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STUDY OF PHOSPHOR CONFI GURATI (
IMPROVING COLOR QUALITY AND LUMINOUS FLUX OF
WHITE LIGHT LED.

ABSTRACT

Common lighting sources like incandescent and fluorescent lights have been
increasingly replaced by solid state lighting technology, which offers excellent lighting
efficiency and a green lighting environment. One of the bestnaost useful light
sources in soligtate technology are ligletmitting diodes, or LEDs. The range of
applications for conventional LED devices is limited by their low color fidelity and good
luminescence efficiency. In actualitshe color rendition mustebbeautiful and clean
with high uniformity for the white light source to present the highest color quality
Because of this, the development of better LED structures has been the main goal in the
manufacture of premium LED lighting. Two strategies aref@uh in this dissertation
in an effort to improve the quality of LED illumination. The first method uses-ilares
remote phosphor configurations, with blue LED chips stimulating the green, red, and
yellow phosphor films. By adding three distinct phaspmaterials, the LED structure
may produce white light with a wider spectrum, which will increase color rendering
efficiency. Along with being compared to other distant phosphor structures, like-single
film and dualfiim remote configurations, the brighgss of the thretayer remote
structure is also studied. Additionally, a mathematical simulation utilizing the Lambert
Beer law supports the analysis of light transmission of Aayer remote phosphor
configurations. This simulation specifically looksndtether light energy is limited when
light first passes through the phosphor layers and then is converted. The second approach
uses scattering factors to control LED performance by adding scattering enhancement
particles (SP) to traditional phosphor lagieifere, the scattering factors are tracked by

changing the radius or concentration of particular particles. As auxiliary instruments,



Mie-scattering theory and simulation are used to examine how scattering affects the
optical performance of LEDs and recomand suitable SP parameters. Additionally, the
performances of the LED samples are tracked under various correlated color
temperatures (CCT) ranging from 5600 K to 8500 K in both approaches. In this study,
the Mie scattering theory is used to three softwaogramd Mie Calculator, Mie Spot,

and Mie Scattering to identify formulaic commonalities. This makes the problem more
feasible to solve while running simulations to determine how much patrticle size affects
scattering. It advances the quest for novelemals to increase scattering in order to raise
the luminous flux and color quality of white light LEDs. Si1©the suitable SP material,

and the thredayer distant phosphor structure is more effective than the other
configurations in boosting high flux and color rendition of the LED, according to the
formula and experimental findings from these two approachbs. dissertation's
conclusions can be a valuable and significant source of information when creating
WLED packages with better white light quality. Lastly, an experiment utilizing a model
in this study combines blue chips with other phosphor matérig#iow, red, and

blued to create white light with a configuration like the previously mentioned three
layer distant setup. In the first section of the study, simulate the best outcomes. The light
source output from the white LED's thslegrer construction isicectly measured to
verify the model. To compare the spectrum morphologies of various phosphor structures,
the computed resufiswhich included the lumen index, CRI index, CCT color
temperature, and data outputvere entered into an integrated meter andyiatied with

a computer. This experiment aims to show that it is possible to replicate changing the
phosphor material and altering the LED's attributes while still getting accurate results.
Green phosphor material will boost luminous flux; red phosphorriabtell increase

CRI; and a thre¢ayer phosphor remote structure will have a higher luminous flux than

a singlelayer phosphor remote structure in particular.

Vi
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CHAPTER 1. INTRODUCTION AND BACKGROUND
1.1 A rationale for this study

Researchers found that, in 2012, lighting accounted for one of the highest
percentages of power usage (17 percent) in the US alone (Liu & Xiaoping, 2011).
Because of its low energy usage, the LED has been seen as a new generation of lighting
technology in this circumstance. LEDs are four times more efficient than CFLs and
fifteen times more efficient than filament bulbs. It doesn't contain hazardous mercury
and uses less energy than fluorescent lamps. Furthermore, LEDs have a longer lifespan
than incandescent bulgoughly thirty times longer. A lot of LED bulbs may last up to
25000 hours, which is 17 years if they are used for 4 hours a day. Liu and associates,
2008). The initial cost of LEDs is usually higher than that of conventional bulb types.
But the cost has been steadily declining, and it should soon be at a price @bist th
often used in developing nations. Their quality of life can be enhanced by the usage of
LED lighting.

The development of highuality white LEDs that may be used for many lighting
applications is receiving a lot of attention due to the growing ddm@ansustainable
lighting applications. Particularly, the luminous efficacy and uniformity of white light
have grown in significance. The correlated color temperature deviation is used to analyze
the whitelight color uniformity dynamic. The light whiteotor is more uniform the
lower the color temperature fluctuation, and vice versa (Chen et al., 2013). The emitted
l umi nous flux di minishes when the <col or
decreased by approximately 200 K to 450 K. Thus, an essgodifior LED application
is to i mprove color uniformity (a&CCT i s
consistent luminous efficiency of the LED.

The development of a highstandard WLED is a muttbbjective problem that needs to

be resolved. lis necessary for the device to have a high temperature, steady CQS, and strong

CRI without significantly compromising the output lumen. Nevertheless, inwedd



scenarios, LED packages face constraints such as rising CRI, falling lumen efficienogr(LE),
reaching high output lumens even while CRI or CQS are unstable. Furthermore, if an
excessively high current is used, the output will decrease rapidly. Poor color quality and
performance result from an LED chip's CRI only reaching a value of 80 Randighgcurrent,

with an LE value of roughly 150 Lm/W. The main objective of this dissertation is to provide
novel strategies to get around the restrictions and improve the performance of the WLED

packages in light of the previously described shortcomimg&D optical capabilities.

