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Professor Frank G. Shi, Chair 
 
 
 

 

 Light Emitting Diodes (LEDs) are the most beneficial optoelectronic devices for 

human lives. LEDs already dominated mainstream lightings market, not only the general 

lightings but also displays, medical applications, and so on, to replace conventional light 

sources due to their small forma factors and high efficiency. Extensive researches have been 

carried out ever since introduced, and reported significant enhancement in optical output 

for the individual LED chip, and it is also pointed out that the enhancement in optical output 

for the emitter and the lighting system level must be considered by improvement of 

packaging materials and processes. In addition, the requirement for wide color gamut as well 

as enhanced optical output has been more important to be applied for color displays such as 

liquid crystal displays (LCDs). This dissertation is focused on addressing two parts, to 

propose optimized packaging designs of LED emitters and displays based on the points 

mentioned above.  
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First, optimized designs of packaging materials and process of enhancement in optical 

output of individual LED emitters is proposed using transparent die bonding material 

considering optical characteristics. It is shown that the optically transparent die attach 

adhesive prevent light absorption from the LED chip so that a substantial amount of light 

output of blue and phosphor converted white LED emitters compared to the conventional 

LED emitters using silver (Ag) based die bonding material. This optimization includes 

surface mount device (SMD) and chip-on-board (COB) type LED emitters. In addition to the 

COB-LED emitters, a transparent substrate is also shown to enhance light output and able to 

form an omnidirectional LED emitter. 

Second, optimized packaging designs for color conversion film are proposed for wide 

color gamut displays. It is shown that the converted peak wavelengths by using quantum dot 

(QD) materials from blue backlights are well tuned and matched with required color 

coordinates for LCDs with a wide color gamut. A dichroic filter applied on the color 

conversion film dramatically reduced the amount of QD materials required by recycling 

excessive blue emission. More advanced packaging design for the color conversion film as 

pixels is also studied to replace color filters not only for LCDs but also for OLEDs. 
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CHAPTER 1 

BACKGROUND AND INTRODUCTION 

 

 

 

 

1.1. BACKGROUND 

The light emitting diode (LED) is one of the solid state lighting (SSL) technologies 

which has been dramatically improved for last three decades [1]. The LED technologies have 

opened the possibility of white light source by combining gallium nitride (GaN) based blue 

LED chip technology with phosphors, and have started to attract attention as a strong 

candidate to replace existing light sources [2, 3]. In the early stages of development, however, 

the manufacturing cost of the LEDs was relatively expensive compared to the conventional 

light sources despite the advantages such as high efficiency, ease of selecting peak 

wavelengths, small form factors and low power consumption. This issue has been a major 

obstacle for the LEDs to dominate the lightings market. After the extensive researches for 

decades, the price-over-power efficiency ($ / lumen) of the LEDs has become almost doubled 

up for the past five years (Figure 1.1), thus the LED-based lighting devices are rapidly 

penetrating the lightings market and increasing the portion as shown in Figure 1.2, and this 

tendency includes backlights for displays, industrial lightings, bio-medical applications, and 

even the general lightings [4, 5]. However, the LED-based lighting devices have not been fully 
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Figure 1.1.  Relative cost for LED 800 lm A19 Lamp 

 
 
 
 

Figure 1.2.  Evolution of the Global Installed Lamp Base by Lighting Technology 
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replaced in many applications yet. Figure 1.3 presents the penetration rates of LED lighting 

applications, and only a few applications such as traffic lightings and exit signs are replaced 

with LEDs almost 100 %, and the LEDs have only penetrated less than 20 % for most of 

applications. In terms of the energy saving, it is evident that the more applications to be 

replaced with LED-based light sources, with consideration of fixtures and infrastructures 

that could affect replacement cost, especially for which are used more heavily in commercial 

 

 
 

 
 

Figure 1.3. 2015 Penetration Rates of LED Lighting Applications 
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/ industrial applications with longer operating hours. The department of energy (DOE) 

expected that the replacement of light sources with LEDs by 2030 will dramatically reduce 

the energy consumption by 40 % with respect to the non-LED based light sources, and the 

DOE’s scenario plans the power consumption by replacing LEDs to reduce additional 20 % 

more as shown in Figure 1.4 [6].  It is necessary to consider a way to reduce the replacement 

cost by utilizing the existing infrastructure system as well as the technology to maximize the 

 
 
 
 
 

 
 
 
 
 
 

Figure 1.4. Forecasted U.S. Energy Savings if DOE SSL Program Goals are Realized 
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efficiency of the LED light source itself. In this dissertation, we have studied packaging 

materials and process optical properties that can improve the efficiency of LED emitter in 

general lightings, and presented packaging designs that can be applied to existing systems 

by only replacing the light source. In addition, we have also studied the LED-based backlights 

with color conversion films that can obtain a wider color gamut in display applications. 

 

1.2. LED Packaging 

 The most significant improvement of the LED technology is that the efficiency is 

getting higher every year. This enhanced efficiency is mainly due to the extensive studies in 

recent years for the chip-level designs to reduce the effect called “efficiency droop”, and the 

enhancement in light extraction efficiency using noble approaches such as chip-level 

reflectors, and optimizing chip geometry or surface morphology [7-10]. White LED is the 

most important light source in solid state lighting applications, which can dramatically 

reduce power consumption in general lightings. Figure 1.5 presents the plots of efficacy 

projection for the white LED packages. It has overcome 100 lm/W barriers already, and it is 

expected to breakthrough 200 lm/W by the year 2020 [11]. And the manufacturing cost for 

the LED emitter is expected to be reduced up to 20 % by 2020. As shown in Figure 1.6, the 

packaging cost is rapidly reduced compared to other components [12]. However, the efficacy 

droop by the packaging materials and process is estimated up to 20 % of overall 

performance, so there is a challenge for the packaging materials and process to enhance the 

efficacy in a limited budget. Therefore, the packaging components for the LED emitters are 

getting smaller and lighter, and the choice of materials used for LED packaging should be 

smarter to consider heat dissipation and light extraction with respect to the output power of 
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Figure 1.5. LED Package Efficacy Projections for Commercial Products 
 
 

 
 

Figure 1.6. Cost Breakdown Projection for a Typical A19 Replacement Lamp 
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the LED die and driving circumstances for applications. Typically, high-power LEDs require 

much more complicated epitaxial process for the chip fabrication including multiple 

quantum well (MQW) with heterojunctions, and multi-layered noble chip level reflectors 

rather than mid-power LEDs as shown in Figure 1.7 [12, 13]. The junction temperature for 

the high-power LEDs should be much higher than mid power LEDs so that the package and 

fixture designs tend to be focused on better heat dissipation with the materials of higher 

thermal conductivity and the heat sinks in larger sizes [14]. On the other hand, the packaging 

 

 

 

 
 
 

Figure 1.7. Typical Cost Breakdowns for High-Power and Mid-Power LED Packages 
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materials for mid-power LEDs usually do not require complicated package designs or noble 

materials as shown in Figure 1.8, and therefore the fixture design could be simple and slim 

[11]. The backlight units for the high-end liquid crystal displays (LCDs) are almost made of 

mid-power LED emitters due to the simple and slim package designs. In addition, the 

consideration of optical property for LED packaging materials is crucial. Recent studies 

regarding packaging materials and process for the LEDs mainly focused on the thermal 

properties such as heat sink design, package substrate and die bonding materials with high 

thermal conductivity. For example, a typical die bonding material for the semiconductor 

packaging is an adhesive mixed with silver (Ag) particles, or a soldering paste in 

consideration of high thermal conductivity, and these types of die bonding materials have 

been directly used for LED packaging as well, as shown in Figure 1.9. The most crucial part 

is that the conventional die bonding materials are good for heat dissipation, but very poor in 

optical property, thus a substantial number of photons generated from the LED die is 

 
 
 
 

Figure 1.8. Examples of High-Power, Mid-Power, Chip-on-Board and Chip Scale LED 
Packages 
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Figure 1.9. Components of an LED Lamp 
 
 
 
 
 
 

Table 1.1. Present and Future Target Luminaire Efficiencies 
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absorbed by the conventional die bonding materials. Thus, an adhesive material with a 

superior optical property and a decent thermal conductivity is required to replace 

conventional die bonding materials. Current optical efficiency for a white LED luminaire 

presented in Table 1.1 is 90 %, and this is almost the same as thermal efficiency of 88 % [11].  

 

1.3. WIDE COLOR GAMUT (WCG) DISPLAYS 

 Liquid crystal display (LCD) backlighting is the largest market for the mid-power 

LEDs applications even though the demand on general lightings applications is rapidly 

chasing it. Most of the LCDs use white backlights, and the white light source is filtered by the 

red, green, and blue color filters at the end of the display to obtain a color display. The 

schematic cross-sectional view is illustrated in Figure 1.10. The backlight unit is the most 

important component for the LCDs in terms of the power consumption, hence the 

conventional white LEDs (WLEDs) using YAG:Ce-based phosphors on the blue LEDs are well 

known as the highest power conversion efficiency have long been used for the LCD 

backlights to obtain a white light. However, the YAG-WLED is not a good light source for the 

LCD backlights although its high efficiency because of the existence of the color filters. The 

YAG-WLED has a broad yellow peak to obtain white emission, and a substantial amount of 

the yellow emission is blocked and wasted by the red and green color filters as shown in 

Figure 1.11a [15]. Moreover, the FWHM of each red and green emission filtered is dependent 

on the FWHM of each color filter, so that the color quality of resulted red and green emission 

is less saturated. The color standard for HDTVs used to be Rec. 709 as shown in Figure 1.12, 

and conventional YAG-WLED met that standard. However, due to the demand of wide color 
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Figure 1.10. Schematic cross-sectional view of a typical LCD display 

 

 

 

 

Figure 1.11.  Backlight color interaction with color filters for (a) conventional YAG-WLED 

and (b) Quantum-dot based LED 
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gamut (WCG) displays, the innovative mobile displays are required to meet DCI-P3 standard, 

and the Rec. 2020 standard is strongly recommended for upcoming UHDTVs. Hence, much 

more saturated red and green emission from the backlight is required to obtain a WCG 

display. A backlight unit using red/green/blue LEDs has been introduced to obtain a WCG 

display, however this method was not cost-effective because the manufacturing cost is much 

 

 

Figure 1.12. CIE 1931 color gamut for Rec. 709, DCI-P3, and Rec. 2020 
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higher than YAG-WLED based backlight unit due to the increased amount of driving circuits 

and the long-term reliability issue in white balance. 

