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 Most white light-emitting diode emitters (WLEDs) for lighting and backlighting 

application are now produced by combining a blue wavelength emitting LED chip with 

wavelength-conversion materials, such as phosphor and quantum dots. Those WLED 

emitters are fully encapsulated by optical grade silicone with an intention of photon 

extraction improvement, optically reflecting surfaces protection, and isolating the LED 

package from the attack of chemical incompatible factors, such as humidity and halide 

chemicals. A relentless need for optoelectronic devices with reduced manufacturing cost 

calls for thinner back-lighting modules and thus thinner profile LED emitters. My thesis 

research is directed to investigate the optimization of materials and packaging processes for 

phosphor or quantum dot-based white LEDs. Specific projects are focusing on the 

investigation of the feasibility of low-profile lead frame-based phosphor WLED emitters free 

of the bulk encapsulant. As well as developing cost-effective wavelength conversion films for 

chip-scale WLED and LCD BLU, the investigation on the role of novel nano-particles, porous 



 

x 
 

and asymmetric diffusing agents in enhancing the lighting extraction efficiency and reducing 

the phosphor or QD amount needed as a thin wavelength conversion film. 

The first part of this work, The junction temperature of a phosphor-based white LED 

(WLED) is investigated as a function of the thickness of the phosphor-silicone mixture coated 

on the chip. It is demonstrated that to the contrary of a common belief, for a given correlated 

color temperature (CCT) with a fixed amount of phosphor in the mixture, the WLED junction 

temperature increases with decreasing thickness of the silicone phosphor mixture coating 

thickness. This observation can be explained in terms of the different coating thickness 

dependence of thermal conductivity and the amount of backward scattering of photons into 

the chip respectively. Although, as expected, the thermal resistance of the coating layer will 

decrease as the thickness decrease which will contribute to an enhanced thermal dissipation 

from the chip and thus a reduced junction temperature, a much larger decrease is expected 

by the amount of backward scattering of photons into the chip, which results in an overall 

increase in the junction temperature as the coating thickness is reduced. 

 The second part of this work, A packaging approach for cost-effective, and ultrathin 

high-power phosphor-based white light-emitting-diode (WLED) emitters with outstanding 

reliability is presented. By removing the encapsulant in the conventional method, the new 

approach employs a single silicone-phosphor thin layer instead of multiple phosphor layers 

in chip-scale package (CSP) WLED for both encapsulations as well as wavelength conversion. 

It is demonstrated that the presented WLEDs exhibit superior optical and thermal 

performance, as well as lifetime durability. Accordingly, the present work offers high 

reliability, a cost-effective alternative approach for ultrathin high power WLED emitters with 



 

xi 
 

significant advantages over the conventional packaging structure and chip-scale packaging 

methods. 

  In the third part of this work, the role of nano-sized porous TiO2 diffuser in reducing 

the required amount of wavelength conversion agents, such as phosphor and quantum dots, 

in the wavelength conversion layer is reported for the first time. It is experimentally 

demonstrated that for a given specific correlated color temperature (CCT), the existence of 

a nano-sized porous TiO2 diffuser can greatly reduce the required phosphor amount, 

compared to the non-porous nanosized TiO2. Specifically, in a wide range of CCTs, a 20% or 

so reduction is observed in the required phosphor amount. This great reduction is 

demonstrated by a significant increase in the interaction between input photon with 

phosphor the within wavelength conversion file due to the existence of nano-pores in the 

nano-size porous TiO2 diffuser. 

  In the last part, we propose a novel light-scattering film with TiO2 nanocylinder 

diffuser particle loaded. It is designed to improve the phosphor and quantum dot (QD) usage 

efficiency in cost-effective light wavelength conversion film for various performances in the 

lighting industry. The TiO2 nano cylinder diffusing agents enhances the light scattering and 

enables a decrease of light wavelength conversion materials necessary to obtain specific CCT. 

Based on the experimental result of TiO2 diffusing film diffuse properties, the phosphor 

usage efficiency is significantly increased, as well as the light output power enhancement. A 

10% - 20% improvement was found at a driving current of 350mA in TiO2 diffusing agent 

loaded light wavelength conversion film. It is experimentally confirmed that the dispersion 

of TiO2 nanocylinder diffusing particles in light wavelength conversion film can exhibit the 



 

xii 
 

same level of luminous output due to the reflection reduction, scattering enhancement, and 

Rayleigh scattering effects, even when the amount of phosphor materials used is reduced by 

20%. Accordingly, with low-cost benefits, easy fabrication, and superior optical 

characteristics, the TiO2 nano cylinder particle can be an effective performance enhancer for 

further phosphor and QD optical device applications. 
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CHAPTER 1 

INTRODUCTION 
 

1.1 Background 

 White Lighting-emitting diodes (WLEDs) have become the dominant technology in 

the next generation of illumination applications includes LED back-lights and general 

lighting applications. The continual need for luminous efficiency development is crucial. An 

efficient method for enhancing luminous efficiency for phosphor or QD packaged White LED 

(WLED) is highly demanded. As the market developed, the requirement for smaller, higher-

power devices for applications such as automotive headlamps and spotlights grew. 

Therefore, as the trend towards smaller and thinner luminaries, LED chip manufacturers 

continue to improve and innovate. They have responded to the development of LED lighting 

and the high demand from the consumer by shrinking the size of LED packaging, as shown 

in figure 1.1. The result of this trend is the growing development of Chip Scale Package (CSP) 

LED technology.  
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Figure.1.1 The trend of shirking size of WLED 

 The CSP LED is defined as a LED package with a size no larger than 20% of a LED chip. 

As shown in figure 1.2, the CSP LED has several new advantages, eliminating soldered wire 

connection, substrate, and bulk encapsulation which reduce thermal resistance and allow for 

high package density and overall system cost reduction. However, While these factors are 

perfectly preferable among LED modules, there is still some challenge with CSPs LED, which 

is exacerbated by their heat conduction and manufacturing process. However, the absence 

of the ceramic submount that acts as a heat spreader between the die and the board in a 

traditional packaged LED means heat transfers from the die to the PCB as an intense point 

heat source. This means that module and luminaire designers have to be extremely careful 

to ensure CSP LEDs are provided with adequate cooling. A cost-effective solution for the 

thermal profile of CSPs is still needed while maintaining manufacture-ability and the ability 

to use standard PCB assembly lines. 

 

Figure.1.2. The schematic cross-sectional view of SMD WLED emitter and CSP WLED 

 

In the meanwhile, A recent trend in White LEDs (WLEDs) production involves using 

blue LEDs with phosphors or Quantum dots conversion. WLEDs are usually phosphor-

converted LEDs that utilize short wavelengths of lights emitting from LED die to excite the 
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light conversion on the phosphors which spread inside of the wavelength conversion layer. 

The phosphor-converted light and long wavelength light from emitters will be mixed to 

produce the desired white color [9]. The wavelength conversion film that directly attaches 

to the blue chip is generally used for light wavelength conversion and enhance light 

extraction efficiency by alleviating the gap of refractive index (RI) between the chip and air, 

as well as to prevent mechanical and thermal stress shock and humidity-induced 

corrosion[10]. The manufacturing cost of the packaging materials also takes the wavelength 

conversion film into concern. The cost of wavelength conversion film mostly depends on the 

phosphor or quantum dot which are usually highly valued. Therefore, the wavelength 

conversion film of LEDs is typically required to possess the characteristics of high thermal 

stability, high refractive index, high transparency, hermetic, great reliability performance as 

well as cost-effectiveness. 

 In this study, The first objective is to develop a low profile lead frame-based white 

LED emitters free of the bulk encapsulant. The result from both reliability testing 

experiments has proved that the newly-developed encapsulant method WLED has better 

overall lumen and reliability performance over conventional encapsulant WLED. In the 

meanwhile, WLEDs with a thin packaging method could be easily manufactured using 

dispensing technology without additional mold equipment compared with Chip scale 

packaging(CSP) LED. The developed method made the material spread the edge cavity of the 

LED lead frame easily inside the encapsulant layer compared with conventional LED 

packaging structures. As the LED packaging proposed in this study was optimized, thinning 

LED packages have promising and cost-effective fabrication processes. These packaging 

structure and materials composite significantly reduced the total internal reflection, thus 
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enhancing the Light extraction efficiency owing to improvements in the average refractive 

index of silicone-phosphor mixture coating and its higher light scattering possibility. In the 

meanwhile, the lead-frame based WLED shows a significant improvement in reliability over 

the conventional WLED packaging.  

For proposed research, The flexibility of the WLED used with TiO2 nanoparticles 

diffusing agents in wavelength conversion phosphor or QD film converted WLED will be 

investigated. According to the previous research, the addition of TiO2 diffusing agents would 

lead to a CCT reduction and luminous efficacy improvement, which enable the usage 

reduction of conversion material. In meanwhile,  different types of TiO2 NPs diffusing agents, 

such as the novel porous, novel asymmetric were compared, and it is proposed that the novel 

porous and novel asymmetric diffusing agents should show better lumen enhancement and 

phosphor usage reduction results. Through the experiment, it shows that additions of porous 

and asymmetric diffusing agents may reach higher light extraction enhancement than TiO2 

nanoparticles. Besides, such an approach will result in more backward lights and then 

induces a lower CCT. It is demonstrated that less phosphor usage can perform a requested 

CCT without sacrificing the total output power by TiO2 diffuser addition inside the LED 

encapsulation. The future experiment and simulation will be conducted for determined the 

phosphor concentration reduction as a function of TiO2 NPs’ addition contents. The utility of 

low-cost and controllable TiO2 diffuser-doped encapsulation will be provided and offering 

an effective method for improving high luminous efficiency and maintaining the CCT of 

WLED. 
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1.2 White Light-emitting diodes Encapsulant Introduction 

Solid-state lighting (SSL), particularly Lighting-emitting diodes (LEDs) has become 

the dominant technology in the next generation of illumination applications includes LED 

backlights, displays, transportation equipment lighting, and general lighting. Compared with 

traditional lighting devices, LEDs have many significant advantages, such as high efficiency, 

low power consumption, environment friendly, long-term operation, and wide color gamut. 

Packaged LEDs achieved the performance level several years back to displace legacy light 

sources in nearly all general lighting applications. The white lighting-emitting diode (WLED) 

has been widely adopted for replacing traditional lighting sources, particularly as a 

backlighting source for liquid crystal displays (LCD) used in mobile electronic devices, 

displays, and automotive application for their high energy efficiency, extended reliability, 

and flexibilities in product design[1-3].  

High efficacy and low costs result in efficient and cost-effective lighting that is rapidly 

being needed and saving substantial amounts of energy. This in turn presented a new 

challenge for the LED manufacturers: how to keep the LED die thermally conductive to 

operate effectively and as well as improvements to efficiency reduce costs and size while 

enabling new form factors, improved optical performance, and new lighting applications. A 

typical phosphor-based WLED emitter produced by the current packaging method involves 

the use of a relatively bulky encapsulant to protect the chip, the phosphor coating layer on 

the chip, and the optical reflecting surfaces on the side and bottom of the package from 

moisture and halide chemicals [1-3]. A relentless need for optoelectronic devices with 

reduced thickness profile, cost, size, and weight, which calls for even thinner backlighting 
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modules and thus white LED emitters with much thinner thickness profile. [4] Thus, an 

important industrial trend in WLED emitters, following the general direction in IC assembly 

towards thinner packages is the continuing reduction in package thickness to meet the need 

for both backlighting and lighting applications. The latest packaged LED emitter as thin as 

0.5mm has been in production [4-5]. The small source size enables improved optical control. 

