rectangle area

with the length of 240 centimeters and width of 83 centimeters, and the light pattern would

enlarge to 27.5m long and 9.5mwide at the height of 8m according to the light rectilinear

propagation principle, which was also in agreement with the expected shape.

Section 6.1.2 introduced a method for adopting the reflector and 3D arrangement to

design the LED road light. Themain limitation in that method is that the light pattern of a

single LED integrated with one reflector cannot meet the requirement of road lighting;

only through superimposing more than one light pattern can the sub-rectangular light

pattern needed in road lighting be realized. The advantages of that method are obvious in

terms of its simple design and flexibility; the obvious disadvantages exist in its

complicated structure, large volume, heavy weight, and inconvenience in assembly

and installation.

Now, an LED circular light pattern can be turned into a rectangular light pattern only

through a single lens, thus the optical design of the LED road light can be realized through

Figure 6.53 (a) Photo of the discontinuous freeform lens for road lighting; (b) LED testingmodule; and

(c) light pattern of the lens [21].
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the planar array of freeform lenses. Because every freeform lens integrated LED module

can generate a uniform rectangular light pattern, the planar array of more than one module

can also generate a uniform rectangular light pattern, which is suitable for road lighting. At

the same time, the superimposition of more than one rectangular light pattern eliminates

the light pattern’s dark stripes in single module lighting caused by manufacturing defects,

achieving more uniform light pattern.

An 112W LED road light based on the discontinuous lenses array is shown in

Figure 6.54a, which consists of two 56W LED road light source modules. This is because

those LED road lights with various powers are required to meet the demands of urban road

lighting. Adopt the design method of modules: employ the LED road light with a single

module or double modules on the urban collector road and branch road and employ the

LED road light with three modules on the major road, realizing a module based power

scalable LED road light, thus reducing the design and manufacturing cost of a road light.

Every 56W LED module consists of eight rows and seven columns of LEDs (56 in total),

each LED integrated with a discontinuous freeform lenses, as shown in Figure 6.54b. This

LED road light enjoys such advantages as simple structure, beautiful appearance, small

volume, low height, light weight, and more convenient assembly and installation.

Figure 6.55 presents the actual illumination performance of the road light: it is bright

with good uniformity; the average illumination is 20.2lx and the illumination uniformity

reaches 0.62. Figure 6.56 presents a comparison of illumination performance for the112W

LED road light with a 250W traditional high pressure sodium road light. It is easy for us to

find that the illumination performance is much better than that of the traditional high

pressure sodium lamp.

With the same design method, Liu et al. also designed and manufactured a PMMA

discontinuous freeform lens used in tunnel lighting. As shown in Figure 6.57a, the whole

discontinuous freeform lens was constructed by only 32 sub-surfaces, even fewer than that

of the discontinuous freeform lens for road lighting. The largest value of length, width, and

height of the lens were 10.6mm, 9.7mm and 5.1mm respectively. The illumination

performance of this LED tunnel freeform lens at 80 cm away is shown in Figure 6.57b. The

light pattern is a uniform rectanglewith its size being 119 cm� 138 cm and then the size of

the light pattern when it is 5.5m high is 8.2m� 9.5m, which fully meets the demands of

tunnel lighting.

Figure 6.54 (a) The 112W LED road light based on the discontinuous lenses; and (b) enlarged view of

the lenses. (Reproduced with permission fromwww.gd-realfaith.com, Guangdong Real Faith Enterprises

Group Co., Ltd., accessed April 12, 2011.)
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Figure 6.55 Actual illumination performance of the 112W LED road lights at Meishi Street, Nanhai

District, FoshanCity, Guangdong Province, China. (Reproducedwith permission fromwww.gd-realfaith.

com, Guangdong Real Faith Enterprises Group Co., Ltd., accessed April 12, 2011.) (Color version of this

figure is available online.)

Figure 6.56 Illumination performance comparison of LED road light (white light) with traditional high

pressure sodium road light (yellow light). (Reproduced with permission from www.gd-realfaith.com,

GuangdongReal Faith Enterprises Group Co., Ltd., accessedApril 12, 2011.) (Color version of this figure

is available online.)

Figure 6.57 (a) Photo of a discontinuous freeform lens for tunnel lighting; and (b) its illumination

performance at 80 cm away.
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Manufacturing defects are difficult to avoid for the freeform lens, especially for the

discontinuous freeform lens constructed by several discrete sub-surfaces. Surface rough-

ness is one of the most common manufacturing defects existing in discontinuous freeform

lenses [21]. As shown in Figure 6.58, we can clearly find that there are a lot ofmicron-sized

particles distributed on the surface of the discontinuous freeform road light lens, especially

on the transition surfaces, which are supposed to be smooth. Furthermore, some parts of

this discontinuous freeform lens are totally composed of a number of discontinuous

particles with the size of tens of micrometers and the surface morphology of these parts is

quite different from that expected, which will result in severe scattering. These particles

may be produced during the manufacturing processes and could mainly be caused by the

unpolished surface of mould. Moreover, unsuitable injection molding temperature,

pressure, and viscosity of liquid also could result in these particles.

Although the shape of the light pattern in Figure 6.53 agrees quite well with the design

target, obvious dark stripes exist on the light pattern, especially in the middle-upper part

of the pattern, which will decrease the uniformity of the pattern and the performance

of illumination. Moreover, we also can find that the relative positions of these dark

stripes on the light pattern are the same as the relative positions of transition surfaces on the

lens surface.

A roughed surface of the lens could increase the chance of light scattering at the interface

of lens and air. By comparing Figure 6.59a with Figure 6.59b, we can find that the roughed

optical surface scatters lights randomly and the direction of exit lights are quite different

from the designed ones. The scattered lights generated at the roughed transition surface

will deviate from the expected irradiation directions and probably will overlap with other

lights, which will result in dark stripes appearing in the direction of transition surfaces on

Figure 6.58 Micrographs of different parts of the PMMA discontinuous freeform lens for road

lighting [21].
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the light pattern. Fortunately, the area of transition surfaces accounts for only less than 10%

of the whole lens surface area, therefore the dark stripes also have a small effect on the

shape of light pattern. However, the uniformity of the light pattern on the illumination

target can be reduced significantly [21]. The effects of manufacturing defects on the

illumination performance of the freeform lens could be reduced by designing a continuous

freeform lens, which will be introduced in the next section.

(4) Continuous freeform lens method

For the discontinuous freeform lens method mentioned above, discontinuous seed curves

are introduced to guarantee the deviations between the real normal vectors and calculated

ones lower than the threshold ydth. Otherwise, the direction of exit rays will deviate from
the expected ones significantly. However, if we adopt another light energy mapping

relationship between the light source and the target plane, it is possible that the deviations

of exit rays will not significantly deteriorate the illumination performance and it is still

acceptable for applications. Therefore, it is possible to design a continuous freeform lens

for high quality illumination in this situation.

As shown in Figure 6.60, the light source’s intensity distribution O is specified by

coordinates (u, v), where u is the angle between the light ray and X axis, and v is the angle

between the Z axis and the plane containing light rays and X axis. The volumeO represents

the total luminous flux ftotal of this one quarter light source and the luminous flux of unit

Figure 6.59 (a) Schematic of lights propagation at smooth and (b) rough optical surface.

Figure 6.60 Schematic of light energy mapping between the light source and target.

LED Packaging for Lighting Applications 260

IPR Page 278



object dO could be expressed as follows:

fðu; vÞ ¼
ðvjþ 1

vj

ðuiþ 1

ui

Iðu; vÞsin ududv ð6:22Þ

where I(u, v) is the luminous intensity distribution of light source.We divideO intoM parts

along u direction andN parts along v direction equally, and then each division point S(ui, vj)

on the surface of O could be obtained through solving Equations 6.23 and 6.24

as follows:

ðp=2
0

ðui
0

Iðu; vÞsin ududv ¼ iftotal

M
ði ¼ 0; 1; . . . ;MÞ ð6:23Þ

ðvj
0

ðp=2
0

Iðu; vÞsin ududv ¼ jftotal

N
ðj ¼ 0; 1; . . . ; NÞ ð6:24Þ

Rectangular grids are adopted on the target plane. Thewidth (Wgrid) and length (Lgrid) of

each grid on the target plane can be expressed as follows:

Wgrid;i ¼ a

M
ði ¼ 0; 1; . . . ; MÞ ð6:25Þ

Lgrid; j ¼ b

N
ðj ¼ 0; 1; . . . ; NÞ ð6:26Þ

Then, according to the edge ray principle, we can establish a light energy mapping

relationship between the unit object dO of the light source and the rectangular grid of the

target plane. The following steps of the construction of the lens and validation of the design

are the same as discussed above.

As shown in Figure 6.61, a continuous freeform lens is designed according to the new

light energy mapping relationship. Compared to the discontinuous freeform lens designed

in Figure 6.53, the surface of this lens is quite smooth. The lens forms a rectangular light

pattern with a uniform illuminance distribution that is shown in Figure 6.61. It is found that

the quality of the light pattern is better than that shown in Figure 6.53 for a discontinuous

Figure 6.61 (a) Continuous freeform lens forLED road lighting; and (b) its illumination performance in

laboratory.
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freeform lens. These results demonstrate that the continuous freeform method without

error control is an effective way to design a freeform lens for LED lighting.

Road illuminance is an important index in evaluating the road illumination

performance, but it is only a reflection of the amount of received luminous flux per

unit area on the road, not a true reflection of the light and dark situation of the road

surface that the human eye can see. The visual object on the motorway is the driver

and what he or she sees as the luminance on the road. Therefore luminance is an

objective physical quantity which is close as to the practical situation that the human

eye sees. At present, illuminance is being phased out of evaluation in North America,

Europe, Japan and and so on. As to the luminance uniformity, freeform lenses are also

of great usefulness.

Figure 6.62 shows the road illumination performance of a type of 250W high pressure

sodium lamp simulated with DIALux software and the simulated result evaluation is

shown in Figure 6.63 in which we can see that the glare threshold increment of the road TI

can meet the national demands but the overall uniformity of the road luminance U0 and

longitudinal uniformity of the luminance UI are extreme low, far below the national

standards. The low luminance uniformity generally generates an internally bright and dark

zebra crossing, which leads to visual fatigue of the drivers and may well result in traffic

accidents. Figure 6.64a is a type of 112W LED road light with uniform luminance and a

free form lens, and its simulation result is shown in Figures 6.64c and 6.65. The LED road

light’s overall uniformity of road luminance U0 and longitudinal uniformity of luminance

UI are respectively 0.4 and 0.7, which satisfy the national standards and will not lead to

drivers’ visual fatigue. The glare threshold increment TI is seven,which ismuch lower than

the national standard, thus ensuring that the driver will avoid the disturbance of glare and

improve visual comfort and safety in night driving.

Freeform lenshave become the development trend of the optical designofLED road lights

due to their advantages of small volume, high light extraction efficiency, accurate beams

control, and so on Figure 6.66 shows a few LED road lights based on freeform lenses.

(5) Integrated freeform lens for LED backlighting

Backlighting, especially for large-scale display equipment, is one of areas with the most

rapid development in LED application. In recent years, the market for flat panel display

(FPD) has become much larger with the development of consumer electronics. LCD flat

panel display accounts for nearly 90% of the flat panel display shares. In the field of large-

screen flat-panel TVs, which shows rapid development, compared with plasma TV, the

LCD TV has many advantages in the market.

According to the optical structure, LED backlit modules are generally divided into

edge lighting and direct lighting. The light sources of the edge lighting are placed at the

edge of the panel and the rays are distributed onto the panel through a light guide plate, as

shown in Figure 6.67. The light sources of the direct lighting are placed under the panel

and the rays distributed onto the panel through a reflective cavity, shown in Figure 6.68.

Generally, edge-lit backlighting is used in display equipment of medium and small sizes,

while direct-lit backlighting is mostly used in backlighting equipment with a large size

and a super large size.

A light guide plate is adopted in the edge lighting. When the panel area exceeds a limit,

the light guide plate cannot distribute the rays on the panel uniformly. Compared with edge

lighting, direct lighting does not adopt a light guide plate, so that its optical performance is
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Figure 6.63 Simulation results of a 250W high pressure sodium lamp.

Figure 6.62 (a) A 250W high pressure sodium lamp; (b) its luminous intensity distribution curve; and

(c) its simulation illumination performance. (Color version of this figure is available online.)
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Figure 6.64 (a) A 112W LED road light with continuous freeform lenses; (b) its luminous intensity

distribution curve; and (c) its simulation illumination performance. (Reproduced with permission from

www.gd-realfaith.com, Guangdong Real Faith Enterprises Group Co., Ltd., accessed April 12, 2011.)

(Color version of this figure is available online.)

Figure 6.65 Simulation results of the 112WLED road light. (Reproduced with permission fromwww.

gd-realfaith.com, Guangdong Real Faith Enterprises Group Co., Ltd., accessed April 12, 2011.)
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Figure 6.66 LED road lights based on freeform lenses on the market. (Reproduced with permission

from www.gd-realfaith.com, Guangdong Real Faith Enterprises Group Co., Ltd., accessed April 12,

2011.)

Figure 6.67 Schematic of edge lighting backlighting.

Figure 6.68 Schematic of direct lighting backlighting.
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not affected by the size of the panel and good uniformity can be achieved on the large size

backlighting. In addition, as in LED direct lighting, there is a certain relationship between

every LED and the panel area, thus in a totally dark area, the corresponding LED can be

turned off, which can effectively solve the problem of dynamic contrast reduction caused

by the light leakage of the liquid crystal in a closed state. The following section will

introduce the application of freeform lenses in direct lighting.

At present, the side emitter LED represented byLumileds is themain technology of high

power LED backlighting based on direct lighting. The application specific LED package

(ASLP) adopting a compact freeform lens provides another viable technology for LED

backlighting. The following section will introduce these two methods.

(a) Side emitter LED

Side emitter direct LED backlighting technology mainly adopts s a kind of side emitter

LED advocated firstly by Lumileds [22]. A practical module is shown in Figure 6.69 and

schematic of light extraction is shown in Figure 6.70. Most of the light energy is

concentrated within �20� in the horizontal direction to emit. The luminous intensity

Figure 6.69 Schematic of Lumileds side emitter LED [22]. (This figure was reproduced from ‘‘High

brightness direct LED backlight for LCD-TV,’’ R.S. West, H. Kobijn, W. Sillevis-Smitt et al., published

in the SID International SymposiumDigest of Technical Papers, 43, 4, 1262–1265, 2003, with permission

by The Society for Information Display.)

Figure 6.70 Light extraction schematic of side emitter LED [22].

LED Packaging for Lighting Applications 266

IPR Page 284



distribution curve (LIDC) of a single side emitter LED is shown in Figure 6.71. Above the

LED is placed a reflector plate with high reflectivity (�95%), which further reduces the

light extraction of the LED in the vertical direction.

Every backlighting module (BLU) consists of four LEDs (1 red, 1 blue, and 2 green), as

shown in Figure 6.72. 24 BLUs form two LED arrays and every array consists of 48 LEDs.

The distance between two arrays is 94mm, the height of the diffuser plate away from the

light source is 50mm, and the panel area is 503mm� 282mm. The interior wall of the

reflective cavity which supports the light source and panel is made from materials with

high reflectivity (�90%), as shown in Figure 6.73.

The principle of the direct lighting backlighting system is that most rays emitting from

LEDs do not radiate toward the panel directly but reach the panel after the continuous

reflection through the bottom surface as well as the side wall, and this kind of structure is

provided with a very high illumination (luminance) uniformity. Moreover, during the long

optical distance, three kinds of rays with different wavelengths are fully mixed, so this

structure is also provided with a very high uniformity of chromaticity.

Figure 6.71 Luminous intensity distribution curve of the single side emitter LED.

Figure 6.72 Schematic of BLU consists of four side emitter LEDs [22].
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The simulated illumination light pattern on the panel (diffuser plate) and the chroma-

ticity CIE coordinates are shown in Figures 6.74 and 6.75 and both of them can meet the

demands of display backlighting after going through the diffuser and BEF (Brightness

Enhancement Film). However, every time the rays are reflected by the internal wall, there

must be a certain amount of absorption loss.As in this structure, the rays are reflected by the

internal wall many times, the total loss is great. The simulation results show that the

efficiency of the system is 65.7% (excluding the efficiency of the LED primary lens).

Considering that the primary lens’s light extraction rate of side emitter LED is not high,

half of the light energy from the LED chip cannot be effectively utilized in this system.

(b) ASLP

According to the customers’ requirements of light energy distribution, ASLP can design

the primary freeform lens which can meet the demands directly [23]. When ASLP is

applied in backlighting, the primary principle is that the light emitted from every LED

corresponds to a light pattern with certain area and certain uniformity on the panel. A

rectangular light pattern with large size and high uniformity, which is demanded in the

backlighting system, can be obtained through the combination and superimposition of

single light patterns.

Figure 6.73 Backlighting system made of RGB side emitter LEDs and reflective cavity [22].

Figure 6.74 Illuminance distribution on the panel of the side emitter LED direct backlighting system

(50mm high). (Color version of this figure is available online.)
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The major difference between ASLP LED backlighting and other direct LED back-

lighting is that ASLP can accurately control the light pattern formed by a single LED.