 Quantum dots (QDs) are nanometer-sized semiconductor materials which exhibit 

quantum confinement effects. QDs are usually synthesized as core-shell structures of 

compound semiconductor materials to enhance quantum efficiency and reliability, and 

ligands are usually attached to the outer surface of the QD as shown in Figure 1.13. The 

inorganic core is surrounded by the inorganic shell, which is in turn passivated by organic 

 
 

 

 

Figure 1.13. Graphical depiction of a core-shell quantum dot with surrounding ligands. 
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ligands that allow the material to be processed as a liquid suspension. When the QDs are 

irradiated by light from an excitation source to reach energy excitation states, they emit 

energies corresponding to the respective energy band gaps. Since the control over the size 

of the QDs effectively controls the corresponding band gaps, energies of various wavelength 

regions can be obtained [16]. In other words, replacement of conventional phosphors with 

well controlled size of the QD particles as photoluminescent materials ensure to match 

wavelength bands with each color filter, as well as to narrow down FWHM for the emission 

with uniform particle distribution, which is desired for WCG displays as shown in Figure 

1.11b [17, 18]. Extensive studies have been proceeded, and several different implementation 

geometries using QDs for color conversion sources are contemplated as shown in Figure 1.14 

[19]. A) On-chip, where the QDs are directly replaced conventional phosphors within the LED 

package which is coupled to the light guide, is one of the earliest stages. This structure is 

directly applicable to the existing manufacturing process, less modification in fabrication is 

required. However, QD materials easily loss quantum efficiency under exposure of moisture 

and heat, the encapsulation materials such as epoxy or silicone are not sufficient for 

passivation from the moisture, and the blue LED chip which is the heat source for the QDs is 

too close. B) On-edge, where the QDs are placed in between the LED package and the light 

guide plate by packaging within a glass rod, is more advanced structure by taking advantage 

of passivation from moisture and heat. This is only applicable for edge-lit type backlights. C) 

On-surface, called as QDEF, where the QDs are in a thin film over the entire display area [20]. 

This can be applicable for either edge-lit or direct type backlight, but the amount of QDs 

required is dramatically increased proportional to the screen size, and therefore not cost-

effective for the displays in large sizes because the QD materials are much more expensive 
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than YAG-based phosphors. Thus, each packaging design is confronted important problems 

to solve, and this dissertation is focused on reducing amount of QD materials while 

maintaining an equivalent optical performance for the WCG display. 

 

 

 

 

 

 
 

 

 

Figure 1.14. Depiction of the three different implementation geometries contemplated. 

A) On-chip, B) On-edge, and C) On-surface 
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CHAPTER 2 

OPTICAL ROLE OF DIE ATTACH ADHESIVE FOR WHITE LED EMITTERS:  

LIGHT OUTPUT ENHANCEMENT WITHOUT CHIP-LEVEL REFLECTORS 

 

 

 

 

2.1. INTRODUCTION  

The Gallium nitride (GaN) based mid-power (input current less than 350 mA and 

input power less than 0.8 W) mesa type light emitting diodes (LEDs) dominate the current 

LED lighting and backlighting applications because of their cost effectiveness as well as 

relatively high performance [1-3]. For those LEDs, various types of chip-level backside 

reflectors (BRs) with a reflectance as high as of 98% have been developed for adding on their 

backside, with an aim of enhancing its light output. An enhancement of as high as of 50 % is 

reported [4-6]. Because of those results, the chip level BR is now often adopted as a part of 

mesa-LED chip structure. However, the reported enhancement measurements based on the 

naked chip [4, 5] might not be relevant to practical applications: Firstly, an enhancement 

from a naked chip does not necessarily lead to an equivalent enhancement for a packaged 

LED emitter. This is because light output of the LED emitter is strongly influenced by 

packaging materials and process [7, 8]. Secondly, not every BR achieves the highest 

reflectivity, but Au-based reflective layer has been typically used for low cost LED chips 

despite relatively lower reflectivity at the wavelength shorter than 550 nm. The introduction 

of BRs is also historically related to the conventional silver-based die attach adhesive (DAA) 
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which is optically absorptive and thus a highly optically reflective BR can reduce the 

absorption of downward photoemission from the multiple quantum well (MQW). Over last 

few years, however, an optically clear DAA (CDAA) has been introduced, which can have 

significant impact on the role of BRs for mesa type LEDs [9].  

Hence, the objective of the present work is to investigate light output difference from 

a packaged LED emitter using a BR-free and BR-based chip as a function of packaging 

materials and processes, by using Monte Carlo simulations. Contrary to prior reports based 

on naked chips, it is demonstrated for the first time that the light output of a packaged LED 

emitter with a BR-free chip can indeed be as high as that of the emitter using the same chip 

but with an added backside reflector when the optically clear DAA replacing conventional 

silver type DAA and a few other key packaging materials and processes are optimized. 

 

2.2. APPROACH 

A schematic cross-sectional drawing of a packaged blue LED emitter is shown in 

Figure 2.1(a), and the corresponding optical model for the Monte Carlo simulation using 

LightTools is illustrated in Figure 2.1(b). The thickness of each layer and its respective 

relative refractive index [5] can be found in Figure 2.1(c). In case of the BR-based LED chips, 

a metal reflector layer of 150 nm is added on the bottom of the chip. For the optical 

simulation, 2 million rays are traced and the simulation error to be maintained less than 1 % 

for each simulation run. An input current of 120 mA is used and the chip (24 ×24 mil in size) 

has a dominant wavelength of 450 nm. Absorption coefficients for the GaN and the MQW are 

200 cm-1 and 3600 cm-1, respectively [10, 11]. For the BR-based chip, commercially 

available LED chips with two different BR materials are selected: the BR with 
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Figure 2.1.  Leadframe based LED emitter. (a) Schematic cross section of a packaged LED 

emitter by using optically clear die attach adhesive (CDAA), (b) optical model used in Monte-

Carlo simulations and (c) microscopic enlargement of the blue LED chip attached on the 

leadframe substrate by using CDAA. Layers are not plotted in their relative thickness in order 

to present illustration. The size of the chip is 24 × 24 mil (0.61 × 0.61 mm) and the thickness 

is about 100 µm. 
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the reflectivity of 98 % at 450 nm by consisting of 3-layers of DBR (Distributed Bragg 

Reflector) and Ag plating, and the Au-based BR [12]. Due to the metal plating for each BR, the 

transmission through the BR is not considered and therefore the light output which is not 

reflected at the interface is absorbed during the simulations. The package has the dimension 

of 3.5 × 2.8 × 1.85 mm, the depth of the diffusively reflective cup (with a reflectance of 95 %) 

is 0.9 mm, and its upper and lower diameters are 2.4 mm and 1.75 mm, respectively. The 

reflectance for the leadframe substrate (RLF) ranges from 80 % to 99 % [13]. For the 

experimental samples, three groups of leadframe substrates with different reflectance are 

employed. The measured reflectance for each group is presented in Table 2.1. The silicone 

encapsulant has a relative refractive index of 1.53, and the optical transmittance for 1 mm in 

thickness is 99 %, all at the wavelength of 450 nm [14]. For WLED emitters used in this work, 

7.5 wt. % of yellow phosphor powder with dominant peak wavelength of 535 nm is 

distributed by mixing with the encapsulant [15] and resulted correlated color temperature 

(CCT) is 9,000 K.  

 
 
 

Table 2.1. Reflectance for Leadframe Substrates 

 
 

 

Index A B C 

Reflectance* (%) 82.1 88.2 94.2 

 

*Reflectance at the wavelength of 450 nm. 
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Two types of DAA materials are used for die bonding. One is an optically clear DAA 

(CDAA) formulated by Shi group [16] and the other is commercially available conventional 

silver-epoxy based DAA (denoted as AgDAA). For the CDAA, optical transmittance is set of 

85 % for 1 mm in thickness, and the relative refractive index is ranging from 1.42 to 1.78. 

For the packaging parameters of the CDAA, the range of the bondline thickness is from 5 µm 

to 25 µm [17]. The fillet coverage by CDAA is set up to 40 % of the chip height for the 

experimental measurement. 

The junction temperature which affects luminous efficiency for the LED emitter is 

proportional to input current, thus thermal management in high-power LEDs has been 

widely considered [7, 18]. However, the possible thermal-radiation coupling is not 

considered in the simulations because relatively lower power is involved in the present case 

of mid-power LEDs [19].  

The packaging process for experimental measurement is as follows: (1) the leadframe 

with same dimensions described above is cleaned by isopropyl alcohol and baked at 80 °C 

before used; (2) a blue LED chip is attached to the center of the leadframe substrate by using 

CDAA, and different bonding forces are applied to obtain different bondline thickness; (3) 

the samples are then cured at 150 °C for 2 hours; (4) wire-bonding is performed for 

interconnect between the LED chip and the leadframe; (5) silicone encapsulant is injected 

into the reflective cup; (6) the samples then are cured at 150 °C for 2 hours; (7) The packaged 

LED emitters are then soldered to Al-based printed circuit board  (PCB). Everfine power 

generator with constant current mode of 120 mA is used. Light output of packaged LED 

emitters is measured in a LabSphere integrating sphere.  
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Figure 2.2.  Naked chip vs. Packaged emitter; Light output for unpackaged naked blue LEDs and 

packaged blue LED emitters as a function of reflectance for the backside reflector (RBR). 
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For the verification of the current simulations, the simulated results for the light 

output as a function of BR reflectance (RBR) for the naked monotonic blue color emitting LED 

chip, are compared with the available experimental data [5]. As shown in Figure 2.2, it is 

evident the simulation is fully supported by the experimental observation, which provides 

the tangential support for the simulation method adopted in the present work. It is 

interesting to note a strong difference between the naked LED chip and packaged LED 

emitter in terms of the light out dependence on RBR: Due to the influence by the packaging 

materials and parameters, the enhancement by the BR in light output of the packaged emitter 

is not as much as for the naked chip, which suggests a possible diminished role of BR in 

enhancing the light output for a packaged emitter, demonstrated as follows.  