These performance features, coupled with the high efficacy and low cost of LED lighting, 

enable a rare trifecta for energy efficiency technologies – high efficiency, low cost, and 

improved performance – which has resulted in rapid adoption and massive energy savings. 

These features and benefits can also be achieved while reducing the environmental impacts 

of lighting (beyond benefits from reduced energy generation) in terms of reduced materials 

toxicity and ecological impacts. The bundle of discoveries, impacts, and potential benefits of 

SSL stem largely from advancements in LED efficiency. Improvements to efficiency reduce 

costs and size while enabling new form factors, improved optical performance, and new 

lighting applications[6-8]. 

1.3 Thermal Management Design of LED encapsulant packaging Structure 

Proper thermal management in the encapsulation structure is required. The 

nonradiative recombination of electron-hole pairs and low light extraction leads to a 

conversion of electrical power input into heat and junction of LED chips. LEDs are only 

around 40% efficient, which means 60% of the power that goes into an LED will come out as 

heat. The high power supply is conducting high heat flux through the small area of LED chips 

and packaging, which leads to a large junction temperature. As with any electronic device, 

accumulated heat generation can cause serious damage so it needs removing as quickly as 
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possible. This is where thermal management comes in. In this point of view, the encapsulant 

material and packaging design for LED could affect the heat dissipation in the LED. [9~10]. 

Thermal resistance in the different heat transfer parts in the packaging would greatly 

obstacle the cooling system in the LED devices. The basic mechanism for cooling LEDs is 

transferring the heat from the inside of the LED package to the outside ambient through an 

external heat sink. The most effective method of reducing the junction temperature in LED 

packaging is to minimize the thermal resistance in the path from the junction to the 

surroundings and to effectively reduce the LED junction temperature. The basic idea is 

having high thermal conductivity materials as the substrate, using a larger surface area to 

transmit the heat to the environment by convection, or using a heating module by heat 

conduction to form the cooling path. Generally, there are two methods to reduce the thermal 

resistance: shorten the distance between the light-emitting layer and the packaging 

substrate, or use materials with higher thermal conductivities to replace the original 

materials, leading to the shrinking size trend for LED packaging. The research efforts on 

effective and suitable heat management in LED packaging are increasing.  

To satisfy the requirements, A CSP LED is developed. The CSP LED is defined as a LED 

package with a size equivalent to a LED chip, or no larger than 20%. CSP chip can be directly 

applied to the PCB board, effectively shortening the heat flow path to the substrate, reducing 

the thermal resistance of the light source. Besides, the CSP packages don’t need holder and 

alloy wire, which means we can reduce two production processes, which reduces the 

probability of making defective products, the broken risk reduces as well. Overall, the CSP 

package has many benefits over SMD conventional LED, such as no substrate, free solder 
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wire, small size, and high optical density.  However, as LEDs increase in power while 

shrinking in size, thermal management becomes a critical aspect of LED packaging. The 

challenge with CSPs is exacerbated by the way they conduct heat. CSPs are a point heat 

source, their small size and high temperature mean they quickly saturate any substrate that 

doesn't have the requisite thermal conductivity, leaving the LED vulnerable to overheating. 

The price of failing to deliver adequate thermal conductivity and having the LED chip 

overheat is a reduced lifetime, reduced reliability, poor light quality, and ultimately 

catastrophic failure. In meanwhile, the absence of the ceramic substrate hurts system-level 

thermal performance and optical performance suffers from the CSP technology as well. They 

ranged from the fact that you process bad die at the wafer level to optical light extraction 

issues with CSP. A board-level thermal management solution is still required, which can deal 

with the thermal profile of CSPs without further cost while maintaining manufacturability 

and the ability to use in standard PCB assembly lines.  

1.4 The encapsulant characterization and packaging design for WLED light 

extraction efficiency enhancement 

In the conventional packaging method, the entire package cup is filled with silicone 

resin as the encapsulant materials for both optical and reliability purposes. The luminous 

efficiency is defined as the ratio of light escaping from the LED packaging module to the light 

emitting from the chips [12]. After the effect of packaging, how much light is finally being 

received is a matter of concern for the LED lighting. Hence, the luminous efficiency as a light 

performance index is used to evaluate the utility rate of luminous energy. However, the low 

light extraction efficiency of GaN-based LEDs, which is mainly caused by light being trapped 
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in the high refractive index LED chips by total internal reflection at the LED interfaces, limits 

their applicability. The basic idea of Snell’s law is shown in fig 1.3. According to Snell’s 

law, the light emitted from the LED chip will be trapped by the total internal reflection 

between the interface of the packaging module and the air. The total internal reflection of 

emitting lights would occur when the incident angle of light is larger than the critical angle. 

Moreover, a single encapsulation material is used to cover an LED chip for the packaging 

process. Light is easily reflected in the LED package and is partly absorbed by the 

encapsulation material. Using the high refractive index (RI) materials as encapsulant could 

decrease the critical angle between the LED chip and encapsulant, which reduces the 

reflected light and thus enhance light-extraction efficiency. With the development of LED in 

general illumination applications, high-light-extraction efficiency of LED encapsulant has to 

be satisfied. 

The demand has stressed researchers to develop high RI encapsulant material and 

high-light-extraction efficiency packages. At meanwhile, a large portion of photons is 

absorbed in the interface between the sidewall of the chip and the encapsulation filled with 

phosphor particles, which are present in fig 1.4. These reflected light are emitting downward 

from the emitting layers and the metal reflector on the bottom of the chip. The light 

extraction can be furthermore increased if these photons can be reflected in the upward 

direction or not be absorbed. An effective packaging design is needed for achieving higher 

light extraction as well as guaranteeing a compact structure and relatively low cost. Various 

optical design methods are introduced to improve the light performance of LED packaging. 

Wu et al. [13] proposed a design method to shape microstructures on the top surface of the 

injected silicone layer for LED array packaging. Xiao et al. [14] proposed a design method by 
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producing a micro-lens phosphor module to enlarge the phosphor and air interface areas 

and thus conduce to the enhancement of light extraction. 

 

Fig 1.3 The basic mechanism of Snell’s Law. According to the equation, the increasing difference of 

refractive index between interfaces will increase the amount of total internal reflection. 

1.5 Manufacturing cost challenges regarding WLED encapsulation proprieties 

A variety of optical and thermal methods to improve the overall performance of LED 

through different packaging designs are mentioned above. The high luminous efficiency and 

long-term reliability of LED packaging are realized. It should be noted that not only the 

optical issue and the reliability issues but the total cost of LED lighting systems should also 

be paid enough attention to. The total cost of a lighting system includes the cost of electricity, 

cost of replacement, and the initial purchase price. Yet since the life cycle savings are not 

guaranteed at the time of lighting system selection, higher initial costs are still an obstacle to 

the acceptance of LED lighting. Reducing the manufacturing cost and selling price reduction 

while maintaining a high reliability level is key to increasing market share. Develop high-

volume additive manufacturing technologies for any portion of the LED lighting 
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manufacturing value chain. Approaches(optical, electronic, or thermal properties) should be 

cost effective and reduce part count in the manufacturing process and apply to mass 

production, not just prototype development. The development of printable materials with 

properties specific to lighting applications is of interest for additive manufacturing 

approaches.  

Specific portions of processes that are of interest for additive manufacturing 

advancements include 1. Wafer scale packaging, including down-converter and encapsulant 

deposition. Power supply component and module manufacturing. 2. Rapid creation of 

tooling for optics, heat sink, or housing manufacturing. 3. Flexible production of lighting 

products. 4. Additive manufacturing techniques apply to many different aspects of the supply 

chain and manufacturing processes.  

The proposed approaches will need to detail the baseline performance metrics and 

the improvements in performance metrics that can be obtained. Methods for Manufacturing 

cost reduction includes:1. Advanced LED package and die integration into the luminaire. 2. 

More efficient use of components and raw materials. 3. Simplified thermal designs. 4. Weight 

reduction. 5. Optimized designs for efficient, and low cost manufacturing (such as ease of 

assembly). 6. Increased integration of mechanical, electrical, and optical functions. 7. 

Reduced manufacturing costs through automation, improved manufacturing tools, or 

product design software. Researchers should demonstrate a thorough knowledge of the 

portion of the manufacturing value chain they are working in and should provide 

quantitative metrics, status, and targets for their research. 
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Fig 1.4 The light scattering path inside the phosphor-silicone encapsulation layer: a) the light 

directly emitted from the chip to the surface of LED package without conversion. b) The light 

emitted from the chip is scattered and converted by the phosphor particle inside the encapsulant. 

c) Part of un-converted light was reflected by the silver-coated reflector surface on the bottom of 

Lead frame. d) Other parts of scattering light is reflected by the surface on the sidewall. 
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CHAPTER 2 

Phosphor-Silicone Coating Thickness Dependence of the White LED Junction 

Temperature 

2.1 Introduction 

Lighting-emitting diodes (LEDs) have been an important role in the next generation of 

illumination applications. Compared with traditional lighting devices, LEDs have many 

significant advantages, such as high efficiency and reliability, low power consumption, 

environment friendly, and wide color gamut [1-4]. The requirement of LED with higher 

brightness and longer lifetime keeps rising with the expected continuing rapid growth. The 

high demand for better LED technologies and the global energy supply is starting to 

challenge the efficiency and reliability of high-power LEDs. Although it is possible to produce 

high luminous LED chips, the portion of energy converted into light is only around 15~20% 

[2]. With the rest of the energy transferred into heat, the high junction temperature occurs 

over the LED chip. The long-term exposure to the moisture, dust and ultraviolet light would 

also shorten the lifetimes of LEDs. These become critical issues for packaging. Therefore, the 

encapsulation layer is important in LED packaging for reducing the thermal resistivity and 

minimizing CTE (Coefficient of Expansion) mismatch in the packaging. The phosphor-

silicone coating on the chip is one of the most employed methods for making white LEDs 

(WLEDs). It is often expected that obtaining a given CCT (Correlated Color Temperature) is 

achieved by using a fixed amount of phosphor. The thermal resistance of the phosphor layer 

will decrease with decreasing coating thickness and increasing phosphor concentration, 

which results in a better thermal dissipation and thus a reduced LED junction temperature. 
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A reduction in LED junction temperature is responsible for not only lumen efficiency, but 

also long-term lumen maintenance. 

There are still some concerns about encapsulation. The most concerning issue is the 

thermal management in the encapsulation structure. The high power supply is conducting 

high heat flux through the small area of LED chips and packaging and leads to a large chip 

junction temperature. [3] The high junction temperature would decrease light output quality 

and reduce operating lifetime and reliability. [5-6] The encapsulant packaging method for 

LED could affect the heat dissipation in the LED, which is related to the lifetime and lumen 

performance of the lighting device. The effective heat dissipation path of thermal 

management of LED packaging is the major key element to ensure optical performance and 

thermal reliability. The thermal resistance in the different heat transfer parts in the 

packaging would greatly obstacle the cooling system in the LED. The most effective method 

of reducing the junction temperature in LED packaging is to minimize the thermal resistance 

in the path from the junction to the surroundings [7] The general heat transfer paths are 

shown in Fig. 1. The basic idea is having high thermal conductivity materials as the substrate, 

using a larger surface area to transmit the heat to the environment by convection, or using 

heat-module by heat conduction to form a cooling path. In general, the method to reduce the 

thermal resistance is to shorten the distance between the light-emitting layer and the 

packaging substrate. It is commonly believed that the reduction of encapsulant layer 

thickness could result in thermal resistance reduction. 