The single light pattern can be sharp-edged uniform rectangle, or sub-rectangle with

graded edge, or circular pattern, and so on. The actual design should be decided

according to the size and height of the panel, the power of LED, the structure of heat

dissipation, and so on Moreover, no matter what the corresponding light pattern of the

single LED is, most of the lights emitting from the light source in ASLP LED back-

lighting reach the panel (diffuser plate) directly. Furthermore, the light extraction rate of

the primary lens in ASLP is almost 100%, and the efficiency of the whole backlighting

system is very high (�90–95%).

In order to show the advantages ofASLPLEDbacklightingwhen comparedwith the side

emitter LED’s system, the direct backlightingwith size of 22 inches (503mm� 282mm) is

redesigned. Supposing that the thickness of the backlighting panel is 40mm, a type of

freeform lens which forms a 200mm� 200mm rectangular light pattern with graded edge

at the height of 40mm is designed. The light pattern is shown in Figure 6.76. Figure 6.77

shows the BLU is made of four ASLPs (1 red, 1blue, and 2 green).

20 BLUs are distributed at the bottom of the backlighting panel with the array of 4� 5,

shown in Figure 6.78 and the distance between BLUs has been optimized. The illuminance

Figure 6.75 Chromaticity CIE coordinates distribution of the side emitter LED direct backlighting

system (50mm high). (Color version of this figure is available online.)
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Figure 6.76 Light pattern of a single ASLP for direct backlighting at 40mm height. (Color version of

this figure is available online.)

Figure 6.77 Schematic of a group of BLU with 4 ASLPs for direct backlighting.

Figure 6.78 Schematic of the ASLP direct LED backlighting system.
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Figure 6.79 Illuminance distribution on the panel of the ASLP LED direct backlighting system. (Color

version of this figure is available online.)

Figure 6.80 Chromaticity CIE coordinates distribution of the ASLP LED direct backlighting system.

(Color version of this figure is available online.)

Figure 6.81 Illuminance distribution on the panel of the side emitter LED direct backlighting system

(40mm high). (Color version of this figure is available online.)
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distribution on the panel and the chromaticity CIE coordinates distribution of the ASLP

LED direct backlighting system are shown in Figures 6.79 and 6.80 respectively.

The side emitter LED backlighting system which is 40mm high has also been modeled

for the comparison. The illuminance distribution on the panel and the chromaticity CIE

coordinates distribution are shown in Figures 6.81 and 6.82. The comparison between

these two backlighting systems is shown in Table 6.2.

From Table 6.2, we can see that compared with side emitter LED direct backlighting,

ASLPLEDdirect backlighting not only enjoys great advantages in light efficiency, but also

in illuminance uniformity which can be improved through methods such as structure

optimization, embedded diffuser plate, and so on. Compared with the side emitter LED,

ASLP enjoys the incomparably congenital advantage in its high efficient light extraction.

Furthermore, each single ASLP is in one-to-one correspondencewith the panel area which

is more beneficial to the realization of dynamic contrast technology.

6.1.4 Diffuser

(i) Diffuser for LED Backlighting

AnLCDbacklighting system, ismainly composedof a light source, light guidepanel, and reflective

film (direct backlighting does not need a light guide), diffuser, and BEF, as shown in Figures 6.83

and 6.84. The light guide transfers linear light source (for example,CCFL) or point light source (for

example, LED) into surface light source vertically emitted through its internal optical structure, but

the light emitted by the light guide has problems such as low uniformity, nonuniform colormixing,

Figure 6.82 Chromaticity CIE coordinates distribution of the side emitter LED direct backlighting

system (40mm). (Color version of this figure is available online.)

Table 6.2 Comparison between ASLP LED backlighting and side emitter LED backlighting (without

diffuse pate and BEF)

ASLP Side Emitter

LED Numbers 80 96

Light Efficiency 96.0% <67.3%

Reflectivity of the Bottom Surface and the Side Wall 90% 90%

Illuminance Uniformity 0.828 0.769

Chromaticity Uniformity (Du0v0) 0.031 0.042
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and soon. If the light is supplied directly from the light guide for thebrightness enhancementfilm, it

is difficult to meet the requirements of LCD backlighting. The role of the diffuser is to provide a

uniform surface light source for the LCD screen bymaking light emitted from the light guidemore

uniform through its own scattering effect.

The optical property of the diffuser is characterized by diffuse transmittance, diffuse

reflectance, and the degree of light atomization. The diffuser should also have properties of

relatively low thermal deformation and moisture deformation to prevent the fluctuation of the

optical properties caused by a change of external dimensions. In addition, the diffuser should

have a good UV absorption property.

In recent years, in order to reduce the thickness of the backlighting panel and the cost of

purchasing the diffuser, there have been manufacturers integrating the diffuser into the light

guide panel, realizing the diffusion effect by the use of the top surface of the light guide panel.

Thismethod still has the samemechanism for realizing light diffusionwithout using the diffuser.

There are many ways for the diffuser to realize diffusion and there are various patent

technologies in this field, among which common ones are: (1) adding chemosynthetic light

diffusing impurity into the transparent material; (2) fabricating optical micro-structure; (3)

printing special ink; and (4) using polymermaterials of graded refractive index, and so on. The

following section will introduce the first two methods.

Figure 6.83 Schematic of structure of LCD backlighting panel (side-down).

Figure 6.84 Schematic of structure of LCD backlighting panel (direct).
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(1) The structure of a diffuser using light diffuse impurity includes substrate and light

diffuse film, as shown in Figure 6.85. The materials of the substrate are mostly PMMA,

PC, or its derivative copolymers of small thermal deformation, small moisture

absorption, and high light transmittance. The diffuse impurities used by the diffuser

include silicone polymer, methyl methacrylate-styrene (MS) copolymers, and so on.

The chemical particles added into the diffusion film material disperse in resin layers

as scattering particles. As shown in Figure 6.85, light will continuously pass

through two mediums with different refractive indices when passing by a diffusion

layer, at the same time a lot of light refraction, reflection, and scattering will happen,

which results in light diffusion. In some new diffuse structures, the diffuse impurity

can be added into substrate to enhance the atomization ability of the diffuser. In

addition, the ultraviolet absorbent (for example, benzotriazole) is added according to

specific situations.

(2) Another common diffuser structure is the array optical micro-structure with scattering

function. For example, Chang et al. introduced a diffuser using a conical curved surface

microlens array (MLA) [24]. Its profile structure diagram is shown in Figure 6.86.

Figure 6.85 Structure of the backlighting diffuser.

Figure 6.86 Schematic of a diffuser using conical curved surface lens array [24]. (Reprinted with

permission from S.I. Chang and J.B. Yoon, “Microlens array diffuser for a light-emitting diode backlight

system,” Optics Letters, 31, 20, 3016–3018, 2006. � 2006 Optical Society of America.)

LED Packaging for Lighting Applications 274

IPR Page 292



The scanning electronmicroscopy photographs are shown in Figure 6.87. The profile of the

microlens can be expressed as:

hðrÞ ¼ 1

R

r2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ½1�ðKþ 1Þr2=R2�p ð6:27Þ

Where h is the height of the microlens, r ¼ ðx2 þ y2Þ1=2 is the distance from the surface of

the curvature to the optical axis, R is the radius of the curvature at the vertex, and K is the

aspherical constant.

The spatial distribution change of light energy before and after using this MLA diffuser

is shown in Figure 6.88. We can find that this MLA diffuser improves the light which

concentrates energy in a vertical direction to approximate a batwing type.

(3) If fabricating an optical structure on the surface of the light guide panel, the light guide

panel and diffuser will be integrated together. A structure of scattering netted dots

fabricated on the surface of the light guide is shown in Figure 6.89 [25]. The light emitted

from the light source is changed into a surface light source in the light guide and scattering

is realized at the same time.

Figure 6.87 Scanning electronmicroscopy photographs of the fabricated conical curved surface lenses

arrays [24]. (Reprinted with permission from S.I. Chang and J.B. Yoon, “Microlens array diffuser for a

light-emitting diode backlight system,”Optics Letters, 31, 20, 3016–3018, 2006.� 2006 Optical Society

of America.)
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(ii) Diffuser for LED Daylight Lamp

LED luminaires need to provide a soft and comfortable lighting environment for indoor

applications. However, because the LED is a point light source, it is prone to glare and a good

lighting environment cannot be provided if directly applying LED daylight lamps to lighting.

The diffuser/diffusion film can effectively diffuse light and uniformly mixes light before it is

emitted from the lamp to make the light emitting soft and comfortable, becoming the first

choice of high-quality LED indoor lamps, as shown in Figure 6.90.

The structure of the diffuser of the LED daylight lamp is similar to that used in backlighting

which is composed of a substrate and diffusion layer, as shown in Figure 6.91. The substrate

mostly uses PMMA, PC, or PTFE, and so on. The diffusion layer is composed of the glass

beads, PMMA beads, ethyl polyamines beads, and so on, playing the role of scattering light.

The adhesive layer is used to bond the substrate and diffusion layer and some diffusers do not

use bonding but spraying, printing, and so on.

The LED daylight lamp is composed of several LED arrays, but the quality of lighting needs

to be improved through a diffuser. Most manufacturers have installed a diffusion layer inside

the lamp tubes, making the light emitting soft and uniform, as shown in Figure 6.92. Some also

Figure 6.88 Light energy spatial distribution with (solid line) and without (dashed line) the MLA

diffuser [24]. (Reprinted with permission from S.I. Chang and J.B. Yoon, “Microlens array diffuser for a

light-emitting diode backlight system,”Optics Letters, 31, 20, 3016–3018, 2006.� 2006 Optical Society

of America.)

Figure 6.89 An optical structure integrating light guide with diffuser [25].

LED Packaging for Lighting Applications 276

IPR Page 294



set a diffuser in the light extraction port of the grid lamp to play the role of mixing light, as

shown in Figure 6.93.

6.1.5 Color Design and Control in LED Applications

From the invention of the first LED, the LED has include bands from the infrared to the

ultraviolet band, especially the nitride blue LED essential in white lighting developed by

Figure 6.91 Schematic of LED daylight lamp diffuser.

Figure 6.90 LED diffuser.

Figure 6.92 (a) An ordinary LED daylight lamp and (b) an LED daylight lamp with diffuser.
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Japanese scientist Shuji Nakamura in 1993. Blue and green LEDs using InGaN as

main materials are realized in mass production which marks the entering of the era of white

LED. The use of the LED develops from monochromatic indicator lighting to white-based

general lighting.

Color design and control is not the primary problem of themonochromatic LED lighting, but

in the era of white-light lighting, the color temperature of the light source, color rendering, and

color stability directly influence user’s comfort, and the importance of color design and control

is equal to that of light efficiency.

(i) Color Design in LED Applications

At present, there are three methods of realizing white LED lighting:

(1) Blue LED chip plus yellow phosphor: a GaN-based LED chip emits blue light to stimulate

the YAG phosphor to emit yellow light. Yellow and blue light are mixed to produce white

light, the color temperature of white light can be controlled by adjusting the amount of

phosphor. The white LED technology is simple and mature and has a high luminous

efficiency. It is the main method of producing white LED lighting. Due to the lack of red

light, however, it is very difficult to achieve low color temperature. Using CRI, it is hard

to achieve a high level of more than 90 and a great difference exit for individual LEDs in

terms of color uniformity. It is suitable for road lighting, lighting in public places, to

name a few.

(2) UV–LED chip plus RGB trichromatic phosphors: obtain tricolor light through exciting

multicolor phosphor by near-ultraviolet emitted by the LED chip and mix them to form

white light. The color rendering and color uniformity of white light obtained by this

method has greatly improved as compared to method (1), but the biggest problem is that

currently thewavelength conversion efficiency ofmulti-color phosphor to ultraviolet is not

high. The overall luminous efficiency for the UV–LED chip is low, not being able to

demonstrate the energy-saving advantages of LED. Moreover general plastic packaging

Figure 6.93 An LED grid lamp with diffusers.
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gel is UV-sensitive and plastic packaging degeneration can cause a considerable degree of

luminous decay. The application of this approach is rarely used currently and significant

efforts are needed in research.

(3) RGB trichromatic LEDs: the lights emitted by LED chips of three different wavelengths

(red, blue, green) aremixed to formwhite light. It can be seen from the principle of additive

colormixing that any colorwithin the scope of visible light can be obtained bymixingRGB

trichromatic with different proportions. Color temperature can be precisely controlled by

independently adjusting different driving luminous fluxes of LEDs of different wave-

lengths, and thewhite light obtained by thismethod has a relativelywide spectrumand high

color-rendering index. The comparison between the white light spectrum of trichromatic

LEDs and the white light spectrum based on blue LEDs and phosphor LEDs is shown in

Figure 6.94.

The color design of LEDs is determined by using either a monochromatic or white LED

according to different application occasions. If using a white LED, the way of determining

color mixing is in accordance with the requirements of color temperature and color-

rendering index. One example was to carry out the design of LED lighting for office

use [26] where white light needs to be used. The office considered had a certain requirement

for color rendering of the light source. An LED designed by RGB trichromatic, was chosen

as it was believed to be superior to a design using a blue LED and yellow phosphor. Color

temperature of the light source needed to be determined, because a cool light source was

believed to help increase work efficiency, and color temperature was therefore set to be

6500 K. The CIE chromaticity coordinates (0.3135, 0.3237) were obtained according to the

color temperature. The chromaticity coordinate was changed into a ratio of the RGB

trichromatic luminous flux, fr : fg : fb ¼ 0:3005 : 0:5879 : 0:1116 by a color equation

(Equation 6.28). A technical manual produced by LED manufacturers was required for

the quantitative determination of the proportion and driving current of an LED of

different wavelengths.

Figure 6.94 Comparison of spectrumofwhite light through two different approaches. (Color version of

this figure is available online.)
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where (xr, yr), (xg, yg), (xb, yb) are chromaticity coordinates of RGB triomatic chromaticity, and

(xw, yw) is chromaticity coordinates of white light.

Here is an introduction of color design in some typical LED application fields.

(1) LED display

The LED full color display screen as shown in Figure 6.95 is widely used in stations, banks,

securities, hospitals, stadiums, municipal squares, stages and airports, to name a few. With

theLEDfull color display screen, there aremainly three problems that should be considered:

(5) how to improve color uniformity of LED display screen; (6) how to raise its degree of

color reduction; and(7) how to expand its color gamut in order to save more natural color.

(2) LED interior lighting and decoration

LED interior lighting like that shown in Figure 6.96 mainly refers to or depends on interior

decoration luminaires. As to interior decoration, color LEDs are widely used in public

building places and develop rapidly due to the special need in lighting in public areas. The

LED serves as a special illuminating tool for architects and designers. Nearly all colors can

be produced by using an LED with various colors such as red, orange, yellow, green, blue,

and white. Apart from this, a variety of flexible forms can also be made, such as points,

Figure 6.95 LED displays. (Color version of this figure is available online.)
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lines, circles, and three-dimensional shapes, and even some special forms that can be

shaped according to different customers’ requirements. It is small, light, and thin in

appearance and can be easily controlled. The color LED is also popular in stages, ground

decoration, and for step indication in theatres, to name a few. The special illuminating

effects are produced by using an LED, which can be proven from its applications in

entertainment places, building facades, and some landscapes. In a word, the development

in the use of the LED is rapid in interior lighting. There are no limits for the lighting

performances that can be achieved and the only limit is the imagination of the designers.

Furthermore, the LED will be widely accepted in the architecture community if there is a

further lowering of the cost, a raising of the light output, and a guarantee of the reliability.

Themain features of LED interior lighting are as follows: (1) good color rendering: theLED

luminaireswithhigh color rendering index (generally up to90) are usable inkitchens, counters,

and surgeryoperation tables and soon; (2) intelligence: presently, it is reflected inLED lighting

control and circuit design andmainly concentrates on the fact that the color and the gray scale

are adjustable. Guided by this function, the actual brightness and color needed for the LED

luminaires can be adjusted for practical situations. In this way, the glare is lowered and energy

is further saved, andwhat’s more, the artistic awareness of the space is intensified. In addition,

in certain situational lighting, the shift of light is controlled by music or adjusted by the

atmosphere one needs to create. The design of the LED lighting is humanistic.

(3) LED traffic signal lighting

Having devoted many years to replacement work, the main cities in China have nearly

replaced all the traditional traffic lights with LED ones as shown in Figure 6.97. Now the

traffic lights signaling red, yellow, and green on the urban road are almost all LED ones.

Figure 6.96 LED interior lighting. (Color version of this figure is available online.)
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(4) LED outdoor landscape lighting

LED outdoor landscape lighting like that shown in Figure 6.98 has a distinct advantage in

decorating the contours of the architecture. It is able to present the carvings and the

portrayals on the architecture inmore detail andmore realistically.Meanwhile, as the need

for urban nightscape lighting becomesmore urgent, the LEDwill have a promisingmarket.

Urban landscape lighting is so huge an engineering project that it not only needs the help of

high strength gas discharge lamps to set the keynote of the urban lighting, but also needs

some variable colors adorned by LED lighting. Thus, the LED will demonstrate its power

by its energy saving, reliability, richness in lights, colors, and forms.

(5) LED automobile lighting

Applications of automobile lighting mainly include:

(a) Vehicle interior light source: The LED was first used as an indicator lamp on vehicle

dashboards and many automobile manufacturers have already used the LED as

indicator lamps of dashboards and control units. Recently, because of the reduction

in price, the LED has been further applied to all vehicle lamps including interior

reading lamps and footwell lamps.