The light output of packaged LED emitter as a function of fillet coverage is also shown 

in Figure 2.3. Due to much lower photo absorption by the CDAA compared to the 

conventional AgDAA, the light output is not reduced up to 40% of CDAA fillet coverage. The 

comparison of light output between BR-based and BR-free LED emitter is done by using 

CDAA. 
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Figure 2.3. CDAA vs. AgDAA. Light output of blue LED emitters encapsulated with silicone 

encapsulant as a function of DAA fillet coverage. The Optically clear DAA is denoted as CDAA 

and the conventional DAA with silver paste is denoted as AgDAA. Error estimated for the 

simulation is 0.944 %.  
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2.3. RESULT AND DISCUSSION 

2.3.1. Light Output of Packaged LED Emitters vs Reflectance of Leadframe Substrate   

Figure 2.4 presents the light output of blue and white LED emitters as a function of 

the reflectance of leadframe substrate, RLF. The bondline thickness of the CDAA is 5 µm, 

which is typical in applications. The results show that BR-free emitter exhibits much higher 

light output than Au-BR based emitter while the BR-based emitter with RBR is 98 % as an 

extreme case shows the highest light output. Note that current BR materials used in industry 

are still Au-based in general, especially for mid-power and low-cost chips. Due to the 

absorption of Au based BR for the wavelength of shorter than 550 nm [12], light output for 

the Au BR based emitter is much lower than BR-free emitters performed in both simulations 

and experimental measurements. Although the role of the BR with RBR of 98 % which 

contributes to the light output enhancement can be still found, the enhancement due to the 

BR for the BR-based blue LED and WLED emitters diminish to only 6 % and 7 %, respectively. 

It is much weaker than the reported naked chip level enhancement, and even more 

diminished when the RLF is getting increased. Unlike the conventional LED packaging by 

using silver based DAA, substantial amount of photo absorption by the DAA can be avoided 

by adopting CDAA. Thus, the BR might not be necessary when the RLF reaches to an optimized 

reflectance due to the diminished role of the BR at relatively higher RLF. In addition, a removal 

of the BR allows LED chips having much simpler structure than BR-based chips. This 

approach may lead to a cost reduction of about 5 to 10% for chip fabrication not only by 

reduced number of process and materials, but also by improved uniformity in optical 

characteristics due to those simple structure and fabrication process. Hence, LED emitters 
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Figure 2.4. Light output of BR-free emitters; Light output of (a) a blue LED and (b) a white LED 

emitters with BR-based and BR-free chip as a function of reflectance of the leadframe substrate 

(RLF). Bondline thickness of the CDAA is 5 µm. Results are normalized by the light output of BR 

(RBR = 98 %) based emitter at RLF of 98 %. Error estimated for the simulation is 0.814 %. 
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with simple BR-free chips may further improve performance to cost ratio for manufacturing 

LED applications. 

The light output for the BR-free emitter is more dependent on the RLF than the BR-

based emitter because the portion of reflected photons by leadframe substrate is greater due 

to optically transparent interface between the LED chip and CDAA. Hence, it is evident that 

the RLF is a dominant parameter to obtain higher light output, and therefore higher 

reflectance for the leadframe substrate is preferred for enhancing optical performance of 

LED emitters. 

 

2.3.2. Light Output of Packaged LED Emitters vs Thickness of CDAA 

The light output of blue LED emitters and WLED emitters as a function of CDAA 

bondline thickness are shown in Figure 2.5. A light output enhancement is observed in case 

of a BR-free emitter, by optimized refractive index of 1.53 for the CDAA, as shown in Figure 

2.5(a). The results show that increased bondline thickness from 5 µm to 25 µm further 

enhances light output for the BR-free emitters up to 2 % while the BR-based emitters 

maintain the difference of the light output within 0.1 %. The light output for the Au-BR based 

emitter is still much lower than BR-free emitters due to the absorption less than 550 nm. 

Figure 2.5(b) presents the luminous output of white LED emitters by using CDAA with the 

refractive index of 1.53. The light output of the BR-free emitter is more enhanced by 

increased bondline thickness of the CDAA for both blue and white LEDs. 

The RLF is a dominant parameter for a BR-free emitter to enhance light output as we 

discussed above. And the optimization of optical properties and process parameters for the 

CDAA besides the RLF would be also an important factor due to the reasons as follows: Firstly, 
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Figure 2.5. Light output by CDAA; Light output of (a) blue LED emitters with different refractive 

indices for CDAA and (b) simulation of the white LED emitter as a function of CDAA bondline 

thickness, d. Reflectance for the leadframe substrate (RLF) is 88.2 %. Results are normalized by 

the light output of BR (RBR = 98%) based emitter at d of 5 µm. Error estimated for the simulation 

is 0.917 %. 
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a higher reflectance may require surface treatment on the leadframe substrate [20], which 

causes an increase in manufacturing cost. Secondly, it is still challenging that the leadframe 

substrate obtains such higher reflectance because there exists an upper limit of reflectance 

for the metal plating in practical applications [21]. An enhancement in light output for the 

BR-free emitter is observed by using an optimized relative refractive index of 1.53 for the 

CDAA, which is a matched refractive index with the encapsulant. This allows a part of 

downward photoemission reflected by the leadframe substrate not being trapped by CDAA 

and re-absorbed by GaN-based active layers, but being extracted towards encapsulation 

region through the interface between CDAA and encapsulant, and thus contributes to 

enhancement in light output. That interface is more expanded by increased bondline 

thickness, and therefore the light output for the BR-free emitter is much further enhanced 

with relatively low RLF with respect to the BR with the RBR of 98 %. The enhancement of 2 % 

by optimized process parameters for the CDAA is within the experimental error. However, 

the tendency of light output enhancement has shown that the simulation results are 

remarkable. 

In addition, increased bondline thickness of the CDAA also affects the thermal 

resistance of the DAA region due to lower thermal conductivity of the CDAA compared to 

conventional DAA materials [16]. This optimization process is thus only preferable for low 

to mid-power LED applications (input current less than 350 mA) because junction 

temperature control by heat dissipation is much more crucial for such high-power LED 

applications in order to maintain optical performances. 

 

2.4. CONCLUSIONS 
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In this study, key packaging material and process parameters for the packaged LED 

emitter in order to enhance light output were determined. The actual contribution of chip-

level BRs to light output by two different types of BRs, and the practical role of optically 

transparent DAA, optimized packaging materials and process parameters were investigated 

at the packaged LED emitter level. Monte Carlo simulations were conducted to estimate 

optimal packaging parameters in light output. The results suggest that the influence of 

optimized packaging material and process parameters on light output is more dominant for 

LED emitters rather than previously reported effect by the chip-level BRs, and a simple-

structured and cost-effective BR-free LED chip is able to achieve an equivalent light output 

to a conventional BR-based chip by packaging with optimized dominant parameters. 
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CHAPTER 3 

 
OPTICAL ROLE OF DIE BONDING  

FOR CHIP-ON-BOARD WHITE LIGHT EMITTING DIODE EMITTERS 

 

 

 

 

3.1. INTRODUCTION 

Various methods to enhance optical efficiency of light emitting diodes (LEDs) have 

been introduced. Those include, at the LED chip fabrication level, multiple quantum well 

(MQW) thickness control [1], polarization matching at the active layers [2], advanced optical 

reflectors [3-5] and surface texturing [6-9]. On the other hand, the materials and processes 

for the packaging of LED emitters have also been continuously improved by improvement of 

leadframe reflectance [10], thermal management [11, 12], and optical properties for the 

encapsulant materials [13-15]. These improvements have driven solid state lightings 

industries to develop optically efficient designs in LED packaging methods. The Chip-on-

board (COB) packaging for the LED emitters with various choices of sizes and output powers 

are now widely used for solid state lightings [16, 17] due to the advantages in thermal 

performance, compactness, and easiness of manufacturing for the light sources [17-19]. For 

the die bonding process, which is a part of LED packaging, a silver-mixed adhesive has been 

chosen mainly because of thermal and electrical conduction requirements. However, the 

mainstream LED chip used for lighting and backlighting is a low to mid-power (input current 

less than 150 mA) chip, thus the thermal dissipation of LED emitters with these mid-power 
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chips is not often limited by the thermal conduction between the chip and substrate, i.e., the 

die attach adhesive pathway [20]. Moreover, the mainstream LED chip is mesa type, thus no 

electrical conduction is required from the bottom of LED chip to the substrate. Therefore, 

dielectric adhesives (either optically transparent or translucent ones) can be used for the 

LED chip bonding. It has been demonstrated for white LED emitters packaged in a leadframe, 

the use of optically clear adhesive (CDAA) for replacing conventional silver-mixed DAA (Ag-

DAA) can lead to a significant enhancement in the light output [21, 22]. The absorption of the 

sidewall emission due to higher DAA fillet coverage can be avoided by using CDAA, and the 

reliability test result by CDAA is equivalent to the Ag-DAA despite the difference of thermal 

resistance in between those two DAAs [21].  

Hence, the objective of the present work is to investigate the role of DAA materials in 

influencing the light output for the COB white LED (WLED) emitters. It is found that the 

optical reflectance of the COB packaging board is strongly dependent on the DAA applied and 

the light output influence by materials and process parameters of the DAA is much stronger 

for multiple COB emitters. It is demonstrated for the first time that the light output of 

multiple chip-packaged COB white LED emitter using a CDAA exhibits a significant 

enhancement in light output up to 22 % compared to one using a conventional Ag-DAA.   