The objective of this study is to investigate the junction temperature of a WLED as a 

function of the thickness of the phosphor-silicone mixture coated on the chip. It is found that 
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an increase in the silicone-phosphor mixture coating thickness results in a decrease in the 

junction temperature, which is contrary to common belief. The thermal resistance of the 

phosphor layer will decrease with decreasing thickness and increasing phosphor 

concentration. The result can be explained in terms of the different coating thickness 

dependence of thermal resistance and the amount of backward scattering of photons into 

the chip, respectively. 

2.2 Experiment 

2.2.1  Method 

 

Fig 2.1 The schematic cross-section view of tested LED package 

 

 The schematic drawing of a cross-sectional view of a 2.3 W monochromatic WLED package 

is shown in Fig 1. The LED chip is attached to the lead frame with a reflector cup, and the 

phosphor-silicone mixture coating is covering the chip. The coating layer is comprised of a 

silicone encapsulant and the same amount of yellow phosphor powder is ensured for every 

sample, for comparing the lumen performance and other variables at constant CCT scales. 
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  The commercially available flip chip is a 30*30mil flip-chip product from Lextar Electronics 

Corporation, with an output power of 2.3 watts and an emission peak wavelength of 445-

465nm. The silicone material used is Dow corning OE-6630 and the phosphor of Y592ACH 

phosphor powder was from U-color Development Co.Ltd. For achieving a CCT of 5000K the 

0.267mg of Y592ACH phosphor powder is used, regardless of coating thickness. Similarly, 

for CCT of 10000K, 0.223mg of Y592ACH phosphor powder is used. 

 

Figure 2.2 Manufacturing process for thin-film coating phosphor-converted WLED 

The chip packaging process is as follows: (1) Various silicone-phosphor mixtures 

corresponding to CCT values of 5000K and 10000K are prepared (2) The phosphor silicone 

coating is dispensed on the chip and led frame surface, which is marked in figure 2. The 
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coating layer covers the entire lighting scattering area using the conventional dispensing 

method and equipment. (3) The silicone phosphor paste layer is then coated on the chip 

which will be cured at 150℃ for 2 hours to form the thin solid profile coating layer. (4) The 

packaged WLED emitter is soldered to Al-based printed printed-circuit-board is ready for 

the various performance and reliability measurements. 

2.2.2 Characterization 

 

The thickness of dry film phosphor coating is measured by coating thickness gages.  The CCT 

of coating samples and encapsulant samples were conducted by Thermo Spectronic 4001/4 

integrate sphere.[9-10] 

2.3 RESULT AND DISCUSSION 

 The junction temperature of silicone-phosphor coating as a function of coating thickness is 

presented in Figure 2 for CCT=5000K and 10000K respectively. It is evident from Fig.2 that 

the reduction of junction temperature occurs when the phosphor coating thickness is 

increased. Although it is expected that the thermal conductivity of the coating will increase 

with a reduced coating thickness, and thus contribute to a better thermal dissipation for the 

chip, which results in a reduced junction temperature. [11] However, the degree of the 

thermal conductivity enhancement is relatively small according to our experiment result. 

Moreover, a reduced coating thickness with a fixed amount of phosphor will greatly enhance 

the amount of photons backscattering into the chip, which is expected to increase the chip 

thermal load, and thus the LED junction temperature. The present results in Fig.2 are fully 
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consistent with the expectation of the enhanced amount of photon backscattering into the 

chip. Thus, the apparent contradiction can be readily resolved. 

In this experiment, the junction temperature is used to characterize the thermal behavior of 

the white LED emitter. Based on the simulation results, the emitter with phosphor coating 

could maintain a low phosphor temperature as the phosphor concentration is kept above 

60wt%. The thermal behaviors of encapsulant free samples and encapsulant samples are 

compared in both 5000K and 10000K CCT. The properties of phosphor coating layer and the 

value of junction temperature, phosphor temperature are shown in figure 2. It is also evident 

from Fig.2 that the junction temperature decrease with increasing phosphor coating 

thickness. It is commonly believed that a thicker encapsulant could lead to higher thermal 

resistance and result in a higher junction temperature. Our experiment result is 

contradictory to the common belief due to the effect of thermal spreading resistance. 

According to the previous research [10], the new free encapsulant packaging white LEDs are 

similar to chip-coating white LEDs and blue LEDs, which have complex hear sources formed 

by both chip and phosphor layers. The thin profile packaging white LED model follows the 

calculated model with uniform heat flux and constant convection heat transfer coefficient. 

[11] The effect of thermal spreading resistance could be increased with decreasing phosphor 

coating thickness and lead to an increase of thermal resistance and then result in a higher 

junction temperature.  
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Figure 2.3 The WLED junction temperature as a function of silicone-phosphor mixture coating 

thickness on the chip for CCT=10000K (a) and 5000K (b) 
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2.4 CONCLUSION 

The thermal performance of white LED with different coating thicknesses is studied in this 

paper. Contrary to common understanding, junction temperature can be increased with 

thinning phosphor coating by using a newly developed packaging method in this study. The 

thermal conductivity of the phosphor layer will increase with decreasing thickness and 

increasing phosphor concentration owing to the backscattering of photon increase. Although 

the thinning of encapsulant thickness could improve the thermal conductivity of overall 

packaging, the backscattering effects have larger effects on the junction temperature of 

WLED.  
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CHAPTER 3 

Developing Cost Effective Ultrathin Reliable High Power White LED 

Emitters 

3.1 Introduction 

A crucial industrial trend in WLED emitters, following the general direction in IC 

assembly towards smaller packages, is the continuing reduction in package thickness while 

maintaining reliability [1-5]. Recently, the chip-scale package (CSP) technology has 

propelled to the forefront in the development of the WLED packaging for its benefits in 

obtaining the low profile WLED emitters. The CSP structure eliminates up to 80% packaging 

volume compared to traditional SMD packages. Nonetheless, CSP WLEDs have recently been 

found to suffer serious reliability issues when the input power becomes relatively high with 

an input current ranging from 350 mA to 700 mA, in particular when an input current is over 

500 mA. The source of the problem is found to be related to the existence of increasing 

multiple thin phosphor layer-chip interfaces, as the schematic is shown in Fig 2. 1. As shown 

in Fig. 3.1, the number of interfaces between phosphor film/adhesive and adhesive/chip in 

typical  CSP is around 10. The total interface area will be the same as the chip area. As in a 

conventional WLED, the interface number is greater the 5 since the phosphor coating covers 

both the top and side surface of the chip as well as submount surface. The decreasing 

percentage of the contact area between the phosphor coating and the surface of the LED chip 

is considered to be the main cause for the delamination in interfaces. The reduced bonding 

area reduces interfacial adhesion strength and leads to delamination. Therefore CSP has a 

higher chance of cracking [6-11].   
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In the CSP LED, the elimination of submount results in a small-sized interconnection 

pad which induced a small heat-concentrated area, such as superheating of phosphors, and 

then it fails to deliver adequate thermal conduction, causing chip overheating and resulting 

in an unacceptable manufacturing yield loss[12-13]. These phenomena result in a large 

reduction in lumen efficiency, the delamination of the interface adhesion between the chip 

and the silicone-phosphor layer, and eventually leads to the lumen degradation failure of 

LEDs in the early period of operation. In the meanwhile, dealing with the small chip and 

package size, the conventional manufacturing equipment suffers a severe challenge in CSP 

WLED assembly to PCB or substrate. The smaller area of a CSP WLED requires specialized 

eutectic bonding machines of higher cost for precise positioning. Therefore, although the 

reliability of white LEDs has been a great concern by many researchers [14-16]. Prior studies 

have failed to identify high reliability and cost-effective approach for high power thickness 

reduced WLED emitters with reduced thickness. 

The highly reliable WLED packaging design with reduced thickness is to take advantage 

of both conventional lead frame base WLEDs and CSP WLEDs. There are several recent 

reports on the impact of encapsulant thickness reduction on enhancing thermal and lumen 

performance of WLED emitters [17-20], but the present method eradicates the encapsulant 

and obtains stable reliability. Correctly, the present work is applied to promote a cost-

effective solution for ultrathin reliable high power WLEDs, which are comparable to CSP 

WLEDs, and the size remains close to that of a conventional lead frame WLEDs while 

maintaining stable reliability. The proposed method employed the conventional lead frames 

as the package without silicone encapsulant, resulting in the development of a cost-effective 

ultrathin high power WLED package.  
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Fig 3.1 Schematic cross-sectional view of multiple interfaces in typical SMD conventional 

WLED emitter in with different phosphor layer configurations and thickness range : (1) Phosphor 

mixing encapsulant, (2) die surface coating with silicone encapsulant (3) remote phosphor coating 

with a coating thickness of 100 ~ 500 um and (4) The structure of CSP WLED with the thickness 

of 300 ~ 750 um. 
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Based on the measurement of optical, thermal as well as lifetime performance of WLEDs 

with the presented packaging approach, it is found that this approach leads to an increment 

in lumen output as well as a reduction in junction temperature compared with the 

conventional packaged WLEDs. When the correlated color temperature (CCT) is at 5000K 

and 10000K, the lumen output is enhanced by 12% and 10%, respectively. Meantime, the 

respective junction temperature is reduced by 10% and 8%, respectively. Moreover, the 

lumen output loss after the aging time of 1000 hours in the high temperature and high 

humidity chamber, is 24.7% less than that of the conventional WLED emitter at the CCT of 

5000K, and 12.8% at the CCT of 10000 K, respectively. Accordingly, this work offers a highly 

reliable, cost-effective alternative approach for ultrathin high power WLED emitters with 

significant advantages over conventional packages, as well as chip scale packaging methods. 

3.2 Experiment 

3.2.1  Method 

Figure 3.2 presents a schematic comparison of the thickness of WLED emitters based on 

the encapsulant-free configuration and the conventional one. The thickness of the WLED 

emitter based on the proposed method is comparable to that of a CSP WLED, which is about 

five times thinner than that of the conventional one. The associated materials and processing 

details are described as follows: 
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Fig 3.2 Schematic cross-sectional view of (A) typical conventional WLED emitter with an 

encapsulant, (B) a thin profile WLED with an encapsulant, (C) a thin profile white LED 

without an encapsulant as introduced, and (D) typical CSP WLED. 

 

The flip-chip type LED chip (by Lextar)used in this work has a size of 30×30× 6 mil 

(0.75×0.75×0.15 mm), with its N and P electrode pads being on the same emitting surface 

of the chip. The input current is 700 mA, and the emission peak wavelength is 455 nm. The 

package used is a lead frame-based with dimensions of 5×6×0.7 mm. The reflector cup is 
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made of an optically reflective and thermally stable epoxy molding compound, and the 

bottom surface is coated with highly reflective silver. 