(b) Signal light: It has been 20 years since the LED has been used as a high-mount brake

lamp. So far, the global market share of LED high-mount brake lamp is about 40%.

Manufacturers have applied the LED to the vehicle rear lamp group such as brake

lamps and steering lamps.

(c) Headlamp: It is a relatively demanding part among the automobile light sources.

Although there exist some disadvantages of the LED, such as deficiency in brightness

Figure 6.97 LED traffic signal lights. (Color version of this figure is available online.)

LED Packaging for Lighting Applications 282

IPR Page 300



per unit and a high price, and there exists great competition from the HID lamp in the

market, the LED has been used in some future concept vehicles and a few high end

vehicles. However, judging from the past development track of HID as automobile

headlamps and the future technical progress of the LED, it is predicted that LED

headlamps will be commercialized in the next few years.

(ii) Color Control in LED Applications

Besides its richness in colors and having a good color rendering, the LED has another

advantage in that it can be easily controlled dynamically. Generally speaking, it is difficult for

traditional luminaires to adjust their colors and color temperatures. Thus in order to achieve

dynamic illumination in different situations, lots of luminaires should be used. But as for the

LED, especially for the tricolor white light LED, it is easy to change between different colors

and also between different color temperatures by only adjusting the input current. The LEDhas

the following light mixing methods: (1) analog; (2) pulse width modulation (PWM); and (3)

frequency modulation. For example, in a Boeing 787 airliner, a technique that “simulates sky

light” is used in the LED illumination luminaires in the passenger compartment. The LED light

source can simulate the dawn–dust change in a day by changing its color temperature and

brightness in order to improve the sleep quality of passengers on a long trip.

As for the most prospective tricolor white light LED lighting, how to keep the stability of

color has become another important issue. The light extraction properties of the LED with

different wavelengths vary with the junction temperature, and their light degradation and

failure properties are also different. After being in use for a period of time, the rate of the main

wavelength, half-width of spectrum, and peak power of the LED with different wavelength

will change. The change will cause the color temperature to drift in mixed light. It is reported

Figure 6.98 LED outdoor landscape lighting. (Color version of this figure is available online.)
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that the extent of this color temperature drift can reach over 1000K, which affects the use

severely. In order to characterize the offset of color, color difference Du0v0 in the RGB system

(u, v) based on CIE1960 is used:

Du0v0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu� u0Þ2 þðv� v0Þ2

q
ð6:29Þ

where (u0, v0) represents chromaticity coordinates of the needed colors, and (u, v) represents

chromaticity coordinates of the real color of light source. Du0v0 is generally required to be

under 0.003.

Recently, the solution to color temperature drift is achieved through feedback control.

Generally speaking, feedback control can be mainly divided into the following classes:

(1) Temperature feedback control

The luminescence properties of the power-type LED are very sensitive to junction

temperature, the changing of which will cause a change in light efficiency andwavelength.

But the junction temperature is hard tomeasure directly. The general method used recently

is to measure the temperature of the heat sink and to adjust the input current dynamically

according to the relationship between the temperature and the luminous flux and

wavelength. The disadvantage of this method is that it cannot reflect the color temperature

drift caused by different light degradation for LEDs with different wavelength.

(2) Luminous flux feedback control

Measure luminous flux of every kind of LED independently by sensors, and then compare

them to their initial luminous fluxes, and finally adjust the input current dynamically to

ensure the stability of the chroma of themixedwhite light. Thismethod can compensate for

the defects of color temperature drift caused by different light degradation and failure in the

LED with different wavelengths, but it is incapable of solving color temperature drift

caused by the drift of main wavelength.

(3) Temperature and luminous flux feedback control

This method combines the advantages of both temperature feedback control and luminous

flux feedback control. It can greatly compensate for the defects caused by different light

degradation and failure, as well as main wavelength drift. However, it also has the

weakness of being a rather complicated system.

(4) Chroma feedback control

This method can measure the spectrum of mixed white light by adding a color filter to the

photoelectric sensor. Match the spectrum with the color matching function to get the

chromaticity coordinates of white light. Then adjust the input current of different wave-

length LEDs by a control system. This method is immune to temperature and time which

influence the stability of color, and its adjustment accuracy is high, but its cost is also high.

(iii) LED Color Temperature Selection in Road Lighting (Figure 6.99)

At present, because light extraction efficiency (lm/W) of high power LED with neutral white

light (3500–4500K) or cool white light (4500–8000K) is generally higher than that with warm

white light (2600–3500K),most LED road lights adopt an LEDwith neutral white light or cool

white light as their light sources. However, citizens in some cities report that after replacing the

traditional high pressure sodium lamps (HPSL) with LED lamps, the road illuminance

improves but it is dusky as a whole and makes people feel oppressive and lonely. That is
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because the human eye is most sensitive to light with a 555 nm wavelength. Due to the fact that

there is relativelymore longwavelength light existing inHPSLs andLED lampswithwarmwhite

light, things tend to look brighter than those in neutral white light and cool white light when the

light power is the same.What’s more, warmwhite light looksmore comfortable and softer and it

gives people a feeling of being warm and safe. Moreover, if considered from the point of view of

security, yellow light or warm white light are also more suitable than neutral white light or cool

white light for road illumination because of their claimed good performance in penetrating fog.

Therefore, LED lamps with warm white light are more suitable for road illumination.

(iv) Colorful LED Applications in Water Cube of Beijing 2008 Olympic Games

The color of the BeijingOlympicNational Aquatics Centre, or theWater Cube, is controlled by

colorful LEDs. It is an architecturewith blue, symbolizingwater, as its essential tone.However,

if blue is added to redwhich symbolizes fire, the beauty ofwaterwill be enhanced by combining

the contradictory unity of water and fire. Four hundred and ninety-six thousand of high power

LEDs were used in the Water Cube. Controlled by the automation system, three colors, red,

Figure 6.99 Road illumination performance of LED lamps with different color temperatures at

Meishi Street, NanhaiDistrict, FoshanCity, Guangdong Province, China. (Color version of this figure is

available online.)
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green, and blue (RGB), were made to create 256� 256� 256 colors and varied colors were

combined to achieve rich and varied dynamic changing effects and to form different kinds of

pictures which provided broad areas for scene design. The illumination performance of the

Water Cube (Figure 6.100) presented the design intent perfectly, built a spacewhich takeswater

as life theme, and shows a glittering and colorful Water Cube to people all over the world. The

LED landscape lighting of the Water Cube achieved great success both during the Olympic

Games and in operation after the Olympic Games, earned international attention as well as

praise, and makes the Water Cube one of the most famous symbols of the Olympic Games.

(v) Colorful LED Applications in Buddhist Temple

Next, we are provided with another LED visual feast. The LED lamps and its light control

system in theWuxi Lingshan Buddhist Temple (from Figure 6.101 to Figure 6.106) are an

important part of the Lingshan Phase III Project, a key tourism project in Jiangsu province [27].

And they were also essential elements in constructing the “site of world Buddhism forum”.

This project used the LED lamp and control system to sketch the gorgeous interior architecture

of the Buddhist temple in detail, to exert a strong visual impact on the tourists and to make the

spectators melt into Buddhist culture not only physiologically but also psychologically.

There are fivemain kinds of LED lamps used inWuxi Lingshan Buddhist Temple: point light

source, projecting luminaires, outline luminaires, buried luminaires, and tube lamps. And LED

lamps are mainly of 3W@700mA. As for the controller, there are two types: one is a DMX

(DigitalMultipleX) controller which is based on the RS485 communication; the other is a serial

control system with a serial translocation store. Run by many such kinds of luminaires and

systems, the color and rhythmof theLED, designed according to the designers’ imagination, are

fully presented in theBuddhist Temple.As to the light distribution of projected light on theAltar,

when performing the full color light distribution, designers overcame constraints of tradition,

Figure 6.100 Colorful LED applications in the Water Cube. (Reproduced by permission of photo-

grapherMr. TiehanDuan, ShenyangYuandaAluminum Industry EngineeringCo. Ltd.). (Color version of

this figure is available online.)
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and designed an RGB combination type in order to highlight a religious and artistic atmosphere.

What’s more, a white LED point light source is twinkling against the dark blue background,

assuming an illusive starring scene in the palace of 75m high. There is a famous saying in China

regarding this project: now that the Buddha has used LEDs, why not humans?

6.2 Thermal Management

6.2.1 Analysis of System Thermal Resistance [28]

For LED lighting products, a low system thermal resistance of the product is highly appreciated

for achieving good reliability and optical performance. Usually, the LED products need a

multi-chip array packaging or packaging with many individual discrete chips; for such a

system, heat generated by the LED chip flows through interface materials between the LED

chip and the board and then spreads into the heat sink, and finally transfers into the

environment. Therefore, the system thermal resistance of the LED product consists of four

parts of thermal resistances. The first part is thermal resistance of the LED chip, Rc, which is

related to the chip packaging technology. The second part is thermal resistance of interface

Figure 6.101 Wuxi Lingshan Buddhist temple [27]. (Color version of this figure is available online.)

Figure 6.102 Culture and art gallery of the Buddhist temple—the hall [27]. (Color version of this figure

is available online.)

287 Design of LED Packaging Applications

IPR Page 305



Figure 6.103 Tower hall of Buddhist temple (starring scene) [27]. (Color version of this figure is

available online.)

Figure 6.104 Pure land of Vairocana of Buddhist temple (colored glaze backlighting) [27]. (Color

version of this figure is available online.)
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materials between LEDs and heat sink, Rint, which is mainly determined by the bonding and

adhesive materials and their thicknesses. The third part is the spreading thermal resistance as

heat dissipates from the interface material into the heat sink, Rsp, which is affected by many

geometrical sizes such as chip size and heat sink size, and the material of heat sink, and so on.

The last part is the thermal resistance between the heat sink and the environment, Renv, mainly

determined by way of the heat dissipation to the environment. A system thermal resistance

network of LEDs light source is presented in Figure 6.107.

(i) Interface Thermal Resistance

Interface thermal resistance usually includes two parts, one part is bulk material thermal

resistance, the other part is contacting thermal resistance. For the bulk material thermal

Figure 6.105 Top of the altar ofBuddhist temple (being changeable in color) [27]. (Color version of this

figure is available online.)
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resistance, it mainly depends on the thermal conductivity of the interface material and its

thickness. For contacting thermal resistance, the three materials’ chemical properties are very

important. The twomaterials which will be connected by the thermal interface material should

have good compatibility with each other and also with the thermal interface material itself so

that the contacting thermal resistance will be low.

(ii) Spreading Thermal Resistance

Spreading thermal resistance exists when heat conducts from a component with a small

contacting area into a larger one. Spreading thermal resistancemay be themajor part of the total

thermal resistance of the heat transfer process. In the four thermal resistances shown in

Figure 6.107, thermal spreading resistance is complex to be calculated. For the LED

application products, many LEDs are distributed on the heat sink and each LED creates heat,

therefore, it can be considered that many heat sources are distributed on the heat sink. The heat

Figure 6.107 System thermal resistance network of LEDs module.

Figure 6.106 An LED road lamp.
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produced by each LED module transfers to the heat sink and finally dissipates into the

environment. During the heat transfer process from each LED to the heat sink, one thermal

spreading resistance for an LEDmodule exists because heat transfers from the small area of the

LED chip to the heat sink with a larger area. Therefore, there are many thermal spreading

resistances for each LED chip in the LEDs light source. These thermal spreading resistances,

RLs, are connected in parallel because of amatrix array of LEDs for heat sink. For typical LEDs

light sourcewithLEDmodule array, since the size of eachmodule is the same and their sizes are

very small compared with the heat sink size, although the position for every heat source is

different in the base plate, the thermal spreading resistances for each LED still can be regarded

as the same. As a result, it is very easy to simplify and calculate the final thermal spreading

resistance Rsp of the LEDs module array, which can be expressed as:

Rsp ¼ RLs

n
ð6:30Þ

where n is the LED number of the LEDs module.

For the thermal spreading resistance of single LED RLs, its maximum value is defined as:

RLS max ¼ Tmax � �Tb

Q
ð6:31Þ

where Tmax is the maximum temperature in the contacting area between the LED and the heat

sink, �Tb is the average temperatures over the LED and base area of heat sink, andQ is the heat

transfer rate of each LED.

A closed-form equation for calculating spreading thermal resistance has been proposed by

Lee et al. [29,30]. Based on these references:

RLs max ¼ cmax

k � a � ffiffiffi
p

p ð6:32Þ

where a is the equivalent radius of the LED, and k is the thermal conductivity of the heat

sink material.

cmax ¼
e � tffiffiffi
p

p þ 1ffiffiffi
p

p � 1� eð Þ �Fc ð6:33Þ

In Equation 6.33:

Fc ¼
tan h lc � tð Þþ lc

Bi

1þ lc
Bi
� tanh lc � tð Þ ð6:34Þ

Where:

lc ¼ pþ 1ffiffiffi
p

p � e ð6:35Þ
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In the equations presented above, b is the equivalent radius of the heat sink, t is averaging

thickness of the heat sink. Renv is thermal resistance between heat sink and environment. e is
dimensionless heat source radius, it can be expressed as:

e ¼ a

b
ð6:36Þ

t is dimensionless heat sink thickness, which is defined as:

t ¼ t

b
ð6:37Þ

Bi is effective Biot Number, it is given by:

Bi ¼ heff � b
k

ð6:38Þ

where heff is the equivalent heat transfer coefficient for the heat sink of the LEDs module.

Substituting Equations 6.32–6.38 into Equation 6.31, the maximum thermal spreading

resistance of the single LED can be calculated. As a result, spreading thermal resistance of the

LEDs module can be obtained based on Equation 6.30.

(iii) Environment Thermal Resistance

For the LED light source, environment thermal resistance exists in the process by which heat

transfers from the heat sink to the environment. The environment thermal resistance is mainly

dependent on the way heat is transfered.

Asmentioned inChapter 4,Newton’s LawofCooling is a classicmethod for calculating heat

exchange in convection. There is a parameter h, heat transfer coefficient, used for denoting the

heat transfer intensity of heat convection in the expression. According to Newton’s Law of

Cooling, and the definition of thermal resistance, environment thermal resistance based on

convection is given by:

Renv ¼ 1

hA
ð6:39Þ

where A is the heat exchange area. For thermal radiation or other heat transfer modes that

happen around a heat source, an equivalent heat transfer coefficient, hequ, which is used to

equate the actual heat dissipation between the heat sink and ambient, is usually found for

calculating the heat exchange rate and environment thermal resistance. Therefore, no matter

what the heat transfer mode is, the environment thermal resistance can be obtained as:

Renv ¼ 1

hequA
ð6:40Þ
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6.2.2 Types of Heat Dissipation to Environment

Types of heat dissipation to the environment can be divided into passive and active cooling.

Passive cooling is the heat transfer process without any artificially imposed force and extra

energy consumption, such as free convection. On the other hand, active heat dissipation needs

imposed forces or input power. At present, forced air and liquid cooling, semiconductor

refrigeration,microjet cooling, ultrasonic heat dissipation and superconducting cooling, and so

on, are the underlying technologies used for active cooling. The follow section will introduce

typical passive and active cooling solutions.

(i) Passive Heat Dissipation Methods

For theLED light source, a plate fin heat sink is themost commonly used cooling solution. It is a

passive heat dissipation method because only natural convection existing in the surfaces of the

heat sink.Aplate fin heat sink hasmany advantages, such as low cost, simple structure, and high

reliability. However, as it dissipates heat into the environment mainly by natural convection,

only a small amount of heat can be transferred. Therefore, compared with other cooling

solutions, if the provided cooling space is the same, it is more suitable for a low power LED

light source. According to Newton’s Law of Cooling, heat transfer coefficient h and heat

exchange area A are the key factors affecting the heat transfer intensity of natural convection.

As a result, engineers usually improve the heat dissipation performance of plate fin heat sinks

by increasing the fin number for enlarging heat exchange areaAor designing the space between

the fins and the height of the fins to enhance heat transfer coefficient h. By optimization the

design of the plate fin heat sink, it is applied to general LED lighting products quite well.

With the exception of the fin heat sink, the heat pipewith fin heat sink is also a typical passive

cooling solution. This technology uses a conductive component called a heat pipe, which was

invented byGrover G.M. fromAmerican National Lab Los Alamos in 1963. Inside a heat pipe,

at the hot interface a fluid turns to vapor and the gas naturally flows and condenses at the cold

interface. The liquid falls and ismoved back by capillary action to the hot interface to evaporate

again. A heat pipe can transport a large amount of heat with a very small temperature difference

between the hot and cold ends since there is phase transition in the heat pipe. Therefore, using

heat pipes in air cooling will greatly improve the performance of heat dissipation. Figure 6.108

shows a heat sink with a heat pipe.

(ii) Active Heat Dissipation Methods

There are many kinds of active cooling methods, some typical types are discussed here.

(1) Forced air convection

As presented above, free convection from the plate fin heat sink is limited and is not

feasibly used to dissipate heat for future special high-power LED light source. Tomeet the

heat dissipation requirement of the high-power LED light source which also requires a

small volume, forced convection is applied. Forced convection is driven by artificial force

or power, such as a fan or pump, which will accelerate the air flow rate and greatly increase

heat transfer coefficient h. Therefore, forced convection can improve the heat exchange

rate significantly compared with free convection.