 

3.2. APPROACH  

A schematic cross-sectional drawing of a packaged COB WLED emitter by using a chip 

with standard mesa structure (Figure 3.1a) and the corresponding optical model for 
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Figure 3.1. (a) Schematic cross section of a packaged COB WLED emitter by using optically 

clear die attach adhesive (CDAA). (b) Optical model used in Monte-Carlo simulations. (c) 

Schematic cross section of the chip and DAA layer. Relative refractive index for each chip 

layer is at 450 nm of wavelength. Fillet coverage of the DAA is defined by the height of 

covered DAA over the chip height. 
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the Monte Carlo simulation using LightTools (Figure 3.1b) are shown in Figure 3.1. Two 

million rays are employed in order to maintain simulation error less than 1 % for each 

simulation run. An input current of 120 mA is applied for each LED chip (24 × 24 mil in size) 

which has a dominant wavelength of 450 nm. The thickness of each layer and its respective 

relative refractive index [7] can be found in Figure 3.1c. The light output of the COB LED 

emitters influenced by the chip backside reflector (BR) is also considered. For the BR-based 

chip, commercially available LED chips with two different BR materials are selected: BR with 

the reflectivity of 98 % at 450 nm and Au based BR. Up to 15 LED chips are packaged for the 

multiple COB LED emitters. The light output is normalized by the number of chips packaged 

in order to investigate the influence of reduced light output by multiple chips and packaging 

conditions. 

For the COB packaging boards, a flat package substrate [16, 17] is employed to 

compare the light output of the leadframe based emitter as a function of the reflectance of 

the package substrate [22]. The COB packaging board has the dimension of 9.5 × 9.5 × 0.9 

mm, and the inner diameter of encapsulant region is 6 mm. The width and the height of outer 

dam for encapsulant packaging are 0.7 mm and 0.5 mm, respectively. [16] The reflectance 

for the package substrate (RS) during the simulation ranges from 70 % to 99 % [23]. For the 

experimental samples, six groups of package substrates with different reflectance are 

employed. For each group of package substrate, the measured reflectance at the wavelength 

of 450 nm by USHIO URE-45V spectroscopic reflectometer is presented in Table 1. The 

silicone encapsulant has a relative refractive index of 1.53, and the optical transmittance is 

99 % for 1 mm in thickness, at the wavelength of 450 nm [24]. For the WLED emitters, 11 

wt. % of yellow phosphor powder with dominant peak wavelength of 535 nm is distributed 
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by mixing with the encapsulant, and resulted correlated color temperature (CCT) is 5,000 K 

[25]. For the Ag-DAA, commercially available Ag-mixed epoxy resin is used. The model of Ag-

DAA used in simulations has the absorptance of 70% for the 1 mm thickness at the 

wavelength of 450 nm, which is obtained by mixing Ag particles with epoxy-based DAA 

matrix [21]. The CDAA used has an optical transmittance of 85 % for 1 mm in thickness: the 

relative refractive index is set at 1.53 for the wavelength of 450 nm [14, 22]. As the 

specifications for commercially available DAA materials, the bondline thickness of the CDAA 

and the Ag-DAA are taken to be 5 µm and 25 µm, respectively [26], and the fillet coverage by 

the DAA is set up to 40 % of the LED chip height. The DAA fillet coverage is defined by the 

chip height as much as the lower electrode of the chip with mesa structure, as illustrated in 

Figure 3.1c. The possible thermal-radiation coupling is not considered in the simulations 

because relatively lower power is involved in the present case of mid-power LEDs [27].  

The packaging process for experimental measurement is as follows: (1) the package 

substrate is cleaned by isopropyl alcohol and baked at 75 °C before use; (2) a blue LED chip 

is attached to the package substrate by using DAAs. Musashi ML-808 dispenser and 

 

Table 3.1. Measured reflectance for the COB boards at the wavelength of 450 nm. The 

reflectance is measured by USHIO URE-45V spectroscopic reflectometer. 

 

Index Group A B C D E F 

Reflectance (%) 75.2 78.1 84.4 88.2 93.1 95.2 
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Shotmaster desptop dispensing robot are used for precise dispension; (3) the samples are 

cured at 150 °C for 2 hours; (4) wire-bonding is performed for interconnect between the LED 

chip and the pads on the package substrate; (5) silicone encapsulant is injected into the chip-

packaged area; (6) the samples are cured at 150 °C for 2 hours; (7) the packaged LED 

emitters are then mounted on a heat sink and wired. Keithley 2400 power generator with 

constant current mode of 120 mA is used. Light output of packaged LED emitters is measured 

 

 
 

 

 

Figure 3.2. Light output of blue LED emitters encapsulated with silicone encapsulant as a 

function of DAA fillet coverage. The Optically clear DAA is denoted as CDAA and the 

conventional DAA with silver paste is denoted as Ag-DAA. 
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in LabSphere integrating sphere by Instrument Systems CAS 140CT compact array 

spectrometer.  

The simulated results for the light output as a function of BR reflectance (RBR) for the 

packaged blue COB LED emitters are compared with the experimental data to verify optical 

model. As shown in Figure 3.2, light output of the packaged emitter is not hindered by CDAA 

whereas a substantial amount of photoemission is absorbed and hence reduced by Ag-DAA 

with increased fillet coverage. This tendency is same as the results from leadframe-based 

SMD type LED emitters [22]. 

 

3.3. RESULT AND DISCUSSION 

3.3.1. Light Output by the Reflectance of Package Substrate: Single-chip COB LED 

Emitters using CDAA   

The light output of single-chip COB and leadframe-type LED emitters by the CDAA for 

the chip bonding as a function of the reflectance of package substrate (RS) are shown in 

Figure 3.3. The results are normalized by the light output of the LED emitter with the BR-

based (RBR = 98 %) chip at RS of 98 % [22]. The correlated color temperature is 5,000 K for 

the WLED emitters. The results show that the light output for the COB emitter exhibits the 

same tendency as the leadframe type emitter as a function of RS. The emitter with the BR-

based chip (RBR = 98%) exhibits the highest light output. However, it is observed that the 

emitter with the BR-free chip shows higher light output than the emitter with Au-BR. It is 

shown that the lumen output of using BR-free chip and CDAA is strongly influenced by the 

RS, hence it is still a dominant parameter even for a COB LED emitter to achieve higher light 
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Figure 3.3. Light output of (a) a blue LED and (b) a white LED COB and leadframe-based 

emitters as a function of reflectance of the package substrate (RS). CCT is set to 5,000 K. CDAA 

is used and the fillet coverage is 40 %. Simulation results for COB-LED emitters are compared 

to leadframe based SMD LED emitters [22]. Results are normalized by the light output of BR 

(RBR =98 %) based emitter at RS of 98 %. 
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output. This requires the package substrate to achieve higher reflectance in order to enhance 

the overall lumen output by taking the advantage of using BR-free chips. 

 

3.3.2. Light Output influenced by DAAs: The Number of Packaged LED Chips for 

multiple COB WLED Emitters 

The light output of COB WLED emitters by using CDAA and Ag-DAA as a function of 

the number of packaged chips on board is plotted in Figure 3.4. For the COB packaging board, 

sample group C is used for the emitter samples, and the RS is set to 84.4 % for simulations, 

to match the reflectance with the measurement. The results are normalized by the light 

output of the emitter with the BR-based chip at RBR of 98 %. For multiple COB LED emitters, 

each light output is also normalized by the light output of the single chip emitter. 

 

𝑃𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =  
𝑃𝑀𝑢𝑙𝑡𝑖

𝑁∗𝑃𝑆𝑖𝑛𝑔𝑙𝑒
        (1) 

 

The results show that increasing the number of chips reduces light output. For the 

CDAAs with the fillet coverage of 0 %, the amount of reduced light output due to increased 

number of chips by using BR-based and BR-free chips are 9.1 % and 5.5 %, respectively. This 

tendency is maintained while the fillet coverage of CDAA is increased, as shown in Figure 

3.4(b). For the CDAAs with the fillet coverage of 40 %, light output for BR-based and BR-free 

emitters is reduced as much as 13.2 % and 10 %, respectively, for the multiple chips. The BR-

based emitter with RBR of 98 % shows higher light output than the BR-free emitter with the 

CDAA. However, the role of the BR for the packaged COB emitter is further diminished by 
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Figure 3.4. Light output of COB WLED emitters (CCT = 5, 000 K) packaged with (a) Fillet 

coverage of 0 % and (b) 40 % for DAA materials as a function of the number of packaged 

chips. The light output is normalized by the number of chips packaged. The reflectance of the 

package substrate (RS) is 84.4 %. Results are normalized by the light output of single-chip 

emitter with 0 % fillet-CDAA. 
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increasing number of chips because the light absorption by the CDAA is much lower than Ag-

DAA. On the other hand, in case of the fillet coverage is 0 %, the light output for BR-based 

and BR-free emitters with multiple chip is rather enhanced regardless the DAA materials. 

Thus, it is evident that the fillet coverage is a crucial packaging parameter for the 

enhancement in lumen output. As a result, the enhancement in light output due to the 

replacement of the DAA material from a conventional Ag-DAA to a CDAA is 22 % in case of 

the 15-chip-on-board white LED emitter. Ag-based conventional DAA is also an absorption 

source, and the light output of the BR-free emitter is severely reduced due to the downward 

absorption. This light absorption by the Ag-DAA is even worse in case of the fillet coverage 

of 40 % as shown in Figure 3.4(b). 

 

3.3.3. Light Output for Multiple COB LED Emitters by LED Chip Spacing 

     Figure 3.5 presents the simulation result of 15-chip packaged multi-COB emitter. light 

output of COB WLED emitters by using BR-free chip and BR based chip with RBR of 98 % as a 

function of the distance between the chips packaged. CDAA is used for simulations. The RS is 

set to 84.4 %, and the results are normalized by the light output of the BR based emitter at 

RS of 98 %. Chip spacing is set up to 1.4 mm due to the size restriction of the package 

substrate used in simulations. For the CDAA based emitter with 0 % of fillet coverage, the 

results show that the light output is enhanced up to 23% by the chip spacing from 0.65 mm 

to 1.4 mm. For 40 % of the fillet coverage, the light output exhibits maxima at about 1.0 mm. 

This maximum is based on increased amount of CDAA material for packaging, which is an 

absorption source. The BR based emitter exhibits up to 2.96 % higher light output than the 

BR-free based emitter, however it is a much lower enhancement with respect to either a 
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Figure 3.5. (a) Light output of COB WLED emitters (CCT = 5, 000 K, 15 chips) packaged with 

CDAA using BR-free and BR based chip (RBR=98%) as a function of chip spacing. The 

reflectance of the package substrate (RS) is 84.4 %. Results are normalized by the light output 

with zero-fillet CDAA. (b) Definition of chip spacing. The inter distance in between chips are 

identical.   
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naked chip or leadframe based emitter. 