The presented encapsulant-free method used the thin phosphor-silicone coating on the 

chip as well as on the bottom surface of the package housing the chip, as shown in Fig 3. 1(B). 

The top view and the cross-sectional view of the ultrathin WLED are shown in Fig 3.3. The 

coating layer is comprised of the optical encapsulant silicone (Dow corning OE-6630) mixed 

with the yellow phosphor. Based on our previous work [20], the amount of phosphor should 

be determined based on different CCT values. 0.267mg and 0.223mg of Y592ACH phosphor 

(U-color Development) were used to form a silicone-phosphor mixture for WLED emitters 

with CCT values of 5000K and 10000K, respectively. 

 

3.2.2 Characterization 

The coating layer was then cured at 150℃ for 2 hours. The coating thickness is obtained 

by adjusting the total dispersion amount (without changing the amount of phosphor for a 

given CCT value) on the chip and package bottom. The conformal coating technology 

developed by Hou [21] was implied in this experiment in pursuit of the precise control of 

shape, thickness, and particle content of the phosphor layer. The maximum thickness of the 

phosphor coating center is measured by coating thickness gages. The packaged WLED 

emitter was soldered to an Al-based printed printed-circuit-board before the optical and 

reliability tests. 

The adjustable pulse current and constant direct current sources with corresponding 

indicated voltage was supplied by the Everfine power generator. Each WLED was driven at 
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700 mA current conditions under constant current modes. The luminous characteristics of 

WLEDs, including light output, correlated color temperature, and chromaticity coordinated, 

were measured by Thermo Spectronic 4001/4 integrate sphere. 

The long-term lumen maintenance of the packaged device powered at 700 mA was 

tested under the Wet High-Temperature Operating Life Test (WHTOL). The WHTOL was 

conducted by measuring the lumen output as a function of aging time with the stressed 

condition of high temperature (85°C) and high relative humidity (85%). The testing 

chamber is from Chemkorea Corp (model GLMP50).  

The thermal shock experiment was conducted under the JESD22-A104E standard [22]. 

The thermal cycling experiment was carried out using the heating chamber (Applied 

Technical Services, incorporated). The experiment was performed under the JESD22-A104E 

standard in the temperature range between -40°C and 125°C. for 200 cycles. The diode 

forward voltage method was being used for determining the corresponding junction 

temperature of the WLED [20,21]. 
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Fig 3.3 The (A) top view and the (B) cross-sectional view of a thin profile white LED without an 

encapsulant as introduced in the present work. 
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.3 RESULT AND DISCUSSION 

3.3.1 Device performance: lumen output and junction temperature 

diode forward voltage method was being used for determining the corresponding 

junction temperature of the WLED [20,21]. 

Luminous flux output is measured as a function of the silicone-phosphor coating 

thickness for the developed ultrathin WLED and conventional WLED emitter, which is 

presented in Fig 3.4. It is evident from Fig 3.4 that, regardless of the coating thickness, the 

WLED emitter fabricated with the proposed design, is found to exhibit higher luminous 

output than the conventional one. The luminous enhancement is detected for encapsulant 

free WLED emitters at CCT of 10000K and 5000K. This manifested enhancement is expected 

due to junction temperature (Tj) reduction with the encapsulant-free WLED presented in Fig 

3. 5. It is well established that a reduction in Tj will contribute to an enhancement in 

luminous flux, as well as improved long-term lumen maintenance [20]. High-power WLEDs 

operate at high currents and the heat generated from LED chip and phosphor light 

wavelength conversion inside the phosphor coating layer create high thermal stress. The 

stress applied to the phosphor and encapsulant materials is most significant due to their 

direct contact with the LED chip. The high junction temperature will cause cracking and 

delamination between the phosphor layer and the LED chip surface. The yellow shift in the 

spectrum would appear due to an increase in the distance the blue photons travel through 

the phosphor to escape. These will further reduce the light extraction from LED packages 

and overall luminous performance [20].  

 



 

34 
 

 

Fig 3. 4  Lumen output as a function of silicone-phosphor coating thickness for the conventional 

WLED emitter and the ultrathin WLED emitter, with the CCT being (A)5000K  and 

(B)10000K, respectively 
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Fig 3. 5  The junction temperature as a function of silicone-phosphor coating thickness for the 

conventional WLED emitter and the ultrathin WLED emitter, with the CCT being 5000K 

(A) and 10000K (B).  

 

Another prominent contribution to the luminous flux output increase is the reduction 

in light transmission loss associated with the silicone encapsulant by removing the silicone 

encapsulant and domed geometry of ultrathin WLED. The refractive index difference 

between LED chip (~2.5), an encapsulant (1.4~1.7), and air (=1) would lead to the total 



 

36 
 

internal reflection (TIR). The TIR between the chip-encapsulant and encapsulant-air 

interfaces is one of the severe issues that significantly decrease the light efficiency of LED. In 

the previous research, the nano-microspheres deposition could diminish the TIR at the chip-

encapsulant interface [20]. Therefore, the hemispherical structure of the phosphor layer 

shown in Fig 3.3.b is extracting the emitting light out of the interface between the phosphor 

coating layer and air. Thus, the TIR at the phosphor layer-air interface of ultrathin WLED can 

be reduced.  Additionally, compared to the conventional WLED, the phosphor concentration 

inside the phosphor coating layer increases to keep the consistent CCT value with the 

thickness reduction.  The increased phosphor concentration enlarges the probability or 

proportion of blue light being absorbed and transformed to yellow light, and thus results in 

a higher yellow-to-blue power ratio. When phosphor concentration increases, more LED-

emitted blue light is absorbed and converted to yellow light. Since yellow light emitted by 

yellow phosphor in this study has higher luminous efficacy than blue light, the conversion of 

blue light to yellow light results in a spectrum of higher luminous efficacy. The results shown 

in Fig 3.6 prove the above statement and are also expected according to the simulation result 

from our previous work [17]. The experimental improvements extracted in this work are 

close to the theoretical improvement. 

The decrease in junction temperature for the ultrathin WLED emitters is consistent with 

the earlier observation by both experiment and simulation on the impact of encapsulant 

thickness on the WLED thermal performance [16]. With an encapsulant layer upon the LED 

chip, the heat is accumulated inside the packaging. As the encapsulant layer thickness is 

reduced, its thermal resistance will be reduced. Compared with the conventional WLED 

emitter, the ultrathin encapsulant free packaging design removes the encapsulant on the 
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chip and reduces the coating layer thickness, which leads to an evident reduction in the 

thermal resistance of the upper heat dissipation path. Removal of  

 

 

Fig.3.6. The radiant power comparison between the conventional WLED emitter and the 

ultrathin WLED emitter, with the CCT being 5000K (A) and 10000K (B).  

 

encapsulant opens a new thermal dissipation path from the chip, i.e., the heat can now be 

dissipated through the bottom substrate and the new upward pathway by conduction and 
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convection. Furthermore, higher phosphor concentration will increase the photons 

scattering probability and increase photons absorption by the chip. Since the chip itself have 

better thermal conductivity than phosphor and silicone, the downward thermal resistance 

between a phosphor-silicone mixture and the chip is much small in the proposed structure. 

These were expected according to the simulation result from our previous work [16,17]. The 

experimental improvements extracted in this work are close to the theoretical improvement. 

 

3.3.2 Long term reliability: lumen maintenance of the operating WLED  

Fig 3. 7 presents the normalized lumen output comparison of the WLED emitters 

operating at a current of 700 mA, as a function of aging time under the stressed condition of 

high temperature (85°C) and high relatively high humidity (85%), (85/85 aging test).  The 

thermal cycling experiment under the JESD22-A104E standard [19] derives that the lumen 

output of thin profile coated WLED exhibits 14% and 3% less degradation than that for the 

conventional WLED emitter at the CCT of 5000K and 10000K, respectively. It is evident that 

the ultrathin WLED emitter exhibit a better long-term lumen maintenance performance. 

Individually, the lumen maintenance of ultrathin WLED emitter at the aging time of 1000 

hours is 24.7% higher than that for the conventional WLED emitter at the CCT of 5000K 12.8% 

higher at the CCT of 10000 K, respectively. This enhanced aging performance under the 

85/85 WHTOL stressed condition at a current of 700 mA is expected given the perceived 

significant junction temperature reduction for ultrathin WLED emitter. Lumen maintenance 

is highly affected by phosphor degradation. It causes lumen depreciation and color shift in 

high power WLED. The phosphor degradation  
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Fig 3.7. The normalized lumen maintenance as a function of aging time for conventional WLED 

emitter and ultrathin WLED emitter with the CCT being 5000K (A) and 10000K (B). The 

lumen output results are normalized by the lumen output value of conventional WLED at 

the beginning of the reliability test for degradation comparison. 

 

inside the wavelength conversion coating layer is the main factor of LED lumen maintenance 

in the early aging process. The phosphor thermal quenching phenomenon is the mechanism 
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of phosphor layer degradation.  As the junction temperature inside the phosphor layer 

increases, the light wavelength conversion efficiency of the phosphor gets degraded. Thus, 

the developed ultrathin WLED emitter with reduced junction temperature shows an 

enhanced reliability performance [16]. 

Based on previous research [11], delamination is another main factor that leads to 

lumen output degradation inside LED packages. The delamination can occur between the 

phosphor layer and chip, encapsulant and package, or between the LED chip and die attach. 

The leading cause of the delamination is thermal stress and moisture absorbed inside the 

package. The mismatching coefficients of moisture expansion (CMEs) and mismatching 

coefficients of thermal expansion (CTEs) will induce mechanical stress. The delamination 

increases the thermal resistance in the thermal path, thus increasing junction temperature 

and ultimately reducing the life of LED packages and light output. Since the thin phosphor 

layer packaging in CSP would lead to interface contamination during the manufacturing 

process, the CSP WLED can result in poor adhesion of interfaces and initiate delamination. 

Meanwhile, the CTE and CME of the phosphor layer are typically more significant than those 

of the LED die materials. During the operation of CSP LEDs, a significant CTE and CME 

mismatch during thermal cycling will induce internal stress between layers. Therefore, 

delamination of the thin phosphor layer is one of the considerable CSP failure mechanisms 

during the operation. This shortcoming impacts the reliability of a CSP LED device and poses 

practical constraints for CSP LED applications. 

For the CSP WLED device, the adhesion strength between the thin phosphor layer and 

LED chip is relatively weak compared to that of non-CSP LED devices, and the proposed high 
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power WLED structure is shown in Fig 3.8. When the phosphor powder is dispersed inside 

the polymer binder material, it decreases the contact area between the polymer material and 

the surface of the LED semiconductor chip, which reduces the bonding strength at the 

interface. The contacting area comparison is further explained in Fig 3.8. Reduced bonding 

area generally results in poor adhesion strength between the phosphor layer and the LED 

chip. Because of the poor adhesion strength to the LED semiconductor chip, the phosphor 

layer and packaging inside the CSP package tend to be easily delaminated and peeled off from 

the LED semiconductor chip. Therefore, CSP packages have a higher chance of cracking 

happening at the interface and the phosphor layer compared with the proposed WLED. In 

the proposed packaging design, a phosphor coating layer with larger surface contact to 

submount could be achieved. The increased adhesion strength would reduce the chance of 

cracking and delamination. Moreover, the possibility of delamination and cracks between 

the phosphor layer and LED chip would dramatically be decreased. 