However, forced convection by fan will bring some problems. If the LED is used in

indoor illumination, silence is the main demand besides illumination for customers.
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Though the fan or pump has a good cooling effect, it will make noise and that is not

tolerable for customers. Moreover, the reliability of the LED device will be reduced

because of the moving parts in the fan. All these disadvantages restrict the application of a

fan in high-power LED cooling. However, we should have some trade-off between

performance and reliability when choosing the fan heat sink to cool the LED light source.

(2) Semiconductor refrigeration

Semiconductor refrigeration is also called thermoelectric refrigeration or thermoelectric

cooling. The theoretical basis of semiconductor refrigeration is the thermoelectric effect of

solid. In the environmentwithout externalmagnetic field, the thermoelectric effect consists

of five parts: heat conduction, loss of joule heat, Seebeck effect, Peltire effect, and

Thomson effect. The advantages of semiconductor refrigeration are: high cooling density,

compatibility with IC technology, no moving parts and abrasion, compact construction,

and the possibility to increase the integration.

What Figure 6.109 shows is a thermoelectric couple connected by a p-type and a n-type

semiconductor elements. After DC power is on, a temperature difference and heat transfer

will occur at the junctions, and it will cause a temperature decrease and heat absorption at

the top junction contacted with chip. While at the junction below which is called the hot

end, the temperature is rising and the heat is released.

In order to further improve the efficiency of semiconductor refrigeration, the application

of multistage semiconductor refrigeration is put forward, and it is required to integrate

some heat sinks to enhance the heat exchange with the ambient, as shown in Figure 6.110.

(3) Active liquid cooling

Active liquid cooling depends on the pump-driven fluid flow to take away heat to achieve

the heat dissipation effect. A liquid cooling system is usually composed of a pump, heat

exchanger, cooling plate, and so on. The liquid flow absorbs heat generated by the chip

Figure 6.108 A commercial heat pipe (copper) coupled with fin heat sink (aluminum).
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through the cooling plate and transfers the heat to the heat exchanger which dissipates the

heat to the ambient. The advantage of such a cooling system is its high cooling performance

and that it can cool a very high heat flux device. Its disadvantages are that it is difficult for

customers to understand the technicalities involved, that the cost is relatively high and that

the moving parts such as pumps make the system’s reliability doubtful. All these

disadvantages do notmake it a good choice for normal customers. Since the heat dissipation

ability of liquid cooling is very good, it is suitable for superpower LED light sources.

Microjet and microchannel are two important active liquid cooling methods. The

two methods are supposed to be the most potential cooling ones with powerful

cooling capacity.

Since the invention of themicrochannel in the 1980s, it has beenwidely applied. In amicro-

channel cooling system, the external force usually provided by pumps is used to press the

workingmedium intomicrochannels to enhance the cooling effect of convection.Recently, the

microchannel has been widely used to cool electronic devices and components.

Figure 6.109 Structure of semiconductor refrigeration.

Figure 6.110 Integration of double-stage semiconductor refrigeration with heat sink.
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Figure 6.111 demonstrates a closed-loop microchannel cooling system for an LED

light source. It composes of four parts: a microchannel heatsink, a micropump, a

reservoir, and a small heat exchanger with a fan. When a light source needs to be

cooled, the system starts to work. Water or other fluid in the closed system is driven into

the heatsink device through an inlet by a micropump. The inlet and outlet of the heatsink

are located in the top side of the heat transfer device, from which the fluid is directly

pushed onto the bottom plate attached with the LED chip board. Since the microchannel

heatsink has a very large heat transfer coefficient, the heat created by LED chips is easily

removed by the recycling fluid in the system. The fluid is heated and its temperature

increases after flowing out of the heat sink device, then the heated fluid enters into the

heat exchanger with fins and fans. The heat exchanger will cool the fluid and the heat will

be dissipated into the external environment. The cooled fluid will be delivered into the

reservoir to ensure that the fluid entering the micropump is in a liquid state to keep the

micropump work properly. From the low outlet of the reservoir, the cooled fluid is then

pumped back into the heat sink, thus forming a closed-loop flow system. It should be

noted here that the real size of the system can be designed as one small packaging

according to application requirements.

Figure 6.112 shows a typical microchannel heat sink. In the device, hollow silicon

channels are connected with chips and the fluid flows through the channels.

Microjet is another active liquid cooling technology. Figure 6.113 illustrates a closed-

loop LED microjet array cooling system. It is composed of three parts: a microjet array

device, a micropump, and a mini fluid container with a heat sink. When the LED needs to

be cooled, the system is activated. Water or other fluids or gases in the closed-loop system

are driven into the microjet array device through an inlet by a micropump.Manymicrojets

will form inside the jet device, which are directly impinged onto the bottom plate of the

LEDarray. Since the impinging jet has a very high heat transfer coefficient, the heat created

Figure 6.111 Schematic diagram of a microchannel cooling system.
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by the LEDs is easily removed by the recycling fluid in the system. The fluid is heated and

its temperature increases after flowing out of the jet device, and then the heated fluid enters

into the mini fluid container. The heat sink, which has a fan on the fluid container, will cool

the fluid and the heat will dissipate into the external environment. The cooled fluid is

delivered into the jet device to cool the LED array, again driven by the force of the

micropump in the system. The above processes constitute one operation cycle of the total

system.

Figure 6.114 shows the structure of the jet device of Figure 6.113 in detail. It consists of

several layers, which are (from top to bottom) the chip array layer, the top plate of the jet

cavity, the impinging jet cavity, themicrojet array layer and the bottom cavity. Cooled fluid

enters into the device through the inlet, which is open at one side of the bottom cavity layer.

The fluid flows through the microjet array and forms many microjets, as shown in

Figure 6.114. With sufficient driving force, the jets will impinge onto the top plate of

the jet cavity which is bonded with the chip substrate of the LEDs. The heat conducted into

the top plate of the jet cavity through the LED chips will dissipate into the cooled fluid

quickly due to the high heat transfer efficiency of the impinging jet. The fluid temperature

increases and the heated fluid flows out from the jet array outlet,which is open at one side of

the top jet cavity layer. Through this process, the heat from the LED chips will be

transferred into the fluid efficiently.

Figure 6.112 Microchannel water-cooling device.

Figure 6.113 Closed-loop microjet array cooling system.
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6.2.3 Design and Optimization of Fin Heat Sink

Although there are many cooling solutions for LED heat dissipation, as discussed before, fin

heat sink is still the mainstream cooling solution for current LED light sources because of its

obvious advantages in reliability and cost. Therefore, in this section, wewill concentrate on fin

heat sink design.

(i) Fin Optimization Model [31]

(1) Design model

The heat sink of the LED road lamp is usually designed as a horizontally-located plate fin

heat sink, as shown in Figure 6.115. Although the heat transfer coefficient is comparatively

low in natural convection (usually less than 10W/(K.m2)), the plate-fin natural convection

heat sinks offer distinctive advantages in cost and reliability.

In the design and optimization of the horizontally-located plate fin heat sinks, heat

transfer coefficient is a key factor. However, the averaging heat transfer coefficient is

associated with the fin dimensions, which are the optimization factors and they are

Figure 6.114 Microjet array device.

Figure 6.115 Horizontally-located rectangular plate fin heat sink, (a) horizontal configuration; (b) side

elevation; and (c) top view.
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strongly coupled. In addition, due to the overlapping of the boundary layers between the

adjacent fins, it is difficult to solve boundary layer equations, correspondingly, it is very

difficult to calculate the fin heat transfer coefficient during computation process.

For the application of a horizontally-located plate fin heat sink in the LED, heat is

generated by the LED chips and then conducted through an aluminum alloy base board and

finally dissipated to the surroundings by convection. To simplify the heat transfer and

optimize the heat sink of the high power LED road lamp, there are certain assumptions: (1)

the material is isotropic; and (2) the spreading and contact resistance is ignored in the heat

sink body itself.

(2) Design and optimization method

Figure 6.115 shows the heat sink dimensions and their indications. The total heat Qhs

that a heat sink can dissipate is expressed by the equation:

Qhs ¼ Qbp þ n �Qfin ð6:41Þ

whereQbp is the heat that is dissipated by the exposed base of the heat sink and is defined

by Equation 6.42, Qfin is the heat that is dissipated by the fins of the heat sink and is

defined by Equation 6.44:

Qbp ¼ hbp � ðn� 1Þ � ybp �Abp ð6:42Þ

where hbp is the average heat transfer coefficient of the exposed base area, n is the number

of plate-fins of the array, ybp is the excess temperature from the heat sink base to

the ambient temperature, and Abp is the surface area of the exposed base and could be

defined as:

Abp ¼ s � L ð6:43Þ

where s is the fin spacing, and L is the fin thickness.

Qfin ¼ hfin �Afin � ybp ð6:44Þ

where hfin is the averaging heat transfer coefficient of the heat sink, and Afin is the surface

area of a single fin and could be defined as:

Afin ¼ 2ðH � tþ L �Hþ L � t=2Þ ð6:45Þ

where H is the fin height and t is the fin thickness.

For most of the applications, especially for the heat sink design of the LED road lamp, the

heat transfer and the approximate temperature difference between the heat sink and the

environment are given, the heat dissipation are designed tomeet the amount of heat dissipation

and the heat sink mass. Since most plate fin heat sinks are produced with extrusion aluminum

alloy, with considerations of manufacturability and strength, the ranges of the fin parameters

should be as follows; (1) fin thickness is between 1mm and 3mm; (2) fin spacing is between

1mm and 15mm; and (3) fin height is between 25mm and 50mm.
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In order to obtain the averaged heat transfer coefficient of the heat sink, the total heat

dissipation area can be divided into two parts. One is from the exposed base area and the other is

from the fin array.

(a) Heat dissipation from exposed base area

(1) When the ratio of fin spacing to fin height is less than 0.28, the flow inside the fins is

enclosed space natural convection. In this case, the characteristic dimension is the height of

enclosed space. If the value in the square brackets of Equation 6.48 is negative, the Nusselt

number of base plate Nubp is replaced with 1. Equation 6.46 to Equation 6.47 are available

when the Raleigh number of base plate Rabp <4� 106 Grashof number of base plate can

be defined as:

Grbp ¼ g �B � ybpH3=n2bp ð6:46Þ

where nbp is the mean kinematic viscosity of air which is around the base plate.

And then:

Rabp ¼ Grbp �Prbp ð6:47Þ

where Prbp is Prandtl number of air which is around the base plate.

The Nusselt number of base plate Nubp can be given by: [32]

Nubp ¼ 1þ 1:44 � 1� 1708=Rabp
	 
þ Rabp=5830

� �1=3 � 1
h i

ð6:48Þ

(2) When the ratio of fin spacing to fin height is more than 0.28, large space natural

convection is assumed [33]. In this case, characteristic dimension is (s þ L)/2. Then:

Grbp ¼ g � b � ybp � ððsþ LÞ=2Þ3=n2bp ð6:49Þ

where g is the acceleration of gravity, b is the thermal coefficient of expansion.

Then Rabp is obtained by the Equation 6.47

If Rabp< 2� 104, then:

Nubp ¼ 1 ð6:50Þ

If 2� 104<Rabp< 8� 106, then:

Nubp ¼ 0:54 �Ra1=4bp ð6:51Þ

If 8� 106<Rabp< 1011, then:

Nubp ¼ 0:15 �Ra1=3bp ð6:52Þ
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And we can obtain differentNubp values according to the different value of Rabp. Then the

averaged heat transfer coefficient of base plate hbp could be written as:

hbp ¼ Nubp � kbp=lbp ð6:53Þ

where lbp is the characteristic dimension of the base plate.

(b) Heat dissipation from fin array

(1) For enclosed space nature convection, the problem is to determine the characteristic

dimension. Owing to the different temperature of the fin surface, it is necessary to replace

excess temperaturewith the heat flux to calculate theGrashof number of the finGrfin, so the

placewith the lowest temperature should be the center of the space between the two fins. In

other words, the characteristic dimension is half of the fin space s/2. Then:

Grfin ¼ g � b � Qfin=ð2 �H � LÞð Þ � s=2ð Þ4= kf � n2f
� � ð6:54Þ

where kf is the thermal conductivity of air around the fin, nf is the mean kinematic viscosity

of air around the fin.

Therefore, the heat dissipation from the single fin is given by:

Qfin ¼ kfin �Ac � ybp �m � tanhðm �HÞ ð6:55Þ

where kfin is the thermal conductivity offin,Ac is the cross section area of the fin and can be

defined asAc ¼ H � t, m is the fin parameter and can bewritten asm ¼ hfin �P=kfin �Acð Þ1=2,
hfin is the averaged heat transfer coefficient of the fin, P is the cross section circumference

of the finwhich can bewritten asP ¼ 2ðHþ tÞ, then Raleigh number of the finRafin can be

defined as:

Rafin ¼ Grfin �Prfin ð6:56Þ

where Prfin is the Prandtl number of the air which is around the fin.

IfRafin< 104, the heat transfer in the vertical enclosed space is pure conduction, then the

Nusselt number of the fin Nufin can be defined as:

Nufin ¼ 1 ð6:57Þ

If 104<Rafin< 107, then:

Nufin ¼ 0:42 �Ra1=4fin �Pr0:012fin � ðH=ðs=2ÞÞ� 0:3 ð6:58Þ

If 107<Rafin< 109, then:

Nufin ¼ 0:46 �Ra1=3fin ð13Þ ð6:59Þ
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(2) When the ratio of fin spacing to fin height is more than 0.28, it is large space natural

convection. The characteristic dimension is the fin height H. Then:

Grfin ¼ g � b � ðQfin=ð2 �H � LÞÞ �H4=ðkf � n2f Þ ð6:60Þ

and Rafin is obtained by the Equation 6.56

Then:

Nufin ¼ 0:6 �Ra1=5fin ð6:61Þ

We can obtain a different Nufin value according to the different value of Rafin. Then the

averaged heat transfer coefficient of the fin hfin could be written as:

hfin ¼ Nufin � kfin=lfin ð6:62Þ

where lfin is the characteristic dimension of the fin.

The fin surface is not isothermal, but when heat sink is in steady state, in other words, the

temperature distribution of fin surface never changes, it means that heat through each fin

surface is constant. Therefore, the heat dissipation from the single fin is a function of the

averaged fin heat transfer coefficient, their relation is provided by:

Qfin ¼ f ðhfinÞ ð6:63Þ

where its inverse function is:

hfin ¼ f � 1ðQfinÞ ð6:64Þ

Then:

gðhÞ ¼ h� hfin ð6:65Þ

where h is obtained through Newton iteration:

jðxÞ ¼ x� f ðxÞ=f 0ðxÞ ð6:66Þ

Then iteration convergence is used to obtain the value of hfin.

(ii) Fin Optimization Code

When other parameters have been determined, the geometry of the heat sink needs to be

optimized to include fin height H, fin thickness t, and fin spacing s. Because the function with

the heat transfer coefficient contains t and h, the relation turns into a transcendental equation.

After the partial difference on H, t, and s, it is rather difficult to seek the best solution using the

Lagrangemultiplier due to complex expression. Therefore, it is necessary to dispose the points

discontinuously, and establish a matrix to store the values of these points and the heat transfer

coefficient by an iteration structure of the program. We choose an optimization fin geometry
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according to least-material and least-volume criteria based on the data given by theMATLAB�

program. A flowchart for plate-fin optimization is shown in Figure 6.116.

6.2.4 Design Examples of Thermal Management of Typical LED
Lighting Systems

(i) LED Road Lamps [34]

A 112W LED road lamp was used as a design example. For the heat sink of this lamp,

parameters to be evaluated are given below. The temperature difference between the surface of

the base plate and the ambient is 18 �C. The base plate dimensions are as follows, the thickness

is 3mm, the length andwidth are 530mm and 350mm respectively. Thematerial density of the

base plate is 2700 kg/m3, and its thermal conductivity is 160W/m-K. The gravitation

acceleration is 9.8m/s2.

By using the aforementioned design and optimization code, the final 112W LED road lamp

heat sinkwas designed and shown in Figure 6.117. Here the fin heightH is 17mm, fin thickness

t is 2mm, and fin spacing s is 5mm.

For the 112watts LED road lamp shown in Figure 6.117, one hundred and twelve high power

LEDmodules are bonded onto the heat sink. They are distributed on the heat sink base in seven

rows. All the LEDmodules are the same, their input powers are 1 watt and the total input power

for this lamp is 112watts.When the electronic power is supplied, LEDs generate light and heat.

The heat is dissipated out into the environment through the aluminum base and fins on the base.

Figure 6.116 Plate Fin Optimization Flowchart.
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(ii) Ultra High Power LED Illumination Systems

The ultra high power LED illumination system shown is a 220W LED white light source

[35–38]. An active cooling solution, microjet based cooling system was used for its thermal

management because of high power density.

Figure 6.118 shows the 220WLED demonstration system. Amicrojet array cooling system

for the LED light source was designed as shown in Figure 6.119. A voltmeter and a current

meter were used to indicate the input power. There were three buttons on the control panel to

control the total power input, cooling system, and LED startup. A knob adjusts the input power

magnitude and resultant luminance of the LED light source. The designed power input from

this lampwas approximately 220W. For such an application, the power consumption of the fan

and micropump were about 3.6W and 2.2W respectively. The 220W LED lighting fixture

consisted of 64 high power LED chips whichwere packaged on a 4 cm by 4 cmmetal substrate.