 

3.4. CONCLUSIONS 

The optical role of packaging material and process parameters for the packaged COB LED 

emitter in order to enhance light output were investigated. It is demonstrated for multiple 

COB LED emitters that the use of optically clear adhesive for replacing conventional silver-

mixed DAA can lead to a significant enhancement in the light output. The role of chip 

backside reflector for the multiple COB LED emitter is even more diminished. The light 

output of a multiple COB LED emitter is strongly influenced by packaging materials and 

processing, and therefore the light output can be enhanced by optimization of these 

packaging parameters. 
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CHAPTER 4 

ROLE OF PACKAGING AND MATERIALS  

IN TRANSPARENT SUBSTRATE-BASED OMNIDIRECTIONAL COB-WLED EMITTERS 

 

 

 

 

4.1. INTRODUCTION 

The light emitting diode (LED) emitters using chip-on-board (COB) packaging 

technology have been widely used for solid state lightings due to the advantages in thermal 

management, compactness, and easiness of manufacturing [1-3]. In a conventional COB-LED 

emitter, the LED die is directly bonded onto a reflective substrate. The die with a chip-level 

backside reflector (BR) is often used in order to enhance the optical performance. The design 

for the conventional LED emitter aims the photons to be guided upwards, hence the optical 

performance of each emitter is strongly influenced by the reflectivity of the packaging 

components, especially by the reflective substrate. Unlike the conventional COB-LED 

emitters, the transparent substrate-based filament type white LED (WLED) emitter is made 

of a linear array of low-power (less than 0.05 W) LED dies onto an optically transparent 

substrate as shown in Figure 4.1 [4]. The BR-free die is bonded onto the substrate using an 

optically transparent die attach adhesive. Therefore, this filament type linear transparent 

substrate-based COB-WLED emitter enables omnidirectional light emission. Owing to this 

unique optical characteristic, these linear COB-WLED emitters are able to replace traditional 

tungsten filaments in the incandescent bulbs. A simplified structure of his linear COB-WLED 
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emitter is another advantage. Unlike previously introduced WLED-based light bulbs, the 

filament type linear COB-WLED emitters do not require bulky fixtures such as second optics 

or heatsinks [5, 6], hence this simple structure can achieve lower manufacturing cost with 

only a few modifications on the filament based traditional incandescent bulb manufacturing 

as well as to meet the cosmetic needs required to the decorative lightings. 

Despite those merits, this transparent substrate-based COB-WLED emitter is still 

facing challenges. Even though the light bulb using linear WLED emitters has a simplified 

structure, the price is still too high to be widely accepted by end users. The lumen output as 

well as thermal management of the light bulb using linear COB-WLED emitters still needs to 

be improved. Hence, this work presents, for the first time, an investigation of possible 

packaging and materials optimization of transparent substrate-based COB-WLED emitters 

with an objective to enhance the lumen performance. In terms of the role of packaging and 

materials in transparent substrate based COB-WLED emitters, it is found that the lumen 

output is greatly enhanced up to 26 %. if the transparent substrate is optimized with respect 

to its dimensions. It is also found that the optically transparent die attach adhesive is 

preferred over optically reflective one. In addition, an optimization of the refractive index of 

die attach adhesive, as well as optimization of LED die spacing and phosphor layer structure 

contribute significantly in enhancing the lumen output. 

 

4.2. APPROACH 

Figure 4.1a presents a schematic drawing of the filament type lighting using linear 

COB-WLED emitters. A schematic cross-sectional drawing of the transparent substrate-
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Figure 4.1. (a) schematic drawing of the filament type lighting using transparent substrate-

based linear COB-WLED emitters. (b) schematic cross-sectional drawings of the transparent 

substrate-based linear COB-WLED emitter. (c) the light emission from a transparent 

substrate-based COB-LED emitter. A backside reflector (BR)-free LED die is bonded onto the 

substrate using optically transparent die attach adhesive for omnidirectional light emission. 



55 
 

based linear COB-WLED emitter used in this work is also illustrated in Figure 4.1b. The 

refractive index of the transparent substrate is ranging from 1.42 to 1.8 at 450 nm of the 

wavelength. The length of the transparent substrate is 38 mm, the width (denoted as w) and 

the thickness (denoted as h) are adjusted to optimize lumen output of the emitter. The blue 

LED die (0.25 mm × 0.4 mm in size and 0.03 W in power) in standard mesa structure, with a 

dominant wavelength of 450 nm and the thickness of each layer and its respective relative 

refractive index are referred by the previous work [7]. The absorption coefficient for the GaN 

and the multiple quantum well (MQW) is 200 cm-1 and 3600 cm-1, respectively [8, 9]. An 

array of 28 LED dies is bonded by using the optically transparent die attach adhesive (CDAA) 

[10] or a reflective polymer-filler composite white DAA (WDAA) using Al2O3 [11]. The 

transmittance of the CDAA is 85 % for the sample thickness of 1 mm at the wavelength of 

450 nm [12]. The fillet coverage for the DAA is set of 50 %. The phosphors with dominant 

peak wavelength of 535 nm and 630 nm are dispersed within the encapsulant, and the target 

CCT is 2,700 K. To elucidate the detailed impact of packaging processes and materials, 

Monte-Carlo simulations using LightTools 8.0.3 are employed, and 2,000,000 rays are traced 

to control simulation error to be less than 1 % for each simulation run. The possible thermal-

radiation coupling is not considered in the simulations because relatively lower power is 

involved in the present case of low-power LEDs [13]. 

 

4.3. RESULT AND DISCUSSION 

Figure 4.2 presents the optimization of the LED die spacing on the lumen output of 

the transparent substrate-based linear COB-WLED emitter. An LED array of 5 dies is 
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Figure 4.2. (a) Optimization of die spacing: the lumen output of the transparent substrate-

based linear COB-WLED emitter as a function of the die spacing. An LED array of 5 dies is 

bonded onto the transparent substrate. Targeted CCT is set of 2,700 K. The lumen output is 

normalized as 100 % by the die spacing of 0.7 mm with evenly dispersed phosphor. 
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bonded onto the transparent substrate, and the targeted CCT is set of 2,700 K. the range of 

die spacing is set from 0.38 mm to 2.5 mm. The outer diameter is set of 3 mm, and three 

different phosphor settings are employed as shown: evenly dispersed phosphor, conformal 

phosphor coating and remote phosphor. The lumen output is normalized as 100 % by the 

die spacing of 0.7 mm with evenly dispersed phosphor [4]. The result shows that the lumen 

output is strongly influenced by the die spacing. The reduced lumen output by decreased die 

spacing from 0.7 mm to 0.42 mm is 14 %. This is because the light emission is absorbed by 

the GaN layers of adjacent dies. Thus it is evident that an optimization in die spacing is 

required to achieve maximized lumen output in case of the multiple COB-LED emitter. The 

optimization shows the enhancement of the lumen output by increased die spacing from 0.7 

mm to 2.5 mm is 16.6%. and the tendency of enhancement is saturated as increased die 

spacing. Thus, the further die spacing than an existing specification is preferred, and this is 

a trade-off parameter with other manufacturing specifications. The results also present the 

lumen output of the linear COB-WLED emitters with evenly dispersed phosphor and remote 

phosphor are equivalent each other, while the conformal phosphor coating linear COB-

WLED emitter exhibits 4.9 %. lower lumen output. This is because the conformal phosphor 

layer with high concentration scatters photons backwards to be absorbed by the GaN layer 

of the dies whereas the other cases secure enough spaces for more photons to be extracted. 

The tendency of different lumen output by phosphor settings is maintained through the 

following optimizations. 

Figure 4.3 presents the optimization of the optical properties of transparent 

substrate. The effect of refractive index for the transparent substrate on lumen output of the 

transparent substrate-based linear COB-WLED emitter is shown with three different 
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Figure 4.3. Optimization of the optical properties of transparent substrate: the lumen output 

of the linear COB-WLED emitter with evenly dispersed phosphor as a function of the 

refractive index of the transparent substrate. The width and thickness of the transparent 

substrate is 1.5 mm and 0.75 mm, respectively. The lumen output is normalized as 100 % by 

the one with the refractive index of 1.75. 
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die spacing: 0.42 mm, 0.7 mm and 2.5 mm. The width (w) and thickness (h) of the 

transparent substrate is 1.5 mm and 0.75 mm, respectively. The refractive index of the 

transparent substrate is ranging from 1.42 to 1.8. It is observed that the lumen output is 

maximized at 1.53 and 1.75, regardless the die spacing. These peaks show that the more 

photons are extracted when the refractive index of the transparent substrate is matched with 

either the encapsulant or the sapphire substrate of the LED die. Since the thermal 

conductivity of the sapphire is higher than glass, the sapphire substrate is considered as a 

suitable transparent substrate for the linear COB-WLED emitter [14]. The lumen output is 

normalized as 100 % by the maximum value for further optimization process.  

Figure 4.4 presents the optimization of the geometry of the transparent substrate on 

lumen output of the transparent substrate-based linear COB-WLED emitter. The xy-plane 

represents the width (x-axis) and the thickness (y-axis) of the transparent substrate, 

respectively. The refractive index of the transparent substrate is 1.75, which is matched with 

the sapphire substrate of the LED die. The range of the width of the transparent substrate is 

set from 0.4 mm to 1.5 mm, and the range of the thickness is set from 0.1 mm to 0.75 mm. 