 

Fig 3.8 Schematic cross-sectional view of contacting area of (A) a thin profile white LED 

without an encapsulant as introduced and (B) typical CSP WLED. 



 

42 
 

Moreover, the reflectivity could be sharply reduced by the presence of moisture and 

sulfide gas. This is precisely one of the purposes of using encapsulants to prevent the 

ingression of moisture and gas species, such as sulfide gas, resulting in the spontaneous 

formation of the silver dendrites and silver sulfide [22,23]. The appearance of silver 

dendrites and silver sulfide would decrease the visible light reflectivity of silver coating and 

reduce the lumen output. With silver sulfide formation, the conductor lines of silver plating 

are corroded, and the lumen output value will be reduced by more than 13% [24]. Therefore, 

the excellent long-term lumen maintenance of the WLED emitter, as shown in Fig 3.7, is 

evident proof that the new WLED packaging method is highly reliable. The thin silicone-

phosphor coating could act as both a standard wavelength converter and protector for the 

chip, as well as for the silver-coated optically reflecting surface in the package. Further long-

term reliability investigation is needed for the feasibility of the reported method for ultrathin 

profile WLED emitters. 

 

Fig 3. 9. The normalized lumen maintenance as a function of aging time for different thickness 

ultrathin WLED emitter with the CCT being 7000K. The lumen output results are 
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normalized by the lumen output value of conventional WLED at the beginning of the 

reliability test for degradation comparison. 

 To further investigate the thickness dependence on our ultrathin packaging design's 

reliability, the reliability performance comparisons of ultrathin WLEDs in different phosphor 

coating thicknesses were conducted. Fig 3. 9 presents the lumen maintenance as a function 

of aging time for different thicknesses in ultrathin WLED emitters. The present experiment 

result confirmed that lumen maintenance ability decreases as phosphor thickness increases. 

The lumen output results are normalized by the lumen output value of conventional WLED 

at the beginning of the reliability test for degradation comparison. As shown in Fig 3.5, the 

junction temperature will increase as the phosphor coating thickness in ultrathin WLED 

decreases due to the higher absorption and heat accumulation by chip and LED packaging 

material. The higher junction temperature would accelerate the deterioration of the electro-

optical property of LEDs. Meanwhile, the high junction temperature could also lead to the 

degradation of packaging materials and thus causes device failure. Therefore, efficient 

thermal dissipation inside LED packaging and reduced junction temperature are desired to 

achieve the high reliability of WLED.  

3.4 CONCLUSION 

In this study, a cost-effective packaging, ultrathin, high power phosphor-based white 

Light-Emitting-Diode (WLED) emitter with outstanding reliability is reported. Based on the 

measurement of optical, thermal as well as lifetime performance of WLEDs with the present 

packaging approach, it is found that the current approach leads to an increment in lumen 

output as well as a reduction in junction temperature compared with the conventional 

packaged WLED. When the correlated color temperature (CCT) is at 5000K and 10000K, the 
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respective lumen output is enhanced by 12% and 10%. Meantime, the respective junction 

temperature is reduced by 10% and 8%. Moreover, after the 1000 hours aging time of high 

temperature and high humidity, the lumen output loss is 24.7% and 12.8% less than that of 

the conventional WLED emitter at the CCT of 5000K and the CCT of 10000 K, respectively. 

Accordingly, the present work offers high reliability, a cost-effective alternative approach for 

ultrathin high power WLED emitters. 
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CHAPTER 4 

Performance Enhancement of Wavelength Conversion Films by TiO2 Nano-

Porous Diffuser 

4.1 Introduction 

In the past decades, the demand for liquid crystal display (LCD) has been rapidly grown. The 

phosphor-converted white lighting-emitting diodes (pc-WLEDs) have constituted a 

considerable proportion of LCD application as the back-lighting source for liquid crystal 

displays used in mobile electronic devices, displays, and TVs. Their advantages, such as high 

energy efficiency, extended reliability, environmental friendliness and flexibility 

significantly benefit lighting product design [1-3]. The backlight unit (BLU) has been caught 

significant involvements in the commercial high-performance LCD  markets. The implement 

of white LED back-lighting has become critical in BLU application. 

To meet sustainable development requirements, continuous intensification of the WLED 

luminous efficiency in BLU applications is essential. The researches on remote phosphor or 

QD film for WLEDs used in lighting application have become popular due to their advantages. 

The remote phosphor configuration would effectively reduce the back-scattering inside 

packaging and exhibit higher conversion efficiency while separating the wavelength 

conversion film from the light-emitting chip [4-5]. Regrettably, the significant problems with 

remote phosphor and QD film applications are the low light extraction efficiency (LEE) in 

wavelength conversion film, film thickness consideration and low usage efficacy of phosphor 

and QD materials [6-10]. Lately, the amount of QD and phosphor materials required for 

wavelength conversion enhancement film has increased compared to on-chip LEDs as the 
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display thickness decreases and panel size increases [11-13]. These constraints engender 

overpricing in the LED packaging since a considerable portion of packaging cost accounts for 

QD or phosphor usage [14]. Therefore, the QD or phosphor film packaging technology with 

a reduced amount of wavelength conversion materials while maintaining the targeted 

correlated color temperature (CCT) is required in manufacturing cost-effectiveness, along 

with QD or phosphor material supplies and demands.  

Recent researches on WLED packaging are focusing on overcoming the dilemma by 

proposing different schemes to desirable luminous efficiency, heighten phosphor usage 

efficiency, and a compact structure with relatively acceptable cost. An enormous amount of 

alternative approaches have been investigated over the passing decades to raise the WLEDs 

light performance. Kuo et al. proposed white light-emitting diodes with enhanced CCT 

uniformity and luminous flux using ZrO2 nanoparticles [15]. Yu et al. investigated the 

influence of ZrO2 particles on the optical properties of pc-LEDs [16]. Yung et al. further 

studied the effects of TiO2 diffuser-loaded encapsulation on CCT uniformity of remote 

phosphor WLEDs [17]. Despite the present evolution, the commercial manufacturing of 

nanoparticle-loaded remote phosphor WLED packages is still challenging due to the 

difficulties of nanoparticles uniformity dispensing inside silicone coating and packaging [18-

20]. Thus, it is still indispensable to find a freely dispensed method with a nanoparticle 

diffuser that realizes superior luminous efficiency, cost-competitive and easy fabrication. 

Accordingly, it is essential to develop a conventional manufacturing method of remote 

phosphor packaging for BLU and other extensive WLED applications. 
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This work aims to demonstrate the feasibility of wavelength conversion films with various 

nanosized TiO2 diffusing agents in pc-WLED. According to the previous research, the 

addition of TiO2, ZrO2 and SiO2 nanoparticle diffusing agents would lead to reduced phosphor 

usage and luminous efficacy improvement, which enable the light wavelength conversion 

materials usage reduction [21-23]. We consequently analyzed different types of nanosized 

TiO2 diffusing agents including spherical and nano-porous particles. It is proposed that 

porous diffusing agents should show improved lumen enhancement and phosphor usage 

reduction results based on their superior reflection reduction and light scattering 

enhancement properties. Through the experiment, it appears that additions of porous 

diffusing agents may reach higher light extraction enhancement than spherical TiO2 

nanoparticles (NPs). The backward scattering effects of nano-porous particles would induce 

a lower CCT inside wavelength conversion films [24]. It is indicated that fewer phosphor or 

QD usage can perform the desired CCT without sacrificing the total output power by the 

addition of TiO2 nano-porous diffuser inside the LED encapsulation.  

4.2 Experiment 

4.2.1 Preparation of TiO2 Diffusing Agent and WLED 

In this experiment, rutile TiO2 was introduced as the diffuser loaded in phosphor-

converted white LED. The refractive index of TiO2 was determined to be 3.14 at 450nm. The 

spherical nanoparticles are TiO2 particles with a diameter of around 200~300nm. TiO2 

porous diffusing agents are the fumed TiO2 nanoparticles with a porous structure in size 

similar to the light wavelength. The SEM figures of TiO2 porous diffusing agents are shown 

in Fig 4.1. 
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Fig  4.1 SEM images of (A) TiO2 nanoparticle Porous Cluster and (B) Porous Cluster with 

porous similar to excitation blue light around 400~500nm 
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The flip-chip type blue LED chip (by Lextar) has a size of 30×30mil (0.75 x 0.75 mm) 

with its N and P electrode pads being on the same emitting surface the chip and the emission 

peak wavelength is 455 nm. The chip is placed in a plastic lead-frame package with a 

dimension of 5×6×0.7 mm with its reflector cup made by an optically reflective and 

thermally stable epoxy molding compound and its bottom surface is coated with high 

reflectivity silver.  

4.2.2 Diffusing agents in the phosphor layer 

 

 

Fig 4.2 Schematic illustration of the phosphor converted LED with (1) without a light diffuser 

and (2) with TiO2 diffusers in the remote phosphor film. 

The mixture of the optical encapsulant silicone (Dow corning OE-6630) with the yellow 

phosphor of 15, 17, and 25wt% for phosphor encapsulation layer formulation. To evaluate 

the effects of the TiO2 diffusing agent on the phosphor usage efficacy of phosphor-converted 

white LED, the phosphor encapsulation layer was then mixed with TiO2  diffusing agents 

contents of 0, 0.1, 0.2, 0.5, and 0.7 wt%, respectively. The uniform mixture of diffusing agents 
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and phosphor encapsulation was filled into PTFE mold and the small air bubbles inside the 

phosphor suspension were removed through vacuum pumping for 60mins. The schematic 

diagram of the TiO2 diffusing agent in the remote phosphor encapsulation layer of the 

phosphor-converted LED is shown in Figure.1. Subsequently, phosphor film was cured at 

150°C for 2 hours. Then the remote phosphor film is covering the top of the WLED lead frame. 

The packaged WLED emitter with remote phosphor film is then soldered to Al-based printed 

printed-circuit-board are ready for the performance and reliability measurement. 

4.2.3 Measurement and characterization 

The luminous characteristics of WLEDs with remote films, including light output, 

correlated color temperature, and chromaticity coordinated were measured by Thermo 

Spectronic 4001/4 integrating sphere. The adjustable pulse current and constant direct 

current sources with corresponding indicated voltage was supplied by the Everfine power 

generator. Each WLED was driven at 350 mA current conditions under constant current 

modes.  

4.3.3 Results and Discussion 

4.3.1 The effects of TiO2 NPs-Distributed Encapsulation on Corrected Color Temperature and 

Luminous efficiency with converted white LED 

The luminous performances of phosphor-converted WLED with 15~45 wt.% phosphor 

contents were measured as the comparison reference, presented in Fig 3.3. Results yield a 

good fit to the data from our previous simulation work [13]. The increased phosphor 

concentration enlarges the probability or proportion of blue light absorbed and transformed 

to yellow light, thus resulting in a higher yellow-to-blue power ratio. The higher yellow-to-

blue power ratio leads to a lower CCT value because yellow light has lower CCT. Therefore, 
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as phosphor concentration increases, more LED-emitted blue light is absorbed and 

converted to yellow light. Since yellow light emitted by yellow phosphor in this study has 

higher luminous efficacy than blue light, conversion of blue light to yellow light results in a 

higher luminous efficacy spectrum. 