Figure 6.117 Schematic diagram of 112 watts LED road lamp.

Figure 6.118 Demonstration system of 220W LED lighting fixture. (Color version of this figure is

available online.)
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The microjet device and LED chip substrate inside the light source are shown in Figure 6.122.

64microjets were uniformly distributed in a 3.6 cm by 3.6 cm cavity. The diameter of the

microjet was 1mm. The flow rate of the micropump in the system was about 18.5mL/s.

(iii) LED Bulb

Besides the LED road light, the LED bulb is another emerging product in the market. LED

bulbs will replace incandescent bulbs in the near future for both reducing environmental

concern and energy consumption. However, since a bulb is usually small in size, it is therefore

difficult to remove the heat generated by LEDs from the inner part of the bulb to the ambient.

The thermal problem is prominent in an LED bulb.

Appearance of the analyzed 4W LED bulb is shown in Figure 6.120. Besides electric

devices, the bulb consists of three main components: glass lampshade, heat dissipation

Figure 6.119 LED chip substrate and microjet array device. (Color version of this figure is available

online.)

Figure 6.120 A 4W LED bulb analyzed. (Color version of this figure is available online.)

305 Design of LED Packaging Applications

IPR Page 323



structure with inner cavity made of aluminum or aluminum alloy, and lamp cap. Figure 6.121

shows the bulb structure in details. There are six vents on the top of the heat dissipation

structure.With inlets at the bottomof the heat dissipation structure and inner cavity, cool air can

flow into the bulb and carry the bulb generated heat to the ambient, which will enhance thermal

performance of the heat dissipation structure.

To obtain data needed for the afterward thermal analysis, two experiments were conducted.

In the two experiments, surface temperatures of the bulb and lamp holder were measured by

thermocouples bonded on those surfaces. In experiment one the bulb worked in normal

condition while in experiment two vents on the top of the bulb were sealed by aluminum foil.

Both experiments were conducted at room temperature and the bulb connected with a lamp

holder and placed vertically. The temperatures of those surfaces were recorded in the steady

state and are represented in Table 6.3.

As shown in Figure 6.122, heat generated by LEDs transfers to the ambient mainly by three

paths: dissipating to surrounding through lampshade, heat dissipation structure, and lamp

holder. Both natural convection and radiation heat transfer occur on the surfaces of the bulb and

lamp holder. Since emissivity of the materials for the lampshade and the lamp holder, and the

temperature of those surfaces are relatively low, the radiation heat transfer that occurs on those

surfaces can be ignored. Heat transfer process occurring in the heat dissipation structure is

Figure 6.121 Structural diagram of the LED bulb.

Table 6.3 Surface temperature of the LED bulb and lamp holder

Experiment
Temperature of Surface (�C) Room

Temperature (�C)
Lampshade Heat Dissipation Structure Lamp Holder

1 32.6 52.6 37.5 25.9

2 36.5 55.7 40.9 25.9
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more complex. Seen from Figure 6.122, heat coming out of LEDs is conducted to the metal

structure and then transfers to its surroundings by natural convection from the surface of

the inner cavity and the outer surface of the metal structure, and radiation heat transfer of the

outer surface.

Newton’s Law of Cooling can be used to estimate the amount of heat dissipated to the

ambient by natural convection from the outer surfaces of the bulb and lamp holder and it is

given by:

Q ¼ AhðTw � T1Þ ð6:67Þ

whereA is the surface area, h is the heat transfer coefficient of the surface,Tw is the temperature

of the surface, and T1 is the ambient temperature. h is calculated by:

h ¼ Nu � l
l

ð6:68Þ

where Nu is a dimensionless Nusselt number, l is the thermal conductivity of air which is

determined by Tw and T1, and l is characteristic length for the thermal calculation. To simplify

the thermal analysis, all of the outer surfaces of the bulb and lamp holder are treated as extended

vertical plate. As a result, Nu is given as: [39]

Nu ¼ 0:59ðGr � PrÞ1=4 1� 104 < Gr � Pr < 1� 109

Nu ¼ 0:021ðGr � PrÞ2=3 1� 109 < Gr � Pr < 1� 1013
ð6:69Þ

With:

Gr ¼ gbðTw � T1Þl3
v2

ð6:70Þ

Figure 6.122 (a) Heat dissipation paths in the LED bulb; (b) dimensions of the LED bulb and lamp

holder (unit: mm).
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where g is the acceleration of gravity, b ¼ 1

ðTw þ T1Þ=2, v is the kinematic viscosity of air,

determined by Tw and T1 . Gr and Pr are dimensionless numbers named Grashof number and

Prandtl number determined by Tw and T1 , respectively.

Radiation heat transfer between the outer surface of the heat dissipation structure and its

surroundings can be analyzed by Stefan–Boltzmann law of thermal radiation. Since the heat

dissipation structure is completely enclosed by the surrounding air, radiant exchange of the

radiation heat transfer is expressed as:

Qr ¼ esAðT4
w � T4

1Þ ð6:71Þ

where e is the emissivity of the heat dissipation structure, s is the Stefan–Boltzmann constant

with the value of 5.669� 10� 8W/m2�K4.

With vents and inlets, the inner cavity can be modeled as a space between two parallel,

vertical plates extended from curved surface of the heat dissipation structure. For natural

convection from inner surfaces of parallel vertical plates, Nu is given as: [40,41]

Nu ¼ 576

ðRa0Þ2 þ 2:873ffiffiffiffiffiffiffi
Ra0

p
" #� 1=2

ð6:72Þ

With:

Ra0 ¼ Gr �Pr � l
L

ð6:73Þ

where L is the height of the plate. Gr can be calculated by Equation 6.70.

Figure 6.122b presents dimensions of the LED bulb and lamp holder. Thermal analysis

results based on the data obtained from experiments one and two are represented in Table 6.4

and Table 6.5 The outer surface area of the heat dissipation structure in experiment two is larger

than the one in experiment one because of the aluminum foil sealed on. The heat dissipation

structure is made up of an aluminum or aluminum alloy and its outer surface may be anodized.

Therefore, the emissivity of the outer surface of the heat dissipation structure is set to be 0.9.

Half of the average pitch between the outer surface and the inner cylinder surface of the heat

dissipation structure is used as the characteristic length l for Equation 6.73. L in Equation 6.73

is 32mm. The temperature of the heat dissipation structure is considered to be uniform. The

heat dissipation ratio is defined as:

r ¼ Q

Qt

� 100% ð6:74Þ

The total heat dissipation rates of the LED bulb obtained by the two thermal analyses are

nearly the same and they are 3.401Wand 3.284W, respectively. In the first analysis it is found

that themetal heat dissipation structure could dissipate 83.8% of the total heat, of which 32.4%

is dissipated by free convection from its outer surface, another 25.5% by free convection from

its inner cavity, and the remaining 25.9% by radiation from the outer surface. These results

show that most of the heat is dissipated to the ambient by the metal heat dissipation structure
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and the bulk of heat transfers to the surrounding by the inner cavity. Moreover, radiation heat

transfer plays an important role in heat dissipation of the metal heat radiator. Therefore, the

thermal design of the LED bulb should focus on the heat dissipation structure and the cavity of

the radiator should be reserved in the structure or other ways to increase heat dissipation

surfaces should be considered.

6.3 Drive Circuit and Intelligent Control Design

The high-power LED road lamps used at present are either simple and direct lighting, with a

lack of intelligent control, or some of themmay have a little intelligent control, but it can neither

automatically examine the lighting situation of the road lamp nor can it conveniently carry out

manual regulation and control. On the other hand, cables are used to control lighting and

regulate the LED road lamp by the existing management system of lighting; the communi-

cation protocol is complex and the construction and operating costs are relatively high.AnLED

wireless intelligent control system is a good solution to these problems above.

6.3.1 Typical LED Wireless Intelligent Control System

A typical high-power LED intelligent control system (Figure 6.123) sets the central controller

MCU and constant-current driving circuit as the core, and includes other items such as optical

detectors, temperature sensors, possible accelerometer, memory, wireless communication

module, and so on.

In this wireless intelligent control system, a constant-current driving circuit provides

constant current for high-power LED arrays. At the same time, the driving circuit has a

control terminal which can accept the PWM signal from the central controller, thereby

adjusting the output current. The optical detector and temperature sensor can detect the

brightness of LED lamps and the chip’s temperature of LED lamps, and then send the detected

data to the central controller. The central controller intelligently control the output current of

the driving circuit by analyzing the detected luminous intensity and temperature data, thereby

adjusting the brightness of LED lamps and at the same time storing the data into memory; The

system also has a wireless communication module, which can send theworking information of

Temperature

Sensor

Memory

Wireless

Communication

Module

Luminous

Intensity Sensor

LEDS

Powering

MCU

Figure 6.123 LED intelligent control system diagram.
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the lamps stored in memory to the malfunction detection vehicles and can also receive control

instructions which are given by the Control Center.

6.3.2 Working Principles of Wireless Intelligent Control System

The function of the intelligent control system is to control the brightness of LED lamps. The

optical sensor installed in the part of the lamp’s light source detects the lamp’s brightness,

illuminance, or luminous signal, converts it into a digital signal after the A/D conversion, and

inputs it into the MCU controller through I2C bus. The temperature sensor installed in the

internal lamps detects the lamp’s temperature, converts it into digital signals after the A/D

conversion, and inputs it into the MCU controller through a single bus. The MCU is

programmed internally with a temperature limit set. If the detected temperature exceeds the

upper limit of the lamps, the digital PWMcontrol signals are sent to control the output current’s

size of the constant-current driving circuit. After the controlling chip in the constant-current

driving circuit receives PWMsignals sent byMCUcontroller, it will control the time the power

switch tube in the switch driving circuit opens and adjust the output current of the driving

circuit so as to achieve the regulation brightness of the LED lamps. For example, when the

controller finds the brightness of the lamps is too high, or the lamp temperature exceeds the

normal operating temperature, then it will send a small PWMsignal, control the driving circuit,

and reduce the output current, so as to achieve energy conservation and protect the lamps

(Figure 6.124).

Figure 6.124 Wireless health management monitoring for LED light systems.
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The system also has the function of malfunction detection. It is equipped with memory.

When the MCU central controller detects the operating parameters of the lamps, such as the

LED chip temperature, lighting brightness, LED chip voltage, and current, all these will be

saved to the memory. The system contains a wireless communication module which can send

out the lamp operating parameters in the memory. A malfunction detection vehicle with

wireless communicationmodule can be sent regularly to detect theLED lamps in turn.After the

wireless communication modules in the lamps receive the detecting signals, the operating

parameters of the lamps will be sent to the malfunction detection vehicle. The malfunction

detectionvehicle can analyze the received data and judge theworking state of the LED lighting;

if the lamp is judged as working incorrectly, the appropriate maintenance can be

made. Therefore, the problems can be found as soon as possible to avoid further damage

to lighting, to avoid the entire lamp being scrapped caused by abnormal situations like

overheating of the lamps. In addition, prompt maintenance can be made after identifying the

problems so as to avoid complete failure of the lamps and ensure the quality of both the lighting

and road traffic safety.

The system can also achieve remote wireless lighting administration. The wireless com-

munication module which is equipped with the lamps can receive the wireless control signal

from the malfunction detection vehicles and control center; then the central controller can

control the driving circuit in accordancewith the control signals, regulate the size of the output

current of the driving circuit, and adjust the lighting brightness of the LED in order to achieve

remote administration of the LED lighting System. There are some disadvantages in

the traditional control and administration system of road lamps and tunnel lights. It uses the

communication cables and controls the entire lighting system with some sort of protocol;

the construction and maintenance costs are relatively high. This invention of wireless

remote administration system has some advantages such as low cost, simple maintenance

and management.

6.4 Summary

In this chapter, the design of LED packaging applications was introduced, with the focus on

light control. Initially, various means of light control were presented such as reflectors, lenses,

diffusers, and so on. Color design and control were first described, along with many examples

provided in applications. Thermal management in the system level of the application was

presented, with types of heat dissipation to the environment. A one fin type heat sink was

designed and optimized and was applied to several cases. An intelligent light control system

was proposed, integrated with the wireless control and drive circuit.
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7

LED Measurement and Standards

7.1 Review of Measurement for LED Light Source

Light emitting diodes (LEDs) have been widely used in full-color displays, traffic signals, and

backlighting for cell phones and also have considerable potential in general lighting applica-

tions [1]. It is highly desirable for LED manufacturers to have LED’s characteristic

parameters, including photometric parameters such as luminous intensity (Iv) and total

luminous flux (FV ), colorimetric parameters such as chromaticity coordinates (x, y), peak

wavelength (lp) and dominant wavelength (ld), and electrical parameters such as forward

voltage (VF), and reverse current (IR), because of the necessity for quality management [2].

Measurement of LEDs differs greatly from conventional light sources because of the

distinctive properties of LEDs such as asymmetrical light-emission profile, narrow spectral

bandwidth, and temperature sensitivity [3–5]. The spectral power distributions and colori-

metric parameters of LEDs are very important quantities for the characterization of LED light

sources. The CIE (the Commission Internationale de l’Eclairage) has published a technical

report, CIE 127, as a guide to the photometric and colorimetric measurement of LEDs.

In CIE 127, colorimetric parameters are derived from spectral power distributions (SPD)

measurement results. Accordingly, high-accuracy spectral measurement is especially impor-

tant. TheSPDmeasurements can be obtained by using the imaging spectroscopic technique [6].

Spectrometers in the colorimetric measurement of the light source include two types:

mechanical scanning spectrometer and array spectrometer [7]. Compared to mechanical

scanning spectrometers, the array spectrometers based on the charge-coupled device (CCD)

can capture the whole spectral image at once. There are relevant research efforts on LED’s

photometric parameters testing and colorimetric parameters testing [8,9].

With the improvement of the high power LED’s performance and its luminous efficiency,

LEDs have begun to gradually replace traditional light sources in the field of functional

lighting with a rapid and strong momentum, especially in road lighting. Presently, a great

number of light fixture manufacturers in the world have pioneered the trial use of LED road

lights in the market and have launched demonstration projects in many places. However, the

relevant measurement standards of LED road lights have not been issued at home or abroad

LED Packaging for Lighting Applications: Design, Manufacturing and Testing, First Edition. Sheng Liu and
Xiaobing Luo.
� 2011 Chemical Industry Press. All rights reserved. Published 2011 by John Wiley & Sons (Asia) Pte Ltd.
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because of various reasons, resulting in great differences in the performance of LED road

lights and a negative influence on solid state lighting because of some light fixtures and

projects of a low quality. Therefore, a measurement standard for LED road light is urgently

needed within this industry to regulate products. Presently, some national and regional

organizations have proposed tentative drafts of specifications or standards for public

comments, such as CSA (China Solid-state-lighting Alliance) approved recommenda-

tion—Measurement Method for Integral LED Road Lights, Taiwan regional standard—

Fixtures of Roadway Lighting with Light Emitting Diode Lights and Guangdong regional

standard—LED Road Lights. The CSA approved recommendation Measurement Method for

Integral LED Road Lights is attached as an appendix. The following is a preliminary

comparison of these three standards.

MeasurementMethod for Integral LEDRoad Lights has presented all major specifications of

parameters for road lights and details which are used to evaluate the performance of LED road

lights; it has also explained the measurement methods for every parameter, including the

requirements of the measuring environment and the measuring instruments, but it has not

pointed out the desirable level that every parameter should reach.Fixtures of Roadway Lighting

with Light EmittingDiode Lights has briefly presented themajor parameters of LED road lights

and the requirements that these parameters shouldmeet; it has also prescribed themeasurement

methods for the parameters. The Guangdong regional standard—LED Road Lights, has

prescribed the measurement methods for every performance parameter; however, compared

with Taiwan regional standard—Fixtures of Roadway Lighting with Light Emitting Diode

lights, this standard covers fewer measuring parameters.

Based on the description above, we feel obligated to present the measurement methods of

LED devices and LED road lights.

7.2 Luminous Flux and Radiant Flux

The radiant flux characterizes the physical properties of electromagnetic radiation by

radiometric units. However, the radiometric units are irrelevant when it comes to the light

perception of humans. Luminous flux characterizes the optical properties of LEDs by

photometric units. The luminous flux represents the light power of a light source as

perceived by the human eye. The unit of luminous flux is the lumen (lm). The luminous flux

can be expressed as:

FV ¼ 683ðlm=WÞ
ð780
380

SðlÞVðlÞdl ð7:1Þ

where S(l) is the spectral power distributions (SPD), that is, the light power per unit

wavelength emitted in all directions, and the factor 683 lm/W is a normalization factor; and V

(l) is spectral luminous efficiency function of the human eye.

In order to accurately measure the luminous flux of LEDs, the light emitted from LEDs

need to be collected by a human photopic vision detector. Then the luminous intensity is

converted into photocurrent via the human photopic vision detector. The spectral sensitivity of

the detector should match the spectral luminous efficiency function V(l) of the human eye.
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7.3 Measurement for Luminous Intensity

The luminous intensity, which is a photometric quantity, represents the luminous intensity of a

light source, as perceived by the human eye. The luminous intensity is measured in units of

candela (cd). As the luminous intensity of LEDs varies with the angle, the luminous intensity of

themeasuredLEDscandependon thedetector.The luminous intensityofLEDscanbegivenby:

IV ¼ dFv=dO ð7:2Þ

where dFV is the luminous flux captured by the detector, and dO is the solid angle

corresponding to the input aperture of the detector.