The lumen output is normalized as 100 % by the width and thickness of the transparent 

substrate at 1.5 mm and 0.75 mm, respectively. It is shown that the lumen output is increased 

by reduced width and thickness of the transparent substrate. The enhancement in lumen 

output by reduced optical dimensions is up to 26 %. It is significant that a simple 

modification in dimensions of the transparent substrate promote more light extraction to 

the encapsulation region. Therefore, thin and narrow transparent substrate for the linear 

COB-WLED emitter is preferred to achieve the higher lumen performance by enhanced light 

extraction efficiency of the transparent substrate. 
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Figure 4.4. Optimization of the geometry of transparent substrate: the lumen output of the 

linear COB-WLED emitter in terms of the geometry of the transparent substrate. The 

normalized lumen output (z-axis) is shown as a function of the width (x-axis) and the 

thickness (y-axis) of the transparent substrate. The refractive index of the transparent 

substrate is 1.75. The lumen output is normalized as 100 % by the width and thickness of 

the transparent substrate at 1.5 mm and 0.75 mm, respectively. 
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Figure 4.5 presents the optimization of die attach adhesives (DAAs) on the lumen 

output of the transparent substrate-based linear COB-WLED emitter in terms of the ratio of 

the refractive index, the DAA over the substrate layers. Since the DAA is placed in between 

the LED die and the transparent substrate, the optical parameter of the DAA material is one 

of the factors which influences the lumen output of the linear COB-WLED emitter. CDAA and 

WDAA are applied on the optimized transparent substrate for die bonding. The bond line 

thickness of CDAA and WDAA are 4 µm and 9 µm, respectively. The lumen output is 

normalized at 100 % by the case using the CDAA with the ratio of refractive index (nDAA / 

nSubstrate) of 1.0 and the fillet coverage of 0 %. The result shows that the lumen output of the 

linear COB-WLED emitter is maximized by the matched refractive index of the CDAA with 

the substrate, and it is little dependent on the fillet coverage due to the optical geometry 

which is involving the transparent substrate and the CDAA. On the other hand, the effect of 

refractive index for the WDAA matrix is insignificant, whereas the lumen output is strongly 

dependent on the fillet coverage. The WDAA promotes more photons to be reflected at the 

WDAA and sapphire interface, so that some of the reflected photons are re-absorbed by the 

GaN layers. Since the fillet formation is more critical to yield and reliability as well as uniform 

light distribution for the multi-die packaging in small size [15], CDAA is more desirable for 

the die bonding process of the linear COB-WLED emitter than WDAA. 

Figure 4.6 presents the optimization of the thickness of the phosphor layer on the 

lumen output of the transparent substrate-based linear COB-WLED emitter. The thickness 

of the phosphor layer is described as the outer diameter of the phosphor layer. The targeted 

CCTs are set of 2,700 K, 5,000 K and 7,000 K. The lumen output is normalized as 100 % by 

the linear COB-WLED emitter with outer diameter of 1 mm. By ranging the outer 
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Figure 4.5. Optimization of packaging materials and process parameters: the lumen output 

of the transparent substrate-based linear COB-WLED emitters using optically clear die attach 

adhesive (CDAA) and optical reflective white DAA (WDAA) for die bonding, as a function of 

the ratio of refractive index, the DAA over the substrate. The bond line thickness for the 

CDAA and WDAA is 4 µm and 9 µm, respectively. 
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Figure 4. 6. Optimization of phosphor layer: the lumen output of the transparent substrate-

based linear COB-WLED emitters as a function of the phosphor layer thickness. Targeted 

CCTs are 2,700 K, 5,000 K and 7,000 K. The lumen output is normalized as 100 % by the 

outer diameter of the phosphor layer of 1 mm. 
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diameter from 1 mm to 3 mm, the lumen output of 2,700 K is enhanced up to 20 %. due to 

less amount of back scattered photons by more dilute phosphor dispersed within the larger 

volume. This reduces photons to be trapped within or to be absorbed by the GaN layer of the 

dies. The tendency of the effect of the thickness of the phosphor layer on the lumen output 

is maintained for other targeted CCTs. Thus, the larger volume of the phosphor layer is 

preferred as much as the manufacturing specifications allow. 

 

4.4. CONCLUSIONS 

In this work, the effect of optimized materials and packaging parameters of the 

transparent substrate on the lumen output of the transparent substrate-based linear COB-

WLED emitter has been investigated by Monte-Carlo ray tracing simulations. It is 

demonstrated that a simple modification in optical geometry of the transparent substrate is 

a critical parameter for the linear COB-WLED emitter to enhance lumen output. Optimized 

packaging materials and the process parameters are also investigated. Although this study 

focuses on simulations in order to systemize the parameters, the findings may well have a 

bearing on influences in lumen output for the transparent substrate-based COB-WLED 

emitters. Further extensive experimental investigations on different LED packages are 

needed to estimate interactions which can influence the lumen output by the packaging 

parameters. 
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CHAPTER 5 

 
OPTIMAL DESIGN OF QUANTUM DOT COLOR CONVERSION FILM  

IN LCD BACKLIGHTING 

 

 

 

 

5.1. INTRODUCTION 

The pursuit of self-emitting displays such as organic light emitting diodes (OLEDs), 

which is gradually increasing its market share from mobile application products to larger 

displays, requires higher performance and higher efficiency than the conventional liquid 

crystal displays (LCDs) [1, 2]. Especially, since the white light emitting diode (LED), which is 

mainly used as the conventional LCD backlight, does not satisfy the extended color gamut 

required by the standards of DCI-P3 [3] or Rec. 2020 [4] suggested for ultra-high definition 

(UHD) displays, hence it is extremely important to secure the light source with a wide color 

gamut for LCDs to compete with OLEDs in terms of color gamut. White LEDs (WLEDs) using 

YAG:Ce-based phosphors boast high efficiency and are well suited for use in general 

lightings, however those are not suitable for use in displays backlighting because the large 

portion of the spectrum is blocked by color filters on top of the LCD panel [5]. For more 

efficient backlighting, red, green, and blue peak wavelengths that match with the 

wavelengths of the color filter are required. In the case of conventional inorganic phosphors, 

a wide color gamut cannot be obtained due to the wide full width half maximum (FWHM) of 

the green phosphor [6]. Therefore, more advanced photonic materials for replacing 
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conventional phosphors have been researched, and quantum dots (QDs) are one of the 

attracting approaches [7]. The advantages of QDs of adjustable peak wavelengths and 

narrower FWHM provide the LCD with better performance than WLEDs using conventional 

phosphors [8]. One of the critical reasons for the QDs not widely used is that QDs are unstable 

nanoparticles compared to conventional phosphors [9]. The external quantum efficiency 

(EQE) of the QDs are known to be severely degraded under exposure of heat and humidity, 

and this results in long-term reliability problems. Therefore, it is regarded that QDs cannot 

effectively replace existing phosphors. Thus, recent research activities have focused on 

improving the packaging of QD materials to effectively isolate from heat and moisture 

sources [10]. In the case of the initial QD-based LED backlight, on-chip QD packaging, which 

directly replaces the phosphor, has been used. However, it was difficult to avoid the 

deterioration of the efficiency due to long-term driving because the QD material is in contact 

with the LED die, which is a heat source. Since then, QD-based LED backlight research has 

been developed as a remote color conversion layer structure and it can be divided into on-

edge type QD tube and on-surface type QD film [11]. In case of larger displays, on-surface 

type QD film is more advantageous than on-edge type QD tube because there is a problem 

for QD tube of uniform color distribution toward the large screen display. In addition, the QD 

film is the most advantageous in terms of long-term reliability because the distance from the 

LED die is the farthest, which is the heat source. One disadvantage for the QD film is that the 

amount of QD materials required for the QD film is increasing dramatically compared to the 

on-chip QD-LED or QD tube as the area of the display increases, which leads to an increase 

of manufacturing cost. Therefore, the QD film packaging technology that reduces the amount 

of QD materials used while maintaining the targeted color coordinate is very important in 
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terms of manufacturing cost reduction and QD material supply and demand [12]. Recycled 

blue emission by using a dichroic filter is attracting attention as a suitable technique for 

dilute QD film packaging because it improves the color conversion efficiency by QD materials 

[13]. However, the study of optimizing the amount of recycled blue emissions for the 

maximized optical output at the same time as the targeted color coordinate has not been 

studied in detail yet, and less attention is also paid to how the dichroic filter affects the 

packaging parameters of the backlight unit such as backlight reflector. In this paper, it is 

demonstrated for the first time that a dichroic filter on the QD color conversion film can be 

optimized in terms of its blue emission transmittance, which results in a reduction of over 

30% of the amount of QD materials required, while maintaining the targeted color 

coordinate, color gamut and the optical output of the backlight. In addition, it is found for the 

first time, that there is a strong impact of the reflectance of the backlight reflector on the 

optical output when a dichroic filter is employed. The significant implication of the present 

simulation results to the optimal design of more efficient backlight for LCDs, is outlined. 

 

5.2. APPROACH 

Figure 5.1 depicts the schematic cross-sectional view of a 6-inch liquid crystal display 

with QD color conversion film and dichroic filter which is made of multiple stack of dielectric 

layers with a combination of high and low refractive indices in order to obtain a selectivity 

in transmission and reflection spectra. Reflected part of blue emission is recycled within the 

light guide plate (LGP) and therefore the color conversion efficiency by the QD conversion 

film is expected to be enhanced. Light intensity is simulated on the 
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Figure 5.1. Schematic cross-sectional drawing of a liquid crystal display with QD color 

conversion film and dichroic filter used in simulation. For the backlight unit, an edge-lit blue 

LED array is located on the side of the light guide plate (LGP). The LGP is surrounded by 

reflection layers on the side and the bottom, which performs diffusive reflection dominant. 
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backlight unit (BLU) level, and a whole display including color filters, polarizers and the 

liquid crystal layer is considered in order to obtain a color gamut [14, 15]. An edge-lit blue 

LED array is located on the side of the light guide plate. Eight blue LED emitters (0.5 W in 

output power each) with a peak wavelength of 450 nm were used in the LED array. The LGP 

is surrounded by a BLU reflector on the side and the bottom, which performs diffusive 

reflection dominant [16, 17]. The maximum reflectance of the reflective layer is set of 99 % 

and ranged from 88 % to 99 % to investigate the influence on the optical output of LCD 

backlight, which is associated with dichroic filter. On-surface type QD color conversion film 

is placed above the LGP, and the absorption and photoluminescence spectra of green and red 

QDs are carefully modeled based on the measured data [7]. The thickness of the QD film is 

set of 100 microns. Peak wavelengths of green and red emission after color conversion were 

targeted at 535 nm and 625 nm, respectively. The color coordinate of the targeted white 

emission after color conversion was optimized at (0.231, 0.244) in CIE 1931 for LCD 

backlight. Figure 5.2a presents the angular dependence of the transmittance spectra for a 

low-band reflecting dichroic filter which is commercially available, at the incident angle 

ranging from 0 degree to 45 degrees [18]. Fig 2b presents the transmission spectra of the 

dichroic filters at normal incident angle used in this study. The reflection spectra are 

automatically calculated by using R + T = 1. The angular dependence of the transmission and 

reflection spectra for each dichroic filter is also applied on each model. The thickness of the 

dichroic filter is set of 50 microns. For the optimization of the recycled blue emission, the 

transmittance spectra for the blue region of each dichroic filter modeled was adjusted from 

50% to 80% for a peak wavelength of 450 nm in terms of the normal incident angle. To 

elucidate the detailed impact of packaging processes and materials, Monte-Carlo 
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Figure 5.2. Transmission spectra of dichroic filters. (a) Transmittance of the dichroic filter 

with 0 % of blue transmission, at the incident angle ranging from 0 degree to 45 degrees and 

(b) Transmittance of the blue emission region is set of 50 % (black), 60 % (red), 70 % 

(green), and 80 % (blue) at normal incident angle 
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simulations using LightTools 8.0.3 are employed, and 2,000,000 rays are traced to control 

simulation error to be less than 1 % for each simulation run. 