 

Fig 4.3 The CCT (     ) and the luminous flux (     ) of the phosphor-based wavelength conversion 

film-coated white LEDs for different phosphor contents. 

The changes in CCT by non-porous TiO2 nanoparticle diffuser, diffuser contents, and 

phosphor contents in the remote phosphor-converted WLED are shown in Fig 4.4. The data 

suggests that the WLEDs CCTs dramatically reduced when the content of the TiO2 diffuser 

increased, especially for lower phosphor concentration WLEDs. These can be explained as 

follows: for phosphor-converted white LEDs, the blue light emitted from LED chips is 

converted into yellow light by the phosphor. The emission spectra combine blue light and 

yellow light to produce white light. Therefore, the ratio of yellow and blue light intensity 

inside the packaging determines the CCT. For nanoparticles as a diffusing agent, it motivates 
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the incident light scattering and extends the blue emission light path inside wavelength 

conversion film. The incident light scattering can extend the path length of the  
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Fig 4.4 The correlated color temperature (CCT) of the phosphor-based wavelength conversion 

film-coated white LEDs for different phosphor and various TiO2 contents with (A) spherical TiO2 

diffusers and (B) porous TiO2 diffusers 
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Fig 4.5 The luminous flux of the phosphor-based wavelength conversion film-coated white 

LEDs for different phosphor and TiO2 contents with (A) TiO2 sphere diffuser, (B)TiO2 porous 

diffuser. 

incident photons and increase the possibility of the photons being absorbed by phosphor 

particles. Therefore, the role of an additional diffusing agent increases the chances for blue 

emissions to be absorbed by phosphor materials and thus further enhances the light 

conversion efficiency. The enhanced wavelength conversion efficiency for the phosphor 

materials is expected even with a reduced phosphor concentration. In our study, the 

Rayleigh scattering effect of the TiO2 diffuser boosts the proportion of blue light scattering 

and leads to further yellow light transformation. Thus, with a greater yellow-to-blue lighting 

ratio, the WLEDs CCT decreased regardless of the diffuser position. It was also shown in the 

figures that the larger scattering portion of the diffuser in the remote phosphor film would 

lead to a greater Rayleigh scattering effect and further reduce the WLED CCT [17,25]. 

 

 

Fig 4.6 The schematic diagram of photon direction and light propagation inside light conversion 

film with (A) the Only phosphor and (B) spherical TiO2 NPs as diffusing agents. 
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The lumen output comparison results are presented in Fig 4.5, which reveals that the 

TiO2 diffusers would also increase the lumen output with reduced phosphor material. The 

lumen improvement could be explained by the propagation mode of excitation light inside 

the wavelength conversion film. Based on our previous work [24], the excitation blue light is 

partially absorbed and scattered by phosphor particles. Therefore, there are mainly two 

interactions between the excitation blue light: the isotropic emission of yellow light by 

phosphor particle, and scattering excitation blue light by phosphor particle. In the phosphor 

light wavelength conversion film, the propagation mode of excitation blue light is mainly 

forward transmission with TiO2 NPs as diffusing agents, the forward transmission intensity 

of excitation light decrease, and the backward reflection domain the light propagation [15]. 

The mechanism can be further explained by Fig 4.6. Region A represents the light conversion 

film with only phosphor particles; region B represents the addition of TiO2 NPs as diffusing 

agents.  

In region A, since there is no diffusing agent inside the film, the propagation mode of 

excitation blue light is mainly forward (path 1). There will be partly excitation light 

interacting with phosphor particles (path 2), and then yellow light was isotropic emission 

from phosphor particles (path 3,4). It was evident that a large portion of excitation blue light 

and yellow light are forward transmissions. In region B, with the addition of TiO2 NPs, the 

interaction of excitation blue light and phosphor particles (path 5,6) gradually increases with 

the concentration of diffusing agents and the forward emission of yellow light (path 7,8). It 

is mainly due to the scattering properties of diffusing agents and the refractive index 

improvement by TiO2 particles [26]. This also contributes to the excitation light retro 

reflection (path9,10). The contrast of refractive indices between the matrix and the diffuser 
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material is the cause of reflection loss. The average refractive index of encapsulation coating 

is increased due to the distribution of TiO2 NPs (n=2.5) in silicone (n=1.53), which minimizes 

the refractive index difference between the light-emitting chip and encapsulant coating, 

resulting in less light escaping [27]. Therefore, the diffusers effectively extend the light path 

of blue emission and eliminate it while the yellow emission to maintain with the 

concentration of phosphor is dramatically reduced by 23 %, compared to ones without the 

diffusers. 

 

4.3.2 Comparison of TiO2 NPs diffusing agents regarding CCT reduction and light extraction 

enhancements 

In Fig 4.7 and 4.8, the CCT and luminous flux as a function of TiO2 wt% are compared, 

for spherical and porous TiO2- distributed remote phosphor film as a function of the TiO2 wt.% 

respectively. The ones with porous TiO2 diffusers show better CCT reduction and lumen 

output enhancement over the spherical ones. The experimental results prove that the 

phosphor-based WLEDs, wavelength conversion films with porous diffusing agents have 

better light scattering properties. This can be further explained by the light scattering 

property of porous TiO2. The light scattering of forward in porous diffusing agent doping 

layer is more robust than backward. The porous TiO2 diffusers are more efficient than the 

spherical NPs in lighting scattering efficiency for their unique nanostructures. The porous 

diffusers would lead to a higher chance of light scattering in multiple lighting paths and 

orientations [28-31]. 
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Fig 4.7 The correlated color temperature (CCT) of the phosphor-based wavelength conversion 

film-coated white LEDs for different TiO2 contents with the spherical and porous TiO2 diffusers 

at phosphor contents of (A) 17 wt.% and (B) 25 wt.% 
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The porous structure TiO2 diffuser performs more efficiently than the spherical diffuser 

in lighting scattering efficiency for their unique nanostructures. TiO2-based nanomaterials 

of large external structures with well-developed pores and large surface area will increase 

the possibility of photon scattering. The porous structures in the conversion film could 

increase light absorption via scattering effect, and accessible pores, which facilitate the 

permeation of silicone mixture, would lead to further refractive index difference. The porous 

scatters enhance the forward scattering, which benefits the overall light extraction and 

partially increases the blue light absorption for QDs or phosphor. To be specific, the porous 

structure scatters exhibit a wide-angle forward-scattering and a weak backward-scattering 

property. The enhanced wide-angle forward scattering feature benefits the light extraction 

and enhances the PL intensity and light conversion efficiency of phosphors and QDs. 

The porous scatters are more beneficial for yellow light extraction but less effective in 

enhancing light absorption of QDs or phosphor because of the weak backward-scattering of 

the blue light, which leads to the increment of light conversion efficiency but lower 

enhancement in yellow-light emission of QDs and phosphor. The mechanism could be 

explained in Fig 4.9. As mentioned above in region A, the addition of TiO2 particles increases 

the possibility of excitation blue light conversion by phosphor particles and yellow light 

forward transmission and the retro reflection of excitation light. In region B, besides the 

improvements mentioned above,  the porous diffuser would lead to a higher chance of light 

scattering in multiple lighting paths and orientations (path 7,8,9,10). Chen's report had 

proved that the novel porous TiO2 diffuser was more effective as the light  
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Fig 4.8 The luminous flux of the phosphor-based wavelength conversion film-coated white 

LEDs for different TiO2 contents with spherical and porous TiO2 diffusers at phosphor contents of 

(A) 17 wt.% and (B) 25 wt.% 

  



 

64 
 

 

Fig 4.9 The schematic diagram of photon direction and light propagation inside light conversion 

film with (A) TiO2 NPs or (B) phosphor with TiO2 porous particles as diffusing agents 

scattering center than commercial rutile TiO2 NPs (path 11,12) [32]. Yu's report [33] had 

proved that the novel porous TiO2 diffusers were more effective as the light scattering center 

than the commercial rutile TiO2 NPs in the wavelength range between 400 and 450nm, while 

the diffuse reflection capacities dramatically decreased after 450nm (path 13,14). Therefore, 

the addition of novel porous TiO2 increases the amount of diffuse light reflection between 

the blue light wavelength, making it easier for light conversion. Meanwhile, the dispensing 

of porous fume TiO2 diffusers into wavelength conversion film as diffusing agents is a 

preferred appropriate method for large-scale film production due to its ease of manufacture. 
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4.4 Conclusion 

This work proposes a novel light-scattering remote phosphor film with TiO2 diffusers 

loaded designed to improve the usage efficiency of phosphor in the packaging application for 

various applications. The role of phosphor-converted white LED in enhancing the lighting 

extraction efficiency was explored and improved phosphor usage efficiency by using 

spherical and porous TiO2 diffusing agents. Based on the experimental result of the diffusing 

properties of TiO2 diffusing encapsulation, the phosphor usage efficiency is significantly 

increased and the light output power enhancement, which increases 10% - 20% at a driving 

current of 350mA in the proposed design compared to conventional silicone packaging 

structure. It is experimentally confirmed that diffusing particles' dispersion can exhibit the 

same level of luminous output even when the amount of phosphor materials used is reduced 

by 25%. 
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CHAPTER 5 

Role of TiO2 Nanocylinder Diffuser for Cost Effectively Performance 

Enhancement in Wavelength Conversion Films 

5.1 Introduction 

In the past decades, the demand for liquid crystal display (LCD) has been hastily 

growing. The phosphor-converted white lighting-emitting diodes (pc-WLEDs) have 

constituted a vast proportion of LCD applications due to the backlighting source demand for 

liquid crystal displays used in mobile electronic devices, displays, and TVs. Their advantages 

include excessive electricity efficiency, prolonged reliability, environmental friendliness and 

flexibilities, and drastically ad- vantages lighting product design [1-3]. The backlight unit 

(BLU)   has been caught significant involvements in the commercial high-performance LCD 

markets. The implement of white LED backlighting has also grown to be critical in BLU 

application. 

To meet sustainable development requirements, continuous intensfication of the WLED 

luminous efficiency in BLU applications is essential. Therefore, the researches on remote 

phosphor or QD film for WLEDs used in lighting applications have become popular due to 

their wide usage in BLU applications. The remote phosphor configuration effectively reduces 

the backscattering inside packaging and exhibits higher conversion efficiency while 

separating the wavelength conversion film from the light-emitting chip [4-5]. Regrettably, 

the significant problems with remote phosphor and QD film applications are the low light 

extraction efficiency (LEE) in wavelength conversion film, film thickness consideration and 

low usage efficacy of phosphor and QD materials [6-9]. Lately, the amount of QD and 
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phosphor materials required for wavelength conversion enhancement film increases than 

on-chip LEDs as the display thickness decreases and panel size increases [10-12]. These 

constraints engender overpricing in the LED packaging since a considerable portion of 

packaging cost accounts for QD or phosphor usage [13]. Therefore, the QD or phosphor film 

packaging technology with a reduced amount of wavelength conversion materials while 

maintaining the targeted correlated color temperature (CCT) is required in manufacturing 

cost-effectiveness, along with QD or phosphor material supplies and demands.  