Themeasured luminous intensity is correlatedwith the detector size, shape, and distance and

direction from the LED front tip to the detector [10]. In order to solve this problem, three

referenceaxes through theLEDfront tipwere recommendedfor luminous intensitymeasuredby

the CIE Technical Committee (TC2–46). Figure 7.1 presents the recommended reference axes.

As shown in the figure, the optical axis lies in the direction of the centroid of the optical

radiation pattern. The mechanical axis lies in the direction of the axis of symmetry of the

emitter body. The peak intensity axis lies in the direction of the maximum intensity. Any of

these three axes could be used as the reference axis for luminous intensity measurement.

The CIE recommends two standard conditions, including condition A and condition B, for

the measurement of the average LED luminous intensity under near-field conditions. The

standard conditions recommended byCIE formeasuring average luminous intensity are shown

in Table 7.1.

Figure 7.1 Definition of mechanical axis, optical axis, and peak intensity axis. (Reprinted with

permission from M. B€urmen, F. Pernu�s and B. Likar, “LED light sources: a survey of quality-affecting

factors and methods for their assessment,” Measurement Science and Technology, 9, 12, 122002, 2008.

� 2008 IOP Publishing.)

Table 7.1 Standard conditions recommended by CIE for measuring average luminous intensity

CIE Standard

Condition

Distance from LED Front Tip

to Detector (mm)

Solid

Angle (sr)

Planar

Angle (�)

Condition A 316 0.001 2

Condition B 100 0.01 6.5
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Figure 7.2 is the schematic of CIE standard conditions for the measurement of average LED

intensity. Themeasured LEDs are adjusted tomake themechanical axis pass through the center

of the detector aperture. The spectral sensitivity of the detector should be calibrated to match

the spectral luminous efficiency function V(l) of the human eye. The distance d should be set

according to the standard conditions A and B recommended by the CIE. Under these two

conditions, the detector used is required to have a circular input aperture with an area of

100mm2 with a corresponding diameter of 11.3mm. Moreover, with regard to the distance

from the LED front tip to the detector, the solid angle and planar angle are different.

7.4 LED Chromaticity Coordinates

According to the tri-stimulus theory of color perception, color can be represented by three

parameters, which can be derived from spectral power distributions of a light source. If the

spectral power distributions function SðlÞ is calculated, the chromaticity coordinates of LEDs

can be calculated. It is given by:

X ¼ k

ð780
380

SðlÞ�xðlÞdl

Y ¼ k

ð780
380

SðlÞ�yðlÞdl

Z ¼ k

ð780
380

SðlÞ�zðlÞdl

8>>>>>>>>><
>>>>>>>>>:

ð7:3Þ

Generally, the above equation is expressed as:

X ¼ k
X780
l¼380

SðlÞ�xðlÞDl

Y ¼ k
X780
l¼380

SðlÞ�yðlÞDl

Z ¼ k
X780
l¼380

SðlÞ�zðlÞDl

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð7:4Þ

Figure 7.2 Schematic of CIE standard conditions for the measurement of average LED intensity.
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where X, Y, and Z are the tri-stimulus values; k is a normalizing constant; S(l) is the SPD

function of measured LEDs; �xðlÞ, �yðlÞ and �zðlÞ are the CIE 1931 color-matching functions;

andDl is thewavelength interval. For a light resource, Y is luminance of the light resource, and

k can be calculated by adjusting the Y value of the light source to 100, that is:

k ¼ 100P
SðlÞ�yðlÞDl ð7:5Þ

The chromaticity coordinates of LED are described as:

x ¼ X

Xþ Y þ Z

y ¼ Y

Xþ Y þ Z

z ¼ Z

Xþ Y þ Z

xþ yþ z ¼ 1

8>>>>>>>>>>><
>>>>>>>>>>>:

ð7:6Þ

Apparently, the z chromaticity coordinatevalue can be obtained from x and y. Therefore, the z

coordinate is redundant, and does not need to be used.

7.5 Dominant Wavelength Determination Algorithm

The dominant wavelength of the LED source is defined as the wavelength located on the

perimeter of the chromaticity diagram which appears to be the closest to the color of the test

LED source. It can be determined by drawing a straight line from the equal-energy point (WE)

with coordinates of 0.333314, 0.333288 to the chromaticity coordinates (x, y) of the measured

LED source, and then extending the straight line to the perimeter of the chromaticity diagram.

The intersection point is the dominant wavelength of the LED source. The procedure is

schematically shown in Figure 7.3.

7.5.1 Curve Fitting Method

In this method, the cubic spline function is used to fit the perimeter of the chromaticity

diagram [11]. When the perimeter of the chromaticity diagram ranges from 380 nm to 507 nm,

we can obtain the function as follows:

y ¼ 0:64� 9:94xþ 57:92x2 � 125:54x3 ð7:7Þ

When the perimeter of chromaticity diagram ranges from 508 nm to 520 nm, the function is

expressed as Equation 7.8:

y ¼ 0:67þ 7:58x� 127:10x2 þ 767:33x3 ð7:8Þ
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When the perimeter of chromaticity diagram ranges from 520 nm to 540 nm, the function is

described as Equation 7.9:

y ¼ 0:81þ 0:89x� 7:55x2 þ 11:87x3 ð7:9Þ

When the perimeter of chromaticity diagram ranges from 540 nm to 700 nm, we employ a

linear function to match the edge, and the function is given as Equation 7.10:

y ¼ � 0:9956xþ 0:9968 ð7:10Þ

After the chromaticity coordinates of the LED sample are measured, we can obtain a linear

equation through the chromaticity coordinates (x, y) and equal-energy point (WE). By

combining the linear equation and the fitting function, the chromaticity coordinates corre-

sponding to the dominant wavelength of the LED can be calculated and thus the dominant

wavelength of the LED can be quickly determined. The measurement results for the dominant

wavelength of measured LED samples are shown in Table 7.2.

7.6 LED Color Purity

After measuring the chromaticity coordinates of LEDs and the dominant wavelength, the color

purity of LEDs can be calculated according to 1931 CIE-XYZ chromaticity diagram.

The equal-energy point (WE) with chromaticity coordinates of 0.333314, 0.333288, as

shown in Figure 7.3, is chosen as the white-light reference. The ratio of the distance from the

Figure 7.3 1931 CIE-XYZ chromaticity diagram showing the determination of the dominant wave-

length of the LED light source with chromaticity coordinates (x, y) using the equal-energy point with

coordinates of 0.333314, 0.333288 as the white-light reference.
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equal-energy point WE (x0, y0) to chromaticity coordinates S(x, y) of the measured LED and

the distance from equal-energy pointWE (x0, y0) to ld (xd, yd) is used to represent purity of the
measured LED. It is given by:

Pe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� x0Þ2 þðy� y0Þ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxd � x0Þ2 þðyd � y0Þ2

q ð7:11Þ

where (x, y) is the calculated chromaticity coordinates of the measured LED; (xd, yd) is the

chromaticity coordinates corresponding to dominant wavelength of LEDs; and (x0, y0) are the

chromaticity coordinates of the equal-energy point.

7.7 Color Temperature and Correlated Color Temperature
of Light Source

The color of the radiation of the light source at a temperature T is the same as the color of

blackbody radiation at the temperature Tc, and Tc is defined as the color temperature of this

light source. The relative spectral power distributions of the blackbody are defined by

Planck’s law:

Pðl; TÞ ¼ c1l
� 5ðec2

lT � 1Þ� 1 ð7:12Þ

In the formula, T is the absolute temperature of the blackbody; l is the wavelength; c1 is the
first radiation constant; c2 is the second radiation constant; andP(l,T) is the radiant fluxemitted

per unit area per unit wavelength interval.

For non-radiation light sources, such as an LED, fluorescent light, and high voltage sodium

light, their spectral power distributions are much different from blackbody radiation and their

chromaticity coordinates are not always on the locus of the blackbody radiation, but are close to

that line. The color which is the closest to the blackbody radiation at a certain temperature is

Table 7.2 Measurement results for dominant wavelength of measured LED samples

Dominant Wavelength (nm)

Part No. Color Standard Value Measurement Value Error

1 Blue 480.7 481.16 0.46

2 Blue 480.2 480.72 0.52

3 Blue 481.4 481.38 � 0.02

4 Green 514.4 514.85 0.45

5 Green 513.6 513.74 0.14

6 Green 513.3 513.82 0.52

7 Red 626.0 626.03 0.03

8 Red 626.6 627.48 0.88

9 Red 625.2 625.95 0.75
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defined as the correlated color temperature (CCT). In a uniform chromaticity diagram, if a light

source is provided with the closest color to the blackbody at a certain temperature, the absolute

temperature value of the blackbody is the correlated color temperature of the light source.

The color temperature or correlated color temperature of LEDs can be determined provided

that the chromaticity coordinates and spectral power distributions of LEDs are calculated.

When the chromaticity coordinates of the light source are on the coordinate’s locus of the

blackbody, the calculated result is the value of the color temperature of the light source. On the

contrary, when the chromaticity coordinates of the light source are off the coordinate’s locus of

the blackbody, the calculated result is the correlated color temperature.

7.8 Automatic Sorting for LEDs

The LED automatic sorter mainly consists of basic transportation equipment (disk vibration

conveyer, linear vibration conveyer), interval feeding equipment, testing holder, and sorting

equipment. A testing holder is set up in order to measure characteristic parameters of the LED

for production line. When LEDs are transported to the testing holder, testing probes begin to

clamp terminals of the LEDs. Once the LED samples are firmly clamped by the probe, the light

emitted from themeasured LED, which is illuminated under a constant pulse current operation

condition, is captured by a spectrometer and detector. The process flow of the LED automatic

sorting is shown in Figure 7.4, and a brief explanation of each step is given below.

(a) Vibration feeding: uses a high-frequency vibration system which is composed of a

circular vibrating conveyer and a linear vibrating conveyer connected with a static

electricity eliminator;

(b) LED pick up: uses a servo motor-driven eccentric slider mechanism, which can suck

LEDs at the exit of the feeding mechanism and place them onto the rotating plate;

(c) Inspecting of LEDs: uses sensors to inspect whether LEDs are on the rotating plate;

(d) Locating of LEDs: correct the position of the picked LEDs to the testing position; and

(e) Testing holder: A rotating plate controlled by a servo motor is used for the testing

holder. Sixteen vaccum suction nozzles are distributed on the perimeter of the rotating

Figure 7.4 Process flow of a sorting system.
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plate, and LED samples are located on the perimeter of the rotating plate. The optical

element from the testing instrumentation setup, including the spectrometer and

the human photopic vision detector, are fixed on the top of the rotating plate. The

electrical connection with the LEDs is achieved by two testing probes. When the

testing probe clamps the terminals of the LEDs, The SOT (Start of Trigger) signal is

sent to the testing instrument. After the end of the testing process, the EOT (End of

Trigger) signal and sorting code signal generated from the testing instrument setup are

sent to the sorter;

(f) Inspection of LEDs: use sensors to inspect whether the measured LEDs have been

detached from the rotating plate;

(g) Sorting of LEDs: move the servo motor-driven platform to drive receiving catheter to

the corresponding receiving bin according to the sorting signal code; and

(h) ReceivingofLEDs:usescompressedair toblowthemeasuredLEDsinto thereceivingbin.

7.9 Measurement for LED Road Lights

The measurement items of LED road lights are shown in Figure 7.5.

The CSA approved recommendation,Measurement Methods for Integral LED Road Light,

attached as an appendix, which was drafted by a group of experts led by Professor Jiangen Pan

et al., can be a reference for the measurement methods of the items above. Referring to the

Taiwan regional standard—Fixtures of Roadway Lighting with Light Emitting Diode Lights,

measurement parameters are as follows.

7.9.1 Electrical Characteristics

The power factor of an LED road light must be over 0.95, harmonic distortion of input current

should be less than the values in Table 7.3, the total harmonic distortion of current should not be

more than 33%.

Figure 7.5 Diagram of measurement items of LED road light fixture.
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7.9.2 Color Characteristics

The color temperature marked on the light should be within the range of the color temperature

grades shown in Table 7.4.

The range of the chromaticity coordinates corresponding to different color temperatures is

the area surrounded by four points in the CIE1931 chromaticity diagram (shown in Figure 7.6);

the concrete values are shown in Table 7.5.

7.9.3 Light Distribution Characteristics

According to the types of light distribution, LED road lights can be divided into full cut-off

luminaries, half cut-off luminaries (A and B), and non-cut-off luminaries. Their light

distribution should meet the requirements in Table 7.6.

7.9.4 Dynamic Characteristics

Driven by the alternating current from 90% to 110% of the rated input voltage, the central

luminous intensity shift of an LED road light should be within the range of �5%.

The angles in the table above are defined in Figure 7.7:

Table 7.3 Allowable value of harmonic distortion

Harmonic Order

(n)

Maximum Allowable Value of Harmonic Distortion

(Marked by the Percentage of the Basic Wave of Input Current)

2 2

3 30� Z (Z, Power Factor)
5 10

7 7

9 5

11� n� 39 3

Table 7.4 Correlated color temperature grades

Color Temperature Grade Range of Color Temperature

2700K 2725� 145

3000K 3045� 175

3500K 3465� 245

4000K 3985� 275

4500K 4503� 243

5000K 5028� 283

5700K 5665� 355

6500K 6530� 510
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Figure 7.6 Ranges of the chromaticity coordinates corresponding to different color temperatures in

CIE1931 chromaticity diagram. (Reproduced fromCNS: Fixtures of roadway lightingwith light emitting

diodes lamps.)

Table 7.5 Chromaticity coordinates corresponding to different color temperatures and the ranges of

error

Color Temperature 2700K 3000K 3500K 4000K

Coordinate Axis x y x y x y x y

Chromaticity

Coordinates of

the Central Point

0.4578 0.4101 0.4338 0.4030 0.4073 0.3917 0.3818 0.3797

Allowable Range of

Chromaticity

Coordinates

0.4813 0.4319 0.4562 0.4260 0.4299 0.4165 0.4006 0.4044

0.4562 0.4260 0.4299 0.4165 0.3996 0.4015 0.3736 0.3874

0.4373 0.3893 0.4147 0.3814 0.3889 0.3690 0.3670 0.3578

0.4593 0.3944 0.4373 0.3893 0.4147 0.3814 0.3898 0.3716

Color Temperature 4500K 5000K 5700K 6500K

Coordinate Axis x y x y x y x y

Chromaticity

Coordinates of

the Central Point

0.3611 0.3658 0.3447 0.3553 0.3287 0.3417 0.3123 0.3282

Allowable Range of

Chromaticity

Coordinates

0.3736 0.3874 0.3551 0.3760 0.3376 0.3616 0.3205 0.3481

0.3548 0.3736 0.3376 0.3616 0.3207 0.3462 0.3028 0.3304

0.3512 0.3465 0.3366 0.3369 0.3222 0.3243 0.3068 0.3113

0.3670 0.3578 0.3515 0.3487 0.3366 0.3369 0.3221 0.3261
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7.9.5 Test of Reliability

The test of reliabilitymainly includes amaximum allowable ambient temperature test, lighting

maintenance test, light waterproof test, and anti-vibration test.

7.10 Summary

In this chapter, LEDmeasurement methods and standards were presented, with the objective of

stimulating more discussion, as it is believed that measurement methods and standards are

essential before any new technology and product could be used in volume, reliably and

with high quality. Those optical and color concepts were discussed again in terms of the

integrity of chapter organization. Measurement for LED road lights was discussed in terms

of electrical characteristics, color characteristics, light distribution characteristics, dynamic

testing, and test of reliability.
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Appendix

Measurement Method for
Integral LED Road Lights
Approved by China Solid State
Lighting Alliance

The China Solid State Lighting Alliance (CSA) has recently approved recommendation

Measurement Method for LED Road Lights, which was drafted by a group of experts led

by Professor Jiangen Pan in 2008, and revised in 2009.

1 Scope

This recommendation regulates the measurement method for basic characteristics of Integral

LED Road Lights.

This recommendation applies to integral LED road lights used for roadway lighting, which

operate stably when driven by an internal controller (self-ballasted) or an external controller

and supplied by alternating current with 50Hz/220V.

This recommendation is of reference to those LED road lights which are above the scope of

this recommendation or other similar products.

2 Normative References

The items, cited by this recommendation in the following documents, become its items. This

recommendation does not apply to all modified documents (excluding the corrected contents)

or revised editions, if the citations are dated. However, all the parties involving in reaching

agreement on this recommendation are encouraged to conduct research on whether they can
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make use of the latest editions of these documents. As to the undated citations, the latest

editions are suitable for this recommendation. Relevant documens are as follows:

JJG 211-2005. Luminance meter calibrating regulations;

JJG 245-2005. Illuminance meter calibrating regulations;

GB/T 5702-2003. Evaluation methods of color rendering properties of light sources;

GB/T 7922-2003. Measuring methods of the color of light sources;

GB 17625.1-2003. Electromagnetic compatibility (EMC), limits value, measurement method

of harmonic current emission (equipment input current� 16A) (IEC 61000-3-2, IDT);

GB 17743-1999. Limits and measuring methods of radio disturbance characteristics of

electrical lighting appliance and similar equipment (idt CISPR 15);

GB/T 18595-2001. Requirements of electromagnetic compatibility and immunity of general

lighting equipment (idt IEC 61547);

CIE 15-2004. Colorimetry;

CIE 70-1987. The measurement of absolute luminous intensity distribution;

CIE 84-1989. The measurement of luminous flux;

CIE 102-1993. Recommended file format for electronic transfer of luminaries photometric

data; and

CIE121-1996. Photometry and goniophotometry of luminaries.