 

5.3. RESULT AND DISCUSSION 

Figure 5.3a presents the light intensity spectra of the backlight using on-surface type 

QD color conversion film. For the QD film without dichroic filter, and the concentrations of 

green and red QDs are 12.0 wt% and 5.7 wt%, respectively. The power conversion efficiency 

(PCE) is 52.2 lm∙W-1. Optimization of the parameters were carried out to obtain the matched 

color coordinate and luminous output with QD film using a dichroic filter. By ranging the 

transmittance of blue emission from 50 % to 80 % to find an optimal transmittance of blue 

emission for the dichroic filter, the amount of green and red QDs are also carefully controlled 

to maintain green and red peaks. It was initially expected that the more of blue emission is 

recycled by using a dichroic filter, the more of green and red emissions to be converted. 

However, the results show that the amount of green and red QDs are not effectively reduced 

with the dichroic filter of 50 % transmission for the blue emission to match the targeted 

white point and to maintain luminous output at the same time, even though that case reduces 

the amount of green and red QDs by almost 40 % to match the green and red emissions. Blue 

peak remained lower than the targeted peal level, a substantial part of the recycled blue 

emission could be lost while the recycling process in the BLU. The same level of blue emission 

is observed when the dichroic filter of which the transmittance for the blue emission is 80 % 

is used, and reduced amount of green and red QDs under that condition which is to match 

with one without dichroic filter were 25 % and 33 %, respectively. Resulted color 

coordinates for blue, green, and red peaks from simulations are (0.143, 0.035),  
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Figure 5.3. (a) Light intensity spectra of LCD backlight using QD color conversion film 

without dichroic filter (black), and with dichroic filter of which the transmittance of blue 

emission is 80 % (red), 70 % (green), 60 % (blue), and 50 % (cyan). The concentration of 

green and red QDs are 12.0 wt% and 5.7 wt% (without filter), respectively, and 9.0 wt % and 

3.8 wt% (with dichroic filter), respectively. (b) CIE 1931 color gamut of optimized LCD using 

the BLU with the QD film and the dichroic filter (black) compared to DCI-P3 (blue) and Rec. 

2020 (yellow). 
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Figure 5.4. (a) light intensity spectra of the LCD backlight using QD film and dichroic filter by 

the reflectance of the backlight reflector. The blue emission transmittance for the dichroic 

filter is fixed at 80%. The range of the reflectance of the backlight reflector is from 88 % to 

99 %. (b) Optical power separated as blue, green, and red emissions dependent on the 

reflectance of the backlight reflector. 
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(0.157, 0.782), and (0.713, 0.287), respectively. Figure 5.3b presents the color gamut of the 

finally optimized LCD using the BLU with the QD film and the dichroic filter (denoted as QD-

LCD) compared to other standards of DCI-P3 and Rec. 2020. The color gamut in terms of the 

area ratio obtained is 138.8 % of the DCI-P3 and 99.6 % of the Rec. 2020. There is an offset 

is observed between the QD-LCD and the Rec. 2020, the color gamut in terms of the coverage 

ratio of the QD-LCD is 94.2 % of the Rec. 2020. This reduced amount of QD material, while 

maintaining its color gamut and optical output would lead to a significant reduction in 

manufacturing costs, especially for larger area displays backlight [12].  

Since a portion of the blue emission is recycled when the dichroic filter is used, it can 

be expected that the reflection and absorption inside the backlight unit will have a significant 

impact on the optical output when compared to the QD film without a filter. Figure 5.4a 

presents the difference in light intensity by the reflectance of the backlight reflector. The blue 

emission transmittance of the dichroic filter was fixed at 80 % for all plots. It is observed that 

all blue, green, and red emissions are reduced as the reflectance of the BLU reflector 

decreased from 99 % to 88 %. The effect of reduced reflectance of the BLU reflector on each 

blue, green, and red emissions are presented in Figure 5.4b. The optical output for each band 

is separated and integrated from 400 nm to 491 nm (blue), from 491 nm to 591 nm (green), 

and from 591 nm to 730 nm (red). The plots show that the blue emission is reduced by 8 % 

while the green and red emissions reduced by 14.2 % and 13.7 %, respectively. This means 

that the more of blue emission is recycled with a dichroic filter, the converted green and red 

emissions are influenced further by the parameters inside the backlight, especially for the 

reflectance of the BLU reflector. In terms of the luminous output for the white emission, it is 

reduced by 13.9 % as the reflectance of BLU reflector is decreased from 99 % to 88%. 
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However, the white point chromaticity is only shifted from (0.231, 0.244) to (0.228, 0.234). 

This could be regarded as a minor shift, but it could imply that the concentration of the green 

and red QDs should be controlled carefully to target a white balance due to the discrepancy 

of the effect for each band by the reflectance of the BLU reflector. Therefore, it is 

indispensable to maximize the light utilization efficiency by designing a more efficient 

backlight unit and accomplish the reduction in the concentration of QD materials by using a 

dichroic filter. 

 

5.4. CONCLUSION 

In this work, a design optimization to reduce usage of QD materials for the LCDs 

backlight has been suggested. By using a dichroic filter with the optimized blue emission 

transmittance, a substantial amount of green and red QDs can be reduced, while maintaining 

the targeted color coordinate, color gamut and the optical output of the backlight. A strong 

effect of the reflectance of the backlight reflector on the optical output when using a dichroic 

filter is also investigated. Although this study focuses on simulations to systemize the 

parameters, the findings may well have a bearing on influences in design of more efficient 

backlight for LCDs. Further extensive experimental investigations on different LED arrays 

and configurations for the backlight are needed to estimate interactions which can influence 

the optical performances by the packaging parameters. 
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CHAPTER 6 

COST-EFFECTIVE NOVEL DESIGN OF QUANTUM DOT COLOR CONVERSION FILMS 

FOR COLOR FILTER REPLACEMENT IN WIDE COLOR GAMUT LCD AND OLED DISPLAYS 

 

 

 

 

6.1. INTRODUCTION 

The quantum dot (QD) based color conversion is actively investigated not only for 

liquid crystal displays (LCDs) but also for organic light emitting displays (OLEDs) with a wide 

color gamut (WCG) [1-4], due to its tunable wavelengths and narrow full width half 

maximum (FWHM) [5-8]. However, a reduction in the amount of QD content in the QD-

embedded color conversion film is required for cost reduction [9, 10]. One method 

investigated so far is to replace color filters by patterned QD films, but this approach still 

faces some structural and optical issues [11-13].  

Research activities have reported recently not only the use of QD-based color 

conversion films with higher conversion efficiency [14], but also designing patterned QD 

films at the top of the LCDs or OLEDs by replacing color filters to reduce the amount of QD 

materials used [15]. Among them, the backlight using the remote QD film has already been 

commercialized, but the approach using the pattern printed QD film has not been sufficiently 

studied due to some problems. First, there is a difficulty in developing unit processes due to 

the placement polarizing film. Second, unwanted blue emission leaks from the red and green 
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QD sub-pixels because the red and green sub-pixels do not completely absorb the blue light. 

Hence, it is rather required to increase the concentration of the QD materials in each sub-

pixel even further to implement WCG, otherwise, color filters or a short-band reflector is still 

required [11-13], which is not desired.  

The objective of the present work is to develop a novel cost-effective design of 

quantum dot color conversion patterned films for color filter replacement for wide color 

gamut displays. It is demonstrated a novel cost-effective design of the QD conversion film 

that can dramatically reduce the amount of QD amount required while maintaining the same 

conversion efficiency. It is experimentally confirmed that the dispersion of diffusing particles 

can exhibit the same level of luminous output even when the amount of green and red QD 

materials used are reduced by 41.7 % and 58.3 %, respectively. By using this novel method, 

a monochromatic color conversion film of green or red can be implemented. It is also 

demonstrated for the first time, the color converting sub-pixels can replace conventional 

color filters for the LCDs. By using Monte-Carlo optical simulations, a uniform color 

distribution without color distortion with respect to the viewing angle for the improved 

optical structure can be obtained by using our designed monochromatic color converting 

sub-pixels. 

 

6.2. APPROACH 

Figure 6.1 illustrates the comparison of schematic cross-sectional views of the 

conventional LCD and the WCG-LCD with patterned QD film with embedded diffusers. An 

edge-lit white (1a) or blue (1b) LED arrays are located on the side of the light guide plate. 

Eight blue LED emitters (0.5 W in output power each) with a peak wavelength of 450 nm 
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were used in the LED array. The LGP is surrounded by a backlight unit (BLU) reflector on the 

side and the bottom, which performs diffusive reflection dominant [14]. Unlike the 

conventional LCD, the analyzer is below the patterned QD film for the WCG-LCD, therefore 

the polarized blue emission enters the patterned QD film to convert light into red and green. 

Optically optimized diffusers are dispersed in the QD film to extend light path for the blue 

emission to be sufficiently absorbed by the QD materials. For the blue sub-pixels, only 

diffusers are dispersed in the transparent matrix for a wide viewing angle.  