Recent methods focus on overcoming the dilemma by proposing different schemes to 

improve higher LEE, desirable luminous efficiency, and heighten phosphor usage efficiency 

as well as guaranteeing a compact structure with relatively acceptable cost. An enormous 

amount of alternative approaches have been investigated over the passing decades to raise 

the light performance of LED. Kuo et al. proposed  White light emitting diodes with enhanced 

CCT uniformity and luminous flux using ZrO2 nanoparticles [13]. Yu et al investigated the 

influence of ZrO2 particles on the optical properties of pc-LEDs [14]. Yung et al further 

studied the effects of TiO2 diffuser-loaded encapsulation on CCT uniformity of remote 

phosphor WLEDs [15]. Despite the present evolutions above,  the commercial manufacturing 

of nanoparticle-loaded remote phosphor WLED packaging is still challenging due to the 

difficulties of nanoparticles uniformity dispensing inside silicone coating and packaging [16-

18]. Thus, It is still indispensable to find a  freely dispensed method with nanoparticle 

diffuser that not only realizes superior luminous efficiency but is also competitive and easy 

to fabricate. Accordingly,  we want to develop a conventional manufacturing method of 

remote phosphor packaging for BLU and other extensive WLED applications. The objective 

of our work is to demonstrate the feasibility of remote phosphor film with different structure 
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nanosized TiO2 diffusing agents in wavelength conversion phosphor-converted WLED. 

According to the previous research, the addition of TiO2, ZrO2 and SiO2 diffusing agents 

would lead to enhanced phosphor usage and luminous efficacy improvement, which enable 

the usage reduction of light wavelength conversion material. We, therefore, analyzed 

different types of nanosized TiO2 diffusing agents, such as the sphere, porous, cylinder, and 

it is proposed that cylinder diffusing agents should show improved lumen enhancement and 

phosphor usage reduction result based on their superior reflection reduction and scattering 

enhancement properties. Through the experiment, it appears that additions of porous 

diffusing agents may reach higher light extraction enhancement than sphere TiO2 

nanoparticles (NPs). The backward scattering effects of nano-porous particles would induce 

a lower CCT inside wavelength conversion film [19-21]. It is indicated that fewer phosphor 

or QD usage can perform a requested CCT without sacrificing the total output power by TiO2 

nano-porous diffuser addition inside the LED encapsulation. 

5.2 Experiment 

5.2.1 Preparation of TiO2 Diffusing Agent and WLED 

In this experiment, we introduced the rutile crystalline-form TiO2 as the diffuser loaded 

in phosphor-converted white LED. The refractive index of TiO2 was determined to be 2.9.[16] 

The Sphere nanoparticles are TiO2 particles with a diameter of around 200 300nm. Nano 

cylinder diffusing agents are the TiO2 particles with 10nm in diameter and 10+um in length. 

TiO2 porous diffusing agents are the TiO2 nanoparticles clusters, which have a porous 

structure in size that is similar to the light wavelength. 
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The as-received commercially available semiconductor dies and packages are employed 

in the present work. The dies used within are the flip-chip type blue LED chip (by Lextar)with 

a size of 30×30mil (0.75 x 0.75 mm) with its N and P electrode pads being on the same 

emitting surface of the chip and a forward voltage of 3.0 V(San’an Optoelectronics Corp.) The 

specified maximum operating current is 700mA with an emission peak wavelength of 455 

nm, and it is placed in a plastic lead-frame package with the size of a dimension of 5×6×0.7 

mm with its reflector cup made by an optically reflective and thermally stable epoxy molding 

compound, its bottom surface coated with around 88% reflectively silver for emitting light 

at the emission peak wavelength of 455 nm. 

 

Fig 5.1 Schematic illustration of the phosphor converted LED with (1) without a light diffuser 

and (2) with TiO2 diffusers in the remote phosphor film. 
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5.2.2 Diffusing agents in the phosphor layer 

The mixture of the optical encapsulant silicone (Dow corning OE-6630) with the yellow 

phosphor of 15, 17, and 25wt% for phosphor encapsulation layer formulation. To evaluate 

the effects of the TiO2 diffusing agent on the phosphor usage efficacy of phosphor-converted 

white LED, the phosphor encapsulation layer was then mixed with TiO2  diffusing agents 

contents of 0, 0.1, 0.2, 0.5, and 0.7 wt%, respectively. The uniform mixture of diffusing agents 

and phosphor encapsulation was filled into PTFE mold and the small air bubbles inside the 

phosphor suspension were removed through vacuum pumping for 60mins. The schematic 

diagram of the TiO2 diffusing agent in the remote phosphor encapsulation layer of the 

phosphor-converted LED is shown in Figure.1. Subsequently, phosphor film was cured at 

150°C for 2 hours. Then the remote phosphor film is covering the top of WLED lead frame. 

The packaged WLED emitter with remote phosphor film is then soldered to Al-based printed 

printed-circuit-board are ready for the performance and reliability measurement. 

 

5.2.3 Measurement and characterization 

The luminous characteristics of remote WLEDs, including light output, correlated color 

temperature, and chromaticity coordinated, were measured by Thermo Spectronic 4001/4 

integrate sphere. The adjustable pulse current and constant direct current sources with 

corresponding indicated voltage was supplied by the Everfine power generator. Each WLED 

was driven at 350mA current conditions under constant current modes. 
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5.3 Results and Discussion 

5.3.1 The effects of TiO2 NPs-Distributed Encapsulation on Corrected Color Temperature and 

Luminous efficiency with converted white LED 

The luminous performance of phosphor-converted WLED with phosphor contents of 

15,17,20,25,30,40,45 wt.% was measured as 

 

Fig. 5.2.  The correlated color temperature (CCT)  (  square ) and the luminous flux 

( circle ) of the phosphor-based wavelength conversion film-coated white LEDs for different 

phosphor contents. 

comparison reference and presented in fig 4.2. Results yield an excellent fit to the data 

from our previous simulation work [10]. The increased phosphor concentration enlarges the 

probability or proportion of blue light being absorbed and transformed to yellow light,  and 

thus results in a higher yellow-to-blue power ratio. The higher yellow-to-blue power ratio 
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has a lower CCT value because yellow light has lower CCT. When phosphor concentration 

increases, more LED-emitted blue light is absorbed and converted to yellow light. Since 

yellow light emitted by yellow phosphor in this study has higher luminous efficacy than blue 

light, the conversion of blue light to yellow light results in a spectrum of higher luminous 

efficacy. 

The changes in CCT by TiO2  diffuser types, diffuser contents,  and phosphor contents in 

the phosphor converted WLED is shown in Fig 5.3. There were trends in our data suggesting 

the dramatic CCT cutback regardless of phosphor concentration. These discoveries can be 

explained as follows: For phosphor-converted white LEDs, the blue light emitted from LED 

chips is converted into yellow light by the phosphor. The emission spectra combine blue light 

and yellow light to produce white light. Therefore, the ratio of yellow and blue light intensity 

inside the packaging determines the CCT. The Rayleigh scattering effect of the TiO2 diffuser 

boosts the proportion of blue light scattering and leads to further yellow light transformation. 

Thus, with a more excellent yellow-to-blue lighting ratio, the CCT of the WLED decreased 

regardless of the diffuser position. It was also engendered in the figures that the more 

significant scattering portion of the diffuser in the remote phosphor film would lead to a 

significant Rayleigh scattering effect, thus further reducing in the CCT of the WLED. 
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Fig. 5.3. The correlated color temperature (CCT) of the phosphor-based wavelength conversion 

film-coated white LEDs for different phosphor and various TiO2 contents with (A) spherical TiO2 

diffusers and (B) porous TiO2 diffusers (C) cylinder TiO2 diffuser 
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The role of additional phosphor materials for wavelength conversion film is increasing 

the chances for blue emissions to be absorbed by phosphor materials. The scattering of 

incident light can extend the path length of the incident photons within the wavelength 

conversion film to increase the opportunity of the photons to be absorbed by phosphor 

particles, and thus enhance the light conversion efficiency. Therefore, instead of adding more 

phosphor, the TiO2 nanoparticle diffusers can also extend the light path of blue emission so 

that the enhanced wavelength conversion efficiency for the phosphor materials is expected 

even with a reduced concentration. The Rayleigh scattering effect of the TiO2 diffuser boosts 

the proportion of blue light scattering and leads to further yellow light transformation. Thus, 

with a greater yellow-to-blue lighting ratio, the CCT of the WLED decreased regardless of the 

diffuser position. It was also engendered in the figures that the larger scattering portion of 

the diffuser in the remote phosphor film would lead to a greater Rayleigh scattering effect, 

thus further reducing in the CCT of the WLED [15,22-23]. 

The lumen output comparison results are shown in Fig 5.4, which reveals that the TiO2 

diffuser could reduce CCT as well as increase the lumen output. According to fig 4, the 

addition of diffusing agents shows an overall improvement in the lumen performance. For 

the 15 wt% phosphor coating layer, the improvement is not significant due to the decreasing 

chance of light scattering by the phosphor, in which the scattering photon amount will be as 

much compared with other phosphor coatings. With phosphor coating at 17% and 25%,  the 

possibility of the scattering effect of the diffuser is increasing. This lumen improvement 

could be explained by the propagation mode of excitation light inside the wavelength 

conversion film.  However, as the addition of TiO2 diffusing agent increases, the scattering 

effect and excitation light propagation will be distracted by TiO2, therefore the reduction in 
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the lumen output was indicated in the figure. The light extraction enhancement is attributed 

to the scattering effect of the diffuser. The lumen improvement could be explained by the 

propagation mode of excitation light inside the wavelength conversion film. Based on our 

previous work [22], the excitation blue light is partially absorbed and scattered by phosphor 

particles. Therefore, there are mainly two interactions between the excitation blue light, 

which are the isotropic emission of yellow light by phosphor particle, and scattering 

excitation blue light by phosphor particle. In the phosphor light wavelength conversion film, 

the propagation mode of excitation blue light is mainly forward transmission. Initially, this 

large portion of photons is absorbed in the interface between the sidewall of the chip and 

the encapsulation filled with phosphor particles. These reflected lights are emitting 

downward from the emitting layers and the metal reflector on the bottom of the chip. The 

light extraction can be significantly increased if these photons can be reflected back to the 

upward direction or not being absorbed. This led to enhancing the possibility of light 

reflection and absorption by phosphor, thus higher light extraction efficiency [13]. With the 

addition of TiO2 NPs as diffusing agents, the forward transmission intensity of excitation light 

decrease and the backward reflection domain the light propagation [24]. 
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Fig. 5.4. The luminous flux of the phosphor-based wavelength conversion film-coated white 

LEDs for different phosphor and various TiO2 contents with (A) spherical TiO2 diffusers and (B) 

porous TiO2 diffusers (C) cylinder TiO2 diffuser 
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Fig. 5.5. The schematic diagram of photon direction and light propagation inside light 

conversion film (A) Only phosphor and (B) phosphor with TiO2 NPs as diffusing agents. 