3 Definitions

This recommendation adopts the following definitions.

3.1 Integral LED Road Light

The integral LED road light is an integrated light source device which is used for road lighting.

An LED which is used as the light source, is composed of components such as optics,

mechanical, electric, and electronic components. The LED is integrated with the light and it is

a non-removable and irreplaceable part of the light; for clarification, it is called the LED road

light. It is driven by an internal controller (self-ballasted) or an external controller.

3.2 Self-ballasted Integral LED Road Light

It is the integral LED road light which is accompanied by an internal controller and can be

connected to the power supply directly; called a self-ballasted LED road light for short.

3.3 Externally Controlled Integral LED Road Light

It is the integral LED road light which is connected to the power supply through external

controller; called an externally controlled LED road light for short.

3.4 LED Reference Controller

The external controller which provides reference working conditions for an externally

controlled LED road light.

LED Packaging for Lighting Applications 332

IPR Page 349



3.5 Standard LED Road Light

A stable and reproducible LED road light, which is calibrated with basic photoelectric per-

formance parameters. It can calibrate the measuring equipment with the substitution method.

A standard LED road light should be provided with a temperature monitoring point and the

reference working temperature of this point.

3.6 Initial Values

The photometric, colorimetric, and electric quantities of an LED road light, providing stable

lighting under specified conditions.

3.7 Reference Axis

The reference axis refers to the axis which goes through the center of the luminous surface and

is vertical to the luminous surface.

3.8 Photometry Center

The photometry center refers to the center of the luminous surface of the LED road light. In the

goniophotometric measurement, the photometry center of the tested LED road light should be

at the rotation center of the goniophotometer.

3.9 Measuring Half-plane (C Plane)

Measuring half-plane (C plane) refers to the half-planewhich goes through the reference axis of

the LED road light with the reference axis as its initial rotating line. It is called the measuring

plane, or C plane for short, to avoid confusion. For road lights, the planes parallel to the

longitude axis of the road are defined as C0� and C180� planes, and a C90� plane is defined as
the half plane vertical to the longitude axis at the roadside, and a C270� plane is the half plane
vertical to the longitude axis at the houseside, as shown in Figure A1.

3.10 Auxiliary Axis

The auxiliary axis goes through the photometry center of the LED road light and is vertical to

the reference axis; in practial applications it is always parallel to the direction of the road. The

auxiliary axis and the reference axis define the C0�/C180� plane.

3.11 Third Axis

The third axis goes through the photometry center and is vertical to reference axis; in practical

applications it is always vertical to the direction of the road. The third axis and reference axis

define the C90�/C270� plane.

3.12 Standard Measurement Attitude

The luminous surface of the LED road light is horizontal and spreads light downward.
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3.13 Right Downward Point

It refers to the point which is just below the LED road light and usually on the reference axis.

3.14 Measurement Distance

It refers to the effective optical distance from the rotating center of the axes to the receiving

surface center of the goniophotometer or the goniospectroradiometer.

3.15 Half-peak Side Angle

Taking the light center as the origin, the angle between the reference axis and the direction in

which the LED road light has a luminous intensity of 50% of the maximum value. (If two or

more directions are of 50% maximum luminous intensity, take the largest angle.)

3.16 Total Luminous Flux

The total amount of luminous flux of all directions generated by the LED road light; it is called

luminous flux to avoid confusion.

Figure A1 Coordinate system of the light distribution of LED road light.
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3.17 Upward (Downward) Flux Fraction

It refers to the luminous flux of the LED road light in the directions above or below the

horizontal plane of the photometry center.

3.18 Luminous Efficacy

It refers to the quotient of the total luminous flux by the power consumed of an LED road light,

unit: l m/W.

3.19 Flashed Area

It refers to the projected area of the luminous part observed in the direction of C¼ 0� or 180�,
g¼ 76�.

3.20 Average Color Nonuniformity

It refers to the color difference between the average color after all light emitted from an LED

road light is mixed, and the color of the light in the direction of the reference axis.

3.21 Maximum Color Nonuniformity

It refers to the maximum color difference between the light emitted from any direction in the

half peak beam angle, and the light from the reference axis direction.

3.22 Lumen Maintenance

It refers to the ratio of the luminous flux at a given time in its life time and the initial luminous

flux when the LED road light is operated under specified conditions, expressed as a percentage

value. For simplicity of measurement, the illuminance at a right downward point can replace

the luminous flux to calculate the lumen maintenance.

3.23 Color Shift

It refers to the difference between the colorimetric quantities at a given time in its life time and

the initial quantities when the LED road light is operated under specified conditions. It can be

represented by the coordinate difference in the CIE 1976 uniform color space of the average

color or the right downward point at a certain distance of the LED road light.

3.24 Allowable Ambient Temperature Range

It refers to the range from the lowest temperature at which LED road light can be lit up

normally, to the highest temperature at which LED can operate normally.
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4 Main Measurement Items

4.1 Basic Electric Characteristics

4.1.1 Voltage

4.1.2 Current

4.1.3 Power

4.1.4 Power Factor

4.1.5 Frequency

4.2 Electromagnetic Compatibility (EMC)

Electromagnetic compatibility of a self-ballasted LED road light mainly includes radio

disturbance characteristics, harmonic performance of input current, and immunity character-

istics. Electromagnetic compatibility of an LED road light with an external controller includes

radio disturbance characteristics and immunity characteristics of the input port.

4.3 Optical Performance

4.3.1 Luminous Flux and Efficacy

4.3.2 Luminous Intensity Distribution Characteristics

4.3.3 Flashed Area and Average Luminance Characteristics

4.3.4 Colorimetric Characteristics

4.3.4.1 Average Chromaticity

4.3.4.2 Average Color Rendering Index

4.3.4.3 Spatial Colorimetric Distribution Characteristics

4.3.4.4 Spatial Color Non-uniformity

(a) Average Color Non-uniformity

(b) Maximum Color Non-uniformity

4.4 Temperature Characteristics and Luminous Maintenance

4.4.1 Luminous Flux versus Temperature Curves

4.4.2 Highest Allowable Ambient Temperature

4.4.3 Endurance of High-Low Temperature Cycling

4.4.4 Luminous Maintenance Characteristics
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4.4.4.1 Lumen Maintenance

4.4.4.2 Color Shift

4.4.5 On/Off Characteristics

5 General Requirements and Equipment Requirements
for Measurment

5.1 Working Conditions

Unless otherwise specified, tests or measurements shall be conducted under the working

conditions detailed below.

5.1.1 Laboratory Environmental Conditions

The Electric, photometric, and colorimetric measurement should be conducted with the LED

road light in an environment maintained at an ambient temperature of 25�C� 1�C, relative
humidity of�65% and should be draught-free. There should be no airmovement in the vicinity

of the test LED road light.

For luminous maintenance measurement and on/off test, the ambient temperature shall be in

the range of 25�C� 5�C, relative humidity of �65% and should be draught-free.

The measurement point of ambient temperature should be at the same level of the

photometry center of the LED road light, 0.5meters away from the tested LED road light;

thermo-probe should not be projected by the LED road light.

Air pressure: 86 kPa–106 kPa.

5.1.2 Power Supply Requirements

Self-ballasted controlled LED road lights should be tested or measured at specified voltage

(if the specified voltage has a range, choose the medium value) and frequency. During

stabilization, the voltage should be constant within �0.5%; during the measurement, the

power voltage should be constant within�0.2%, and the fundamental frequency error shall not

exceed 0.1% and the total harmonic content shall not exceed 3% of the fundamental; as for the

aging and life test, it should be constant within �2%.

An externally controlled LED road light shall operate under the drive of a reference control

gear or equivalent driven condition. The output voltage/current/power of the special facility

shall be maintained constant within�0.2%, and the total harmonic content and the frequency

error shall be specified if the facility is AC output, generally, the frequency error shall not

exceed 0.1%, and the harmonic content shall not exceed 3% of the fundamental.

5.1.3 Operation State Requirements of the Measured LED Road Light

The optical characteristics of an LED road light are sometimes restricted by the work attitude

due to heat dissipation issue, so when it is tested or measured with no special requirements,

the LED light should be placed in a free space in the specified standard measurement attitude.

During the sampling in the measurement, LED road lights should be kept static.

LED road lights should operate in a state of thermal equilibrium. The temperature of an LED

road light itself should bemonitored at the same timewhilemonitoring the ambient temperature to
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keep a good reproducibility. If it is possible to monitor the junction voltage of LED lights,

it should be monitored. Otherwise, the temperature of the designated position of the shell

should be monitored.

5.1.4 Stable Working Condition Requirements of the Measured LED Road Light

The photometric, colorimetric, and electric quantities shall not be measured until the LED

road light attains stable conditions. The condition of determining the stableworking of an LED

light is as follows: the variation of luminous flux or luminous intensity is less than 0.5%within

two continuous periods of 15minutes.

5.2 Requirements of Measurement Equipments

5.2.1 Power Supply

DC power supply: The stability shall be within 0.1% and the ripple coefficient should not

exceed 0.5%. An AC power supply should have a very low impedance so that the voltage drop

produced by the power supply should not exceed 0.1% of the specified voltage value when

connected to anLED road light load. The power supply should complywith the requirements of

IEC 61000-3-2 when measuring harmonics and the power factor. Generally speaking, only a

pure sine-wave power supply with variable frequency can meet all the above requirements.

5.2.2 Electrical Measuring Instruments

The accuracy of DC electrical measuring instrument shall be better than 0.1%.

The voltage sampling input impedance of an AC electrical measuring instrument should be at

least 1MO. The current sampling impedance should be small enough tomake sure that the voltage

drop produced less than 0.1V in the current sampling resistor. The precision of the electrical

measuring instrument shouldmeet the requirement that the practicalmeasurement uncertainties of

the measured voltage, current, and power is less than 0.5%. In general, a Class Index 0.5meter

cannot meet this requirement. An instrument of 0.2% or of higher accuracy is recommended.

When harmonics and power factor measurements are conducted, the digital power meter

should meet the requirements of IEC 61000-3-2.

5.2.3 Electromagnetic Compatibility Testing Instrument

Test instruments for RFI emissions should comply with the requirements of CISPR 15.

Test instruments for input harmonics and power factors shall comply with IEC 61000-3-2.

Test instruments for electromagnetic immunity shall complywith requirements of IEC 61547.

5.2.4 Thermometer

The Grade A temperature detector is recommended; The thermometer should have at least

three digits display. The accuracy shall be better than �0.3�C and resolution shall be better

than 0.1�C. A semiconductor temperature probe has a certain degree of photosensitivity, thus it

must be used with caution.

5.2.5 Photometer Detector

A photometer detector should meet the requirement of standard class of JJG245-2005 with its

V(l) mismatch index f 01 less than 3.5%. A photometer detector should have cosine correction
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performance, but for the photometer detector measuring luminous intensity at long distance,

the cosine correction is not required, so as to obtain higher sensitivity.

5.2.6 Photometer

A photometer shall be equipped with a photometer detector specified in 5.2.5, it should have

readings of at least four significant digits, user calibration function, and post-calibration lock

protection function; Except for indication error, the other performance parameters shouldmeet

the requirement of standard class of JJG245-2005.

Note: If the system comprises a standard lightwith high enough accuracy, the calibration and

correction of the photometer can be completed by users.

5.2.7 Spectroradiometer (Spectrometer)

A spectroradiometer is the equipment measuring the radiation power of light at each

wavelength. It is an essential instrument for measuring the spectral power distributions,

chromaticity, color rendering index, and other related photometric quantities of the LED road

light. Spectroradiometers can be classified as being a mechanical scanning type and an array

type. The former can have high accuracy but long measurement time, it is not suitable for

applications which require high speed. The latter has the advantage of a short measurement

time. Depending on the difference inmanufacturing, technical, and the accuracy of the adopted

key components, for example, gratings and detectors, an array type spectroradiometer can

also be classified as being a basic type and a high accuracy type, with the former having low

signal-noise-ratio, low sensitivity, and narrow linear dynamic range, thus not being able to

satisfy the requirements for high accuracy LED measurement; while the latter (high accuracy

array type spectroradiometer) usually adopts the high end concave grating and scientific grade

TE-cooled array detector, and it has a high signal-noise-ratio, high sensitivity, and wide linear

dynamic range.

The spectroradiometer shall be calibrated by spectral radiant intensity or irradiance

standard lamps. After calibration, the measurement accuracy of chromaticity coordinates

shall be better than 0.003, the chromaticity resolution and reproducibility of stable standard

light source shall be better than 0.0002. The functions of light source color measurement and

color rendering indices analysis of the spectroradiometer shall meet the requirements of

standards GB/T 7922-2003 and GB/T 5702-2003 which are based on CIE published docu-

ments. Besides the general calibration function, the spectroradiometer is also supposed to have

calibration functions against standard LED road lights.

5.2.8 Goniophotometer

A goniophotometer measures the photometric quantities (such as luminous intensity and

illuminance, and so on) in different spatial angles, it usually includes amechanical structure for

the support and positioning of a measured light source, a photometer detector, and other

necessary sensors and signal processing system. The basic performance and measurement

conditions of a goniophotometer should meet requirements of those technical documents CIE

70-1987, CIE 84-1989, and CIE 121-1996. For the accurate photometric measurement of LED

road lights, a goniophotometer should meet the following requirements:

1. During the measurement, the measured LED road light has always been measured in a

standard attitude, and the measured LED road lights remain static or only rotate around the
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reference axis to switch the measuring planes. When measured in a certain plane, LED road

lights should be static. If the goniophotometer keeps the LED road light moving, or not in the

specified attitude during themeasurement, corrections shall bemade, details refer to Appendix

A.2 (omitted due to the space limitation);

2. The angle precision of the goniophotometer should not be less than 0.2�, and the smallest

angle step shall not exceed 0.2�;
3. The goniophotometer should be calibrated by standard luminous flux lamp or standard

luminous intensity lamp;

4. The reference goniophotometer measuring the total luminous flux should meet the

requirements of CIE 84-1989, with its photometer detector rotating around the LED road light,

directly receiving the light beam of measured LED road light and the detector having good

cosine correction. Details refer to Appendix A.1 (also omitted due to the space limitation);

5. The goniophotometermeasuring the LED road lights intensity distribution should be able

to achieve the required distance measurement;

6. The reflectance of the mirror in mirror type goniophotometer non-spectral-sensitivity, or

V (l) matching of spectral responsivity of the photometric detector should take the mirror’s

spectral reflectance into account; and

7. The goniophotometer should have comprehensive software, at least the following data

and curves shall be provided: the total luminous flux, regional luminous flux, upward

(downward) flux fraction, efficacy, luminous intensity distribution (curve), isocandela curve,

isolux curve, analysis of road illumination uniformity, luminance, and glare analysis. The data

output format shall comply with the CIE 102-1993.

5.2.9 Integrating Sphere (Integrating Photometer, Integrating Spectroradiometer)

An integrating sphere is an instrument to rapidly measure luminous flux, spectral distribution,

color, and color rendering index of LED road lights by the substitution method. The com-

bination of the integrating sphere and photometer is called the integrating photometer. The

combination of integrating sphere and spectroradiometer is called an integrating spectro-

radiometer. The integrating sphere should be large enough; the reflectance of internal surface

coating should have good uniformity and spectral neutrality, and be insensitive to changes of

temperature and humidity. The light blocking objects within the integrating sphere should be

reduced to a minimum.

An integrating sphere should meet the requirements of CIE 84-1989. For an integrating

photometer, the reflectance of the interior coating is recommended to be around 80% so as to

keep good spectral flatness and reflectance stability. For an integrating spectroradiometer,

the requirement on spectral characteristics of the interior coating is not so strict, and the

reflectance more than 80% is allowed. The integrating sphere with high reflectance coating

helps to improve the measurement accuracy of the system if the sphere size is small or

the sensitivity of the instrument is low. However, if the reflectivity is too high, the long

term stability of the output light and the effective transmittance of blue light will be

adversely affected.

It is recommended to open a sampling port at the side of the integrating sphere for convenient

operation (FigureA2(a) and FigureA2(b)). Although one can use an integrating spherewith the

sampling port on the top, which is convenient to realize the standard attitude of the LED road

light, dust can easily accumulate and it is inconvenient to operate. Because LED road lights
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themselves often have a great light blocking object (shell), measuring LED road lights in the

integrating sphere is not recommend. The sampling port at the side will bring errors due to the

fact that the LED road light is not in the standard attitude. Corrections shall be made according

to Appendix A.2 (omitted due to the space limitation).

5.2.10 Goniospectroradiometer

A goniospectroradiometer replaces the photometric detector with a high accuracy array

spectroradiometer, with details in Appendix A.4 (omitted due to the space limitation).