To obtain the measurement data, QD-based monochromatic color conversion layers 

 

 

 

 

 

 
 

 

 

 

 

Figure 6.1. Schematic cross-sectional views of (a) conventional LCD and (b) the WCG-LCD 

using quantum dot-based patterned color conversion film with embedded diffusers. For the 

blue pixel, only diffusers are dispersed in the transparent matrix since the backlight is blue. 
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packaged onto a blue LED emitter (20 mA in input current) with a peak wavelength of 450 

nm. Each LED emitter is packaged with silicone resin of which the refractive index is 1.53 at 

450 nm for flatted top surface. The green and red QD materials are mixed with a silicone 

resin matrix and evenly coated onto the LED emitter as a monochromatic color conversion 

layer. Peak wavelengths of green and red emission after color conversion were targeted at 

535 nm and 625 nm, respectively. The concentration of green and red QD material mixed is 

ranged from 1 wt.% to 18 wt.%, and from 1 wt.% to 24 wt.%, respectively. The thickness of 

each color conversion layer is 100 microns. For the diffusers dispersed in the QD color 

conversion film, the TiO2 powder is used for experimental measurement. To optimize the 

optical parameters for the diffusing particles, Monte-Carlo optical simulations using 

LightTools 8.0.3 are employed. Traced rays of 2,000,000 are assigned to control simulation 

error to be less than 1 % for each simulation run. Rrefractive index of the diffusers is ranged 

from 1.7 to 2.6 at 450 nm of the wavelength, and the diameter is ranged from 25 nm to 500 

nm. The light intensity is simulated on the BLU level, and a whole display including patterned 

QD film, polarizers and the liquid crystal layer is considered to obtain a color gamut for 

comparison. 

 

6.3. RESULT AND DISCUSSION 

Figure 6.2a presents the emission spectra of green monochromatic QD color 

conversion film as a function of the concentration of QD materials. The result shows that 18 

wt.% of green QD is required to obtain a monochromatic green color conversion film using 

blue light source. The range of double the FWHM for each peak wavelength of blue and green 

emission are taken and integrated to plot a normalized color conversion as shown in Figure 
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Figure 6.2. (a) Emission spectra of green monochromatic QD color conversion film, (b) 

normalized optical output by color conversion of green QD 
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(c) Emission spectra of red monochromatic QD color conversion film, (d) normalized 

optical output by color conversion of red QD as a function of weight concentration of QD 

materials. 
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6.2b. It shows that the green emission reaches its maximum at the concentration of 12 wt.% 

and saturated. However, the more green-QD material is required to eliminate blue emission 

to achieve a monochromatic green emission. The emission spectra of red monochromatic QD 

color conversion film with the same settings is presented in Figure 6.2c and Figure 6.2d. 

Likewise, the red emission is saturated at which the blue emission leaks, and therefore 

additional red QD material is required to suppress unwanted blue emission. The role of 

additional QD materials for each color conversion film is increasing chances for blue 

emission to be absorbed by green or red QD materials, but this additional amount of QD 

materials don’t contribute the color conversion efficiency. Instead of adding more QDs, the 

inert diffusers can also extend the light path of blue emission so that the enhanced color 

conversion efficiency for the QD material is expected even with a reduced concentration. 

The optical parameters for the diffusers are optimized by using optical simulations. 

The absorption and emission spectra of green and red QD materials are plugged in the 

simulation model to proceed optimization process. Fig 6.3 presents the optimized refractive 

index and diameter for diffusers. It is evident that the contrast of refractive indices between 

the matrix and the diffuser material is the key for green QD based color conversion films as 

shown in Figure 6.3a. By taking the refractive index of 2.6, the diffusers of which the 

concentration of 5 wt.% effectively extend light path of blue emission and eliminate it while 

the green emission to maintain with the concentration of green and red QDs are dramatically 

reduced by 41.7 % and 58.3 %, respectively, compared to ones without diffusers. The effect 

of the diameter of the diffusing particle on the color conversion efficiency for the green QD 

is presented in Figure 6.3b. By ranging its diameter from 25 nm to 500 nm, the minimum of 

blue emission is found at 100 nm. However, the optimized diameter is 50 nm because the 
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Figure 6.3. Optimization process of green and red QD-based monochromatic color 

conversion films using diffusers. Normalized optical output of blue and (a) green emission 

as a function of weight concentration of diffusers with different refractive indices, (b) green 

emission as a function of diameter of diffusers 
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(c) red emission as a function of weight concentration diffusers with different refractive 

indices, (d) red emission as a function of diameter of diffusers. 
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Figure 6.4. Comparison of emission spectra of monochromatic color conversion film with 

embedded diffusers using (a) green QD and (b) red QD 
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level of green emission is higher than 100 nm. We carried out the same optimization process 

with the red QD, and the concentration of red QD is reduced by 58 % at the same refractive 

index and size of the diffusers. Figure 6.4 presents the emission spectra of green and red 

monochromatic color conversion film using TiO2 diffusers with the diameter of 50 nm up to 

5 wt.%. The measurement shows a good agreement with the simulation results. 

We confirmed that the monochromatic color conversion can be achieved with a 

dramatically reduced amount of QD. This structure can be applied to the development of 

LCDs and OLEDs having improved optical characteristics. Conventional LCDs have a 

structure in which a white light source as a backlight and the white light passing through a 

liquid crystal panel, and some OLED applications also form color displays using color filters 

on white OLEDs. White backlight passes through color filters to produce red, green, and blue 

emission. The limitations of these structures are (1) one thirds of incident light is blocked by 

color filters, (2) a decrease in the light utilization efficiency due to the polarizer located at 

both ends of the liquid crystal panel, in case of the LCDs. The light passing through the color 

filter passes through the polarizer and the luminance is lowered, causing a difference in color 

and luminosity depending on the viewing angle. Replacing a color filter by RGB patterned 

monochromatic color conversion films could be free of these problems. A comparison of the 

two types of LCD structures is shown in Figure 6.1. 

The advantage of the improved structure is that it can achieve even better optical 

properties in less than a half of the amount of QD materials rather than conventional QD-

based color conversion films. In addition, uniform angular distribution of light becomes 

possible by patterned color converting subpixels due to the scattering. The optical 

simulation results using the improved structure are shown in Figure 6.5. The result shows 
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Figure 6.5. Angular intensity distribution for the LCD using QD-based monochromatic color 

converting sub-pixels with embedded diffusers. 
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Figure 6.6. Color gamut of the LCD using QD-based monochromatic color converting sub-

pixels with embedded diffusers compared to DCI-P3 and Rec.2020 
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that the light passing through the monochromatic color converting subpixel structure 

exhibits a Lambertian light distribution. Due to the narrow FWHM of QD materials, WCG can 

be obtained even in an LCD structure without color filters, and as shown in Figure 6.5b, the 

color gamut of the LCD with monochromatic color converting sub-pixels obtained is 126.8 

% of the DCI-P3 and 91 % of the Rec. 2020. 

 

6.4. CONCLUSION 

In this study, a cost-effective method for monochromatic color conversion film using QD 

materials was obtained. It was confirmed by light simulation and experimental 

measurement that a small number of diffusers can save a significant amount of QD materials 

used while maintaining the same color conversion efficiency. In addition, we have confirmed 

that color converting sub-pixels that can be applied to advanced not only LCDs but also 

OLEDs can show better optical characteristics than conventional displays. Further 

continuous and extensive experimental investigations on the advanced LCDs and OLEDs 

structure using QD-based monochromatic color converting sub-pixels are required to figure 

out its feasibility and reliability. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

 

 

 

 

The demand of solid state lightings applications such as LEDs is rapidly increasing, and 

cost-effective manufacturing technology with higher optical performance and reduced power 

consumption is crucial for the LEDs to replace conventional light sources in the lightings market. 

The first chapter briefly introduces the basic outline of LED manufacturing technology. The cost 

reduction is required for the LEDs continuously and this challenges the novel technologies to be 

adopted on. Optical performance management has not been considered enough whereas the 

thermal management has been extensively studied so far. Luminous output for the LED is one of 

the most important features, however no less important, wide color gamut especially for the 

displays applications is crucial to comply future standards.  

In chapter 2, it is demonstrated that the role of the backside reflector (BR) for the LED chip 

can be diminished when the optically transparent die attach adhesive (DAA) is used and other key 

packaging materials and processes are optimized for the leadframe based LED emitters. The light 

output for a packaged LED emitter with a BR-free chip can be as high as that of the packaged 

emitter using the same chip but with an added BR. 

In chapter 3, the role of the DAAs in influencing light output of the white chip-on-board 

(COB) LED emitters is investigated. It is demonstrated for the first time that the use of an optically 

transparent DAA for replacing conventional adhesive for multiple COB white LED emitters leads 
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to a significant enhancement in light output of up to 22 %. An optimization of packaging materials 

and process for multiple COB LED emitter to enhance optical efficiency is also studied. 

In chapter 4, an investigation of possible packaging and materials optimization of this new 

type WLED linear array with on objective of maximizing its lumen output. It is found that the 

lumen output is greatly enhanced up to 26 %. if the transparent substrate is optimized with respect 

to its dimensions. It is also found that the optically transparent die attach adhesive is preferred over 

optically reflective one. In addition, an optimization of the refractive index of the DAA, as well as 

optimization of die spacing and phosphor layer structure contribute significantly in enhancing the 

lumen output. 

In chapter 5, the design of the quantum dot-based color conversion film in the LCD 

backlighting is optimized in terms of reducing the required amount of relatively expensive QD 

materials. It is demonstrated for the first time that a dichroic filter on the QD color conversion film 

can be optimized in terms of its blue emission transmittance, which results in a reduction of over 

30% of the amount of QD materials required, while maintaining the targeted color coordinate, 

color gamut and the optical output of the backlight. In addition, it is studied that there is a strong 

impact of the reflectance of the backlight reflector on the optical output when a dichroic filter is 

employed. The significant implication of the present simulation results to the optimal design of 

more efficient backlight for LCDs is outlined. 

In chapter 6, it is demonstrated that the QD-based monochromatic color converting sub-

pixels can replace conventional color filters for the displays without optical filters, and a wide 

color distribution without color distortion with respect to the viewing angle can be obtained as 

well. Furthermore, the amount of QDs used in the color conversion film for replacing conventional 
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color filters can be reduced up to 58.3 % by employing optimized diffusers in the film while 

maintaining its color conversion efficiency. 