The mechanism can be further explained in Fig.5. Region A represents the light 

conversion film with only phosphor particles; region B represents the addition of TiO2 NPs 

as diffusing agents. In region A, since there is no diffusing agent inside the film, the 

propagation mode of excitation blue light is mainly forward direction (path 1). There will be 

partly excitation light interacting with phosphor particles (path 2) and then yellow light was 

isotropic emission from phosphor particles (path 3,4).  A large portion of excitation blue light 

and yellow light are forward transmissions. In region B, with the addition of TiO2 NPs, the 

interaction of excitation blue light and phosphor particles (path 5,6) gradually increase with 

the concentration of diffusing agents, as well as the forward emission of yellow light (path 

7,8). It is mainly due to the scattering properties of diffusing agents and the refractive index 

improvement by TiO2 particles[24]. This also contributes to the excitation light 

retroreflection (path9,10). The contrast of refractive indices between the matrix and the 

diffuser material is the cause of reflection loss. The average refractive index of encapsulation 



 

83 
 

coating is increased due to the distribution of TiO2 NPs (n=2.5) in silicone (n=1.53), which 

minimizes the refractive index difference between the light-emitting chip and encapsulant 

coating, resulting in less light escaping [25]. Therefore, the diffuser effectively extends the 

light path of blue emission and eliminates it while the yellow emission to maintain with the 

concentration of phosphor is dramatically reduced by 23 %, compared to ones without the 

diffuser. 

5.3.2 Comparison of TiO2 NPs diffusing agents regarding CCT reduction and light extraction 

enhancements 

Fig 5.6 and Fig 5.7 compare CCT and luminous flux for NP, Porous, and cylinder doped 

TiO2 phosphor coating as a function of the TiO2 wt.%. They demonstrated that the porous 

and cylinder doped TiO2 both have an exceeded CCT reduction and lumen output 

enhancement over the sphere TiO2. These can be further explained by the light scattering 

property of the TiO2 cylinder. The mechanism could be explained in fig 8. As region A 

represents the addition of TiO2 NPs as diffusing agents, region B represents cylinder TiO2 

particles as diffusing agents. As mentioned above in region A, the addition of TiO2 particles 

increase the possibility of excitation blue light conversion by phosphor particles and yellow 

light forward transmission, as well as retro reflection of excitation light. In region B, besides 

the improvements mention above, the adding of nanocylinder scatters greatly improves the 

backward scattering and provides sufficient light absorption for QDs and phosphor (path 

7,8,9,10). The nanocylinder scatters exhibit much stronger backward-scattering and 

forwards scattering than the porous scatters, but the angle of the forward-scattering is much 

narrower according to reference [25- 27]. These are against the light extraction but enhance 

the optical path of the excitation light (450 nm blue light), by which more QDs and phosphor 
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are excited. The scattering influence of the scatters on the emitted yellow light is much 

weaker than the exciting blue light. Therefore, the backscatter from nano-cylinder scatters 

is mainly fed to the improved optical path of blue light, which leads to better absorption of 

light by QD and phosphor. The nanocylinder scatters are more intense than the porous 

scatters, but have a relatively lower yellow light extraction as a result of the narrow forward-

scattering angle. This results in increased yellow light emission of the QDs or phosphor but 

reduced light extraction efficiency.  

Besides the mechanism mentioned above, the scattering coefficients and properties of 

the diffuser are highly related with their volume, porosity and shape, based on Shilpi’s 

simulation [25]. With Mie scattering theory, the use of porous and cylinder structures in 

diffusing agents was found to increase incident photon conversion efficiency. For cylinder 

structure diffuser, it reduces light trapping in the phosphor layer with its highly forward 

scattering nature. Compared with sphere diffusing agents, the interaction between photons 

and cylinder diffusing agents is more likely to be in horizontal orientation (path 9,10 in 

section B of fig 8), which greatly reduces the chance of forwarding scattering photon. This 

will further increase the possibility of excitation blue light conversion. According to the 

previous simulation [25], the scattering particles with asymmetry parameters tend to scatter 

more in the forward direction, which does not contribute to diffuse reflectance from the 

device. Since the light scattering occurs when the size of the particles is the same or more 

significant than the light wavelengths in the visible region, the cylinder particles which have 

comparable lengths with the light wavelengths in the visible region would result in the 

strong light scattering effects [26-27]. The figure 5.9 is representing the reduction of 

phosphor material inside the light wavelength film by using the TiO2  nanoparticles. With the 
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addition of a small amount of TiO2 nanoparticle diffusing agents (0.2 1wt%),  the amount of 

phosphor usage could reduce by 15wt%. TiO2 porous diffusing agents show the best lumen 

enhancement. By using 0.2 wt%  of TiO2  porous particles, it could reduce the phosphor 

powder by 15  wt%,  while it also could reduce it by 23wt% with 0.5wt% TiO2 porous 

particles. Therefore, cylinder TiO2 could be used as the light scattering centers within the 

phosphor-based light wavelength conversion film to increase the light absorption and to 

improve the light extraction efficiency of WLED. The light scattering of cylinder TiO2 would 

increase the path length of photons in the LED package and enhance the photon absorption 

probability by phosphor particle for light conversion[28]. Therefore, the addition of porous 

and cylinder TiO2 diffusers increases the amount of diffuse light reflection between the blue 

light wavelength, making it easier for light conversion. Meanwhile, the dispensing of cylinder 

TiO2 diffusers into wavelength conversion film as diffusing agents is a preferred appropriate 

method for large-scale film production due to its ease of manufacture. 
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Fig. 5.6. The correlated color temperature (CCT) of the phosphor-based wavelength conversion 

film-coated white LEDs for different TiO2 contents with the sphere, porous, and cylinder 

nanoparticles doped TiO2 diffuser at phosphor contents of (A) 17wt% and (B) 25wt% 
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Fig. 5. 7. The luminous flux of the phosphor-based wavelength conversion film-coated white 

LEDs for different TiO2 contents with the sphere, porous, and cylinder nanoparticles doped TiO2 

diffuser at phosphor contents of (A) 17wt% and (B) 25wt% 
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Fig. 5.8. The schematic diagram of photon direction and light propagation inside light 

conversion film (A) phosphor with TiO2 NPs as diffusing agents and (B) phosphor with TiO2 

cylinder particles as diffusing agents 

 

Fig. 5.9. the reduction of phosphor material inside the light wavelength film by using the 

different TiO2 nanoparticle 
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5.4 Conclusion 

We have proposed a technique to produce WLEDs by doping TiO2 nano-cylinder NPs 

into a wavelength conversion film. The TiO2 nano-cylinder doped wavelength conversion 

film is believed to im- prove the light extraction efficiency and light scattering ability, which 

sharply reduced the refractive index differences and reflection losses at the interfaces 

between the encapsulant and atmosphere around WLED. By using this phosphor film 

consisting of TiO2 nano-cylinder NPs, high-performance WLEDs could be easily fabricated. 

In this proposed study, the TiO2-doped diffuser should play an important role in extracting 

yellow rays. Through the experiment,  it shows that additions of nano-cylinder diffusing 

agents may reach high light extraction. Besides, such an approach will result in more 

backward lights and then induces a lower CCT. It is demonstrated that less phosphor usage 

can perform a requested CCT without sacrificing the total output power by TiO2 nano-

cylinder diffuser addition inside the LED encapsulation. A future experiment will be 

conducted to determine the phosphor concentration reduction as a function of TiO2 nano-

cylinder NPs addition contents. The contributions made here have broad applicability. The 

utility of low-cost and controllable nano-cylinder TiO2 diffuser-doped encapsulation will be 

provided and offering an effective method for improving high luminous efficiency and 

maintaining the CCT of WLED. 
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CHAPTER 6 

Summaries and Conclusion 

  In the first chapter, we explain that, the proposed approaches will need to detail the 

baseline performance metrics and the improvements in performance metrics that can be 

obtained. Methods for Manufacturing cost reduction includes:1. Advanced LED package and 

die integration into the luminaire. 2. More efficient use of components and raw materials. 3. 

Simplified thermal designs. 4. Weight reduction. 5. Optimized designs for efficient and low 

cost manufacturing (such as ease of assembly). 6. Increased integration of mechanical, 

electrical and optical functions. 7. Reduced manufacturing costs through automation, 

improved manufacturing tools, or product design software. Researchers should demonstrate 

a thorough knowledge of the portion of the manufacturing value chain they are working in 

and should provide quantitative metrics, status, and targets for their research. 

In the second chapter, Thermal performance of white LED with different coating 

thickness is studied in this paper. Contrary to common understanding, junction temperature 

can be increased with thinning phosphor coating by using a newly developed packaging 

method in this study. The thermal conductivity of the phosphor layer will increase with 

decreasing thickness and increasing phosphor concentration owing to the backscattering of 

photon increase. Although the thinning of encapsulant thickness could improve the thermal 

conductivity of overall packaging, the backscattering effects have larger effects on the 

junction temperature of WLED. 

In the third chapter,  a cost-effective packaging, ultrathin, high power phosphor-based 

white Light-Emitting-Diode (WLED) emitter with outstanding reliability is reported. Based 
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on the measurement of optical, thermal as well as lifetime performance of WLEDs with the 

present packaging approach, it is found that the current approach leads to an increment in 

lumen output as well as a reduction in junction temperature compared with the conventional 

packaged WLED. When the correlated color temperature (CCT) is at 5000K and 10000K, the 

respective lumen output is enhanced by 12% and 10%. Meantime, the respective junction 

temperature is reduced by 10% and 8%. Moreover, after the 1000 hours aging time of high 

temperature and high humidity, the lumen output loss is 24.7% and 12.8% less than that of 

the conventional WLED emitter at the CCT of 5000K and the CCT of 10000 K, respectively. 

Accordingly, the present work offers high reliability, a cost-effective alternative approach for 

ultrathin high power WLED emitters. 

In the fourth chapter, the work proposes a novel light-scattering remote phosphor 

film with TiO2 diffusers loaded designed to improve the usage efficiency of phosphor in the 

packaging application for various applications. The role of phosphor-converted white LED in 

enhancing the lighting extraction efficiency was explored and improved phosphor usage 

efficiency by using spherical and porous TiO2 diffusing agents. Based on the experimental 

result of the diffusing properties of TiO2 diffusing encapsulation, the phosphor usage 

efficiency is significantly increased and the light output power enhancement, which 

increases 10% - 20% at a driving current of 350mA in the proposed design compared to 

conventional silicone packaging structure. It is experimentally confirmed that diffusing 

particles' dispersion can exhibit the same level of luminous output even when the amount of 

phosphor materials used is reduced by 25%. 
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In the last chapter, We have proposed a technique to produce WLEDs by doping TiO2 

nano-cylinder NPs into a wavelength conversion film. The TiO2 nano-cylinder doped 

wavelength conversion film is believed to im- prove the light extraction efficiency and light 

scattering ability, which sharply reduced the refractive index differences and reflection 

losses at the interfaces between the encapsulant and atmosphere around WLED. By using 

this phosphor film consisting of TiO2 nano-cylinder NPs, high-performance WLEDs could be 

easily fabricated. In this proposed study, the TiO2-doped diffuser should play an important 

role in extracting yellow rays. Through the experiment,  it shows that additions of nano-

cylinder diffusing agents may reach high light extraction. Besides, such an approach will 

result in more backward lights and then induces a lower CCT. It is demonstrated that less 

phosphor usage can perform a requested CCT without sacrificing the total output power by 

TiO2 nano-cylinder diffuser addition inside the LED encapsulation. A future experiment will 

be conducted to determine the phosphor concentration reduction as a function of TiO2 nano-

cylinder NPs addition contents. The contributions made here have broad applicability. The 

utility of low-cost and controllable nano-cylinder TiO2 diffuser-doped encapsulation will be 

provided and offering an effective method for improving high luminous efficiency and 

maintaining the CCT of WLED. 

 

 

 

 

 