The goniospectroradiometer should meet the requirements of the spectroradiometer in 5.2.7

and goniophotometer in 5.2.8 (requirements of photometric detector not included). It is

recommended that the spectroradiometer directly receives the beams from the LED road

lights, and that the spectroradiometer is required to have ameasurement speed fast enough, and

has the synchronous sampling function to achieve the synchronization of spectral radiation

intensity measurement with the angle rotation of the goniospectroradiometer.

5.2.11 Imaging Luminance Meter and Near-Field Goniophotometer

An imaging luminancemeter uses a two-dimensional photoelectrical device as the detector (for

example, CCD). The luminous of every point in a measurement area can be measure through

one time sampling.

An imaging luminancemeter should have a high linearity. There shall be optical components

in front of the sensitivity area of the photoelectrical device to make the spectral response of all

pixels in the photoelectrical device match the V(l) function. The V(l) mismatch factor shall

meet the requirement of class 1 or above specified by JJG211-2005.

Replace the photometer detector in the goniophotometer by an imaging luminance meter to

constitute a near-field goniophotometer which can comprehensively and accurately measure

the luminance characteristics, illuminance, and luminous intensity distribution characteristics

of LED road lights(details can be found in Appendix A.3 of original document, omitted due to

the space limitation).

The near-field goniophotometer should meet the requirements of the goniophotometer in

5.2.8 (the requirements of a photometric detector are not included) and the above requirements

on the imaging luminance meter. The imaging luminance meter in the near-field goniophot-

ometer is recommended to directly receive the beams from the LED and should have the

synchronous sampling function.

Figure A2 Schematic of LED road light measurement by integrating sphere.
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5.2.12 Temperature Controllable Thermostatic Chamber and Measurement
Equipment for Luminous Flux against Temperature Characteristics

The temperature controllable thermostatic chamber can make the measured LED road lights

operate in the chamber in required attitude. The controlled temperature is from �30 �C to

100 �C; temperature control accuracy is �3 �C; temperature measurement accuracy is �1 �C.
The space in the chamber shall be large enough with an even temperature field. The tempera-

ture measurement point inside the chamber should be on the same horizontal level of the

photometry center, and 0.5meters away from the LED road lights. The temperature mea-

surement probe should not be directly illuminated.

The measurement equipment of luminous flux against temperature characteristics is

composed of a temperature controllable thermostatic chamber and measurement equipment

of relative changes of luminous flux in the test chamber and it has the recording function for the

relative values of luminous flux in different chamber temperature.

6 Measurement Methods

6.1 Measurement of the Basic Electrical Properties
and Harmonic Current

Measure DC supplied externally controlled LED road lights by voltmeter and ammeter.

Voltage, current, power, power factor, frequency, and input harmonic current of LED road

lights (externally controlled LED road light being generally attached by a reference external

controller) are measured by a digital power meter with the function of measuring voltage,

current, power, power factor, frequency, and input current harmonic, and so on.

Because the voltage sampling connected in parallel has a certain by-pass current, and the

current sampling connected in series has a certain voltage drop, the application of the ammeter

internal connecting method or external connecting method is determined according to the

practical voltage and current of the measured LED road light. When the current is relatively

large, or the lead is relatively long, a quadric-pole method can be used for voltage sampling.

6.2 Test of Electromagnetic Compatibility

6.2.1 An RFI Emissions Test for Self-Ballasted LED Road Lights and Externally

Controlled LED Road Lights (Including Designated External Controller) is

Carried Out According to CISPR 15

6.2.2 An EMC Immunity Test for LED Road Lights is Carried Out According to the

Requirements of IEC 61547

6.3 Measurement of Luminous Flux and Luminous Efficacy

The measurement of luminous flux include the illuminance integration method, the luminous

intensity integrationmethod, and the substitutionmethod using an integrating sphere, in which

the illuminance integrationmethod can be used as referencemeasurement of the total luminous

flux for its high accuracy. When there is doubt about the total flux measured by the luminous
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intensity integration method or the integrating sphere method, the measurement result of

illumination integration should be preferred.

6.3.1 Reference Measurement Method of Total Luminous Flux

In the photometric dark room, measure the total luminous flux of an LED road light by

reference goniophotometer specified in 5.2.8.

Mount the LED road light within the reference goniophotometer for flux in the specified

burning attitude, and its photometric center should be as close to the rotation centre of the

goniophotometer as possible.

Measure the illuminance of the points on the surface of the imaginary sphere around

the LED road light in enough measuring planes with an angle step small enough. The angle

interval is generally 5� between planes and the angle steps in a plane is generally 1�. When the

size of the measured LED road light is relatively large or the beam angle is relatively narrow,

smaller plane intervals and angle steps are required to ensure complete sampling of

illuminance distribution.

The calculation equation of total luminous flux Ftot is:

Ftot ¼
ð

ðStotÞ

EdS ¼
ð4p

0

r2Eðe; ZÞdO ¼
ð2p

0

ðp

0

r2Eðe; ZÞsin ededZ ðA1Þ

where r is the radius of the imaginary sphere, Stot is the total area of the imaginary sphere, and

(e, Z) is the space angle, as shown in Figure A3.

6.3.2 Measurement of Luminous Flux by Luminous Intensity Integration Method

In the photometric dark room, measure the spatial luminous intensity distribution of an LED

road light by a goniophotometer specified in 5.2.8, and calculate the total luminous flux,

regional luminous flux, and the upward (downward) luminous flux fraction of the LED road

light by the numerical integration method.

Figure A3 Schematic diagram of the calculation of luminous flux.
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Mount the LED road light within the goniophotometer in the specified burning attitude,

and its photometry centre shall be at the rotation centre of the goniophotometer. Measure the

luminous intensity of the LED road light in all spatial directions, with a small enough angle step

(generally 5� or less) in enough measuring planes (with the plane interval of 10�or less). The
luminous flux is calculated by the Equation A2:

Total luminous flux: Ftot ¼
ð2p

0

ðp

0

Iðe; ZÞsin ededZ ðA2Þ

Upward luminous flux: Fup ¼
ð2p

0

ðp

p=2
Iðe; ZÞsin ededZ ðA3Þ

Downward luminous flux: Fdown ¼
ð2p

0

ðp=2

0

Iðe; ZÞsin ededZ ðA4Þ

Regional luminous flux: Fzone ¼
ðZ2

Z1

ðe2

e1
Iðe; ZÞsin ededZ ðA5Þ

where Ftot, Fup, Fdown, and Fzone are total luminous flux, upward luminous flux, downward

luminous flux, and regional luminous flux respectively, and (e, Z) are spatial angles.

6.3.3 Measurement of Luminous Flux by Integrating-sphere Method

Measure the luminous flux of an LED road light quickly by the substitution method using the

integrating-sphere specified in 5.2.9. The luminous flux measurement with an integrating

sphere includes the following three methods:

(1) Integrating method: a photometer detector is arranged at the detection window

ofintegrating sphere to measure the luminous flux;

(2) Spectrophotometry method: a sampling device of a spectroradiometer is connected to

the detection window of the integrating sphere to measure the luminous flux with a spectro-

radiometer; and

(3) Spectrum-photometer combined method: a photometer detector and a sampling device

of a spectroradiometer are arranged in the detectionwindowof an integrating sphere.A spectral

correction factor is calculated according to themeasurement result to correct thevalue obtained

by the photometer. The spectral correction factor is calculated as:

K1 ¼
Ð
P lð ÞtV lð ÞdlÐ
P lð Þts lð Þreldl

�
Ð
P lð Þss lð ÞreldlÐ
P lð ÞsV lð Þdl ðA6Þ

where V(l) is the known CIE standard spectral luminous efficiency function; s(l)rel is the
product of the known relative spectral response and integrating-sphere equivalent transmit-

tance;P(l)s is the known relative spectral power distributions of standard lamp; andP(l)t is the
relative spectral power distributions of the LED road light measured by the spectroradiometer.

A high accuracy array spectroradiometer with wide linear dynamic range and high

measurement speed is recommended to measure the total luminous flux.
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If there are large differences between the measured LED road light and the standard lamp in

shape and size, an auxiliary lamp is needed for the self absorption correction. And a stable LED

road light with good reproducibility, which has similar luminous intensity and spectrum

distribution with the measured one, are recommended to be the standard lamp for calibrating

the measuring instrument.

6.4 Measurement of Luminous Intensity Distribution and Beam Angle

In a photometric dark room, measure the luminous intensity distribution and beam angle of an

LED road light by a goniophotometer specified in 5.2.8.

The LED road light shall be mounted within the goniophotometer in the specified burning

attitude. Align the test LED road light with laser, or a more effective method, to make its

photometric centre exactly at the rotation centre of the goniophotometer. Take readings in the

specified measuring planes with an angle step less than 1/20 of the half peak side angle.

6.5 Measurement of Flashed Area and Average Luminance
of an LED Road Light

6.5.1 Simple Method for Flashed Area and Average Luminance

The flashed area can be measured by the following method: place a closed rectangle frame on

front of the test LED as close as possible; the four sides of the frame aremovable by sliding and

the frame size is bigger than the lighting area of the LED road light. Read the luminous intensity

of the LED road light in the direction of C¼ 0�, g¼ 76�, when there is no blockage in front of
the LED light. Then move each side of the rectangular box slowly towards the lighting area,

until the new reading after every slide is 0.98 of its latest. The left area of the rectangular frame

is the so called “flashed area”.

Calculate the average luminance in the 76� direction in theC0� andC180� plane according to
the measurement result of luminous intensity in 6.4 of this appendix.

Lð0�=180�; 76�Þavg ¼
Ið0�=180�; 76�Þ

Aflashð0�=180�; 76�Þ ðA7Þ

where Lð0�=180�; 76�Þavg is the average luminance in the flashed area; Ið0�=180�; 76�Þ is the
luminous intensity in the direction of flashed area; Aflashð0�=180�; 76�Þ is the luminous area of

LED road light.

6.5.2 Measurement of Flashed Area and Luminance Characters by Imaging

Luminance Meter

Measure the luminance distribution of an LED road light in the 76� direction in C0� and C180�

planes by a near-field goniophotometer or an image luminance photometer. The photosensitive

surface of the imaging luminance photometer should directly facethe LED road light with its

optical axis passes through the photometry center of the LED road light. Determine the flashed

area with the same principle as described in the simple method. Calculate the average

luminance and maximum luminance of the LED road light in the flashed area.
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6.6 Measurement of Colorimetric Performance

6.6.1 Measurement of Colorimetric Performance by Goniospectroradiometer

In the photometric dark room, measure the colorimetric quantities of an LED road light by a

goniospectroradiometer, as specified in 5.2.10.

The LED road light shall be mounted within a goniospectroradiometer in the specified burn-

ing attitude, and its light centre should bemounted at the rotation centre of the goniophotometer.

Measure the relative spectral power distributions of the LED road light in all directions on

enough luminous planes with small enough angle steps. The angle interval between measuring

planes is generally 10� and the angle step i is generally 5�. When the size of the measured LED

road light is relatively large or the beam angle is relatively narrow, smaller plane intervals and

angle steps should be applied. Calculate the colorimetric quantities in all spatial directions

according toCIE15-2004; the quantities of theLEDroad light include: chromaticity coordinates,

correlated color temperature, color rendering index, color tolerance, and so on. The average

colorimetric quantities of an LED road light are calculated by the numerical method.

6.6.2 Measurement of Average Color by Integrating Sphere

It is convenient to measure the average colorimetric quantities of an LED road light by the

substitutionmethodwith an integrating spectroradiometer. Themeasurementmethod is similar

to measuring the luminous flux by the integrating sphere method.

Calibrate the integrating spectroadiometer by a standard spectral radiant flux lamp.

6.6.3 Measurement of Color Non-uniformity

The colorimetric quantities are measured in various spatial directions of the LED road light

according to 6.6.1. Calculated the average color non-uniformity and the maximum color non-

uniformity according to their definition.

6.7 Measurement of Luminous Flux Property Against Temperature

The relative measurement method can be used to measure the luminous flux property against

temperature. Operate the measured LED road light in a temperature controllable thermostatic

chamber at its standardmeasurement attitude, under the specified voltage/current/power or the

maximum value in the range of the specified voltage/current/power. Control the temperature in

the chamber to make it increase from the minimum temperature of allowable ambient

temperature range. The change of relative luminous flux is measured at interval of five when

the LED road light has been stable at least for 15minutes at the temperature. Take the luminous

flux value at 25�C as 100%, and record the relative changes of luminous flux at each

temperatures. If there is no specific requirement, the maximum temperature in the measure-

ment is the maximum ambient temperature in the range of allowable ambient temperature for

LED road light.

6.8 Test of Maximum Allowable Ambient Temperature

Operate the LED road light in a temperature controllable thermostatic chamber at its standard

attitude and at the maximum allowable ambient temperature for 100 hours. There should be no
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mechanical damage of any component, no abnormality of any LED, and the luminous flux of

the measured LED road light should be better than 95% of rated value when returned back to

25�C ambient temperature.

6.9 Test of Endurance of High-Low Temperature Cycling Behavior

Operate an LED road light in a temperature controllable thermostatic chamber at its standard

measurement attitude, and under the specified voltage or themaximumvalue in the range of the

specified voltage. Control the temperature of the chamber to make it rise from the room

temperature to 50 �C and keep it at this temperature for 16 hours. Then drop the temperature to

�5 �C and keep it at this temperature for 16 hours, consequently, rise the temperature to the

room temperature again. The rate of the temperature changing is 0.5 �C/min to 1 �C/min. After

two such cycles, there should be no mechanical damage to any component of the LED road

light, no abnormality should occur for any LED, and the luminous flux of the measured LED

road light should be higher than 95% of rated value.

6.10 Measurement of Light Maintenance

The lightmaintenance propertymeasurement includes themeasurement of lumenmaintenance

and color shift.

LED road light is subjected to aging under specified conditions, until at least 6000 hours,

with the both the total luminous flux and the chromaticity parameters recorded at least every

1000 hours. The quantities measured after 1000 hours shall be compared with the value obtain

at 1000 hours. To simplify the measurement, the illuminance at a given right downward point

can be used to replace the total luminous flux of the LED road light for the calculation of lumen

maintenance, and the color sift can be expressed by the coordinate difference of ðu0; v0Þ in CIE
1976 according to CIE 15-2004.

It is suggested that LED road light continues operating to eliminate the possible influence

cause by on/off modulation. During the aging testing, care should be exercised to examine or

automatically monitor if the LED road light fails. If failure occurs, an examination should be

performed to check if the LED road light really fails, or if the failure is caused by other auxiliary

or fixtures.

6.11 Test of On/Off Characteristics

Under the specified operation conditions, a switching cycle is defined to be 30 seconds open and

30 seconds off. Repeat the switching cycle until the specified number of cycles is reached. The

LED road light is expected to operate normally after the cycles.
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acoustic microscope analysis 183
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back reflected light 96

back scattered light 109, 114
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band-gap energy 96
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carrier mobility 16

ceramic board 138, 139, 141, 142
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structure 83, 94, 130, 132, 134

vertical injection 83, 84
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chromaticity diagram 322
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colormetric shift 79

combination efficiency 100
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damage tolerant design 193
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design for reliability (DFX) 167
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impurity 274
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temperature 284
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heat conduction 150
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phosphor-converted 69, 83, 98

road lighting 318, 325, 328
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vehicle light 25

light
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curve 220, 221

distribution 215, 223, 326, 328

efficiency 218
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mapping
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guide plate 262

intensity 14

mixing 283
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lighting
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liquid crystal backlight 25
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luminous flux 14, 71, 284, 318
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polycarbonate cap 91
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reduced scattering coefficient 107
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engineering 167
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simultaneousmultiple surfaces (SMS)method 243

SiP 28, 37, 61

SiP/CoB 162

SMD 157

Snell’s law 216, 234, 248

solder ball 35

solder reflow 92

solid state lighting 1, 986, 215, 219

sorting process 324

spatial color distribution 84, 108, 124

spatial color uniformity 123, 124

spatial intensity distribution 96

special lighting 26

spectral distribution 69

spectral energy distribution 14

spectral half-wave width 15

spectral power distribution function 320

specular reflector cup 109

Stefan–Boltzmann law 152

stress distribution 206, 207, 208, 210

surface morphology 251, 259

surface roughening 47, 129, 131

surface roughness 90, 144

system on chip 36

tailored freeform surface method 245

temperature 284

thermal dissipation 54

thermal expansion coefficient 19

thermal management 149

thermal properties 18

thermal radiation 152

thermal resistance 153, 155, 158, 199, 200

contact 289

environment 292

interface 289

spreading 290

system 287

thermoelectric cooling 294

thermoelectric refrigeration 294

thermostress 195

temperature interface material (TIM) 162

time-resolved photoluminescence 42

total internal reflection 218, 243

transition surface 250, 259, 260

transmittance 273

tunnel lighting 5

ultrasonic vibration 208, 210

uniform elliptical light distribution 139

vapor chamber 142

visual sensitivity function 70, 83, 118

voids 55, 56

wafer level 37

wafer level packaging(WLP) 60

wall plug efficiency 112

Weibull life distribution 171

white light

cool 285

natural 86

warm 285

wire bonding 203

wire bonding process 202, 205

YAG:Ce phosphor 86

yellow blue ratio (YBR) 112
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