OIL LAMP LIGHT BULB FLUORESCENT LAMP LED
approx. 15000BC (19 century) (20 century) (21 century)

Figure 1.1: Compare the lighting efficiency of LED lights with methods used from

ancient times to the 21st century

A development in lighting is depicted in Figure 1.1. Initially, oil lamps were
utilized for lighting, a rather inefficient form of lighting. The 19tmtig’y saw the birth
of LIGHT BULB. But the efficiency is limited to 160 Lm/W. With the invention of the
fluorescent lamp in the tenth centurynlinous efficiency reached 176@n/W. As LED
lights were available in the 21st century, lighting technology reached a new milestone
when luminescent efficiency reached 300 Lm/W. The invention of-stdig lighting
technology led to its progressive improvement. This dissertation alswssho

enhancements in the white LED lighting performance with the recommended



approaches, which are found in international journal contributions (Loan et al., 2022).
These enhancements include higher luminescent efficiency, an improved color rendering

index,and increased color uniformity.

1.2 Objectives

In Vietnam, developments on higitandard WLED structures have not been
thoroughy researched. There are various factors to assess-gumedjty LED, notably
including color quality index, luminescence efficiency (LE), color uniformity, color
rendering index (CRI), and color quality scale (CQS). Hetleemajor dissertation
objective is to improve these factors for LED lighting in order to overcome the
limitations in their applications. Particularly, thibesis demonstrates two different
approaches: one is to combine the scattering particles with the phosphor compound to
induce the sdtering factor for greater bldgght utilization; and theotheris to study a
novel multi-layer remote phosphatructure for white LEDs t@achieve enhancement

colorquality and light flux efficiency

1.3 Scope of the research

The performance of LEDs is iniénced by various factors, such as the driving
current, the | uminescent material s sy
environments, the concentration and/or particle size of the phosphors, etc. Besides,
means of measurement, computation, and lsitiaun lead to variances in the research

results.

Therefore, lte scope of the research in this thesis is limited to the following factors
to serve certain objective3he concentration and particle size of the phosphor and
scattering particles, the number of phosphor layers in the remote structure, and the
correlated color temperature are critical factors in the LED performance assessment. In

terms of research approashéie-scattering theorpased simulation and LightTools



software are employed, which will be further demonstrated in the research method
section. Besides, thiissertatiorresearches blagpumped multichip LED instead of the

other LED chip types such aasskr, ultraviolet, or nearltraviolet.

On the other hand, this thesis does not cover the Raman scatteringgdépehin
study of the phosphor characteristics and morphologies, and the other factors affecting
light emission in LED packages. Thus, futursaarch will concentrate on such factors,
combined with the proposed solutions in this thesis, to explore the novel structure and/or

luminescent materials for the development of white LEDs.

1.4Research method

The dissertation employs a multdisciplinary appoach, combining both
gualitative and quantitative methods, to research the topic. Particularly, the dissertation
used data collected from other online public works, including international journals,
books, and conference papers, for the establishmenteosithulation basis and the
comparison with achieved findings of the dissertations. Then simulation, experiment,
and testing based on principles of physics and mathematics were applied to further
demonstrate the factors determining the performance of WhiDs. Here, the Lambert
Beer law, Miescattering theory, and LightTools software are the primary media of this
dissertation methodology work.

The dissertation work on phosphaonverted white LED as this type of LED is
more feasible to tailor the spectramission bands. The remote phosphor structure
consisting a gap between the phosphor films and LED chips is utilized for simulation
and experiment. The simulation parameters of LED package between tests are mostly
the same, the variables are the metrics pbbsphor layers, such as phosphor
concentrations, the number of phosphor layers, and the volume of dopants in the
phosphor layers, as demonstrated further in Chapters 3 and 4. The optical properties of

the simulated LED are measured. The measurement ofdufiut is performed with 9



LED chips, having a peak emission of around 465 nm. In this way, it is possible to make
specific conclusion about the influence of the varied parameters, supporting the
contributions of the dissertation in the field.

Simulationsare conducted on the same LED design model corresponding to the
identified LED type. The simulation model incorporates precise optical properties of the
LED package, with most of the input parameters held constant. A critical aspect of these
simulations mvolves comparing the power spectral distributions of the simulated and
measured phosphaonverted LEDs. The simplicity of the investigation method is
maintained by altering as few LED parameters as possible during simulations, thereby
enhancing the relility of the conclusions drawn from the validation process.
Successful validation of the simulation tool provides a foundation for potential
optimization of the white LED parameters, offering the prospect of significantly
reducing the number of experimentequired for further advancements in LED

technology.

1.5Proposed ideas

Realizing the drawbacks of white LEDs and limitations of studies in the literature
review, the dissertation proposed two approaches to overcome such difficulties. The first
idea is to bud a multi-layer remote phosphor structure, comprising the yellow, green,
and/or red phosphors, to enrich the converted color emission for the white LED. This
approach aims to determining the suitable remote phosphor structures for specific goals
of lighting applications. In addition, the efficiency of the proposed reyer phosphor
structure, in comparison with the traditional sinlglger remote structure, is proved by

a mathematical formula based on Lamiigeer law and experiment results.

An alterndgive method involves incorporating scattering enhancement elements
to regulate the dispersion of the phosphor conversion layers. To perform the second

method, we use the commercial software LightTools 9.0 in conjunction with Mie



scattering simulation sof@ve. This combination allows us to create a light scattering
simulation that incorporates several types of scattering particles. In addition, the Mie
Plot software is employed to identify similarities within the Mie scattering formula. The
simulation is ued to identify and choose the most appropriate scattering particle, which
is then utilized as the scattering center for the phosphor layer. Furthermore, an
examination is conducted of additional elements that impact the scattering efficiency of
the phospholayer, such as the size and concentration of the phosphor particles being
used. The determination of optimal scattering particles and phosphor materials to
enhance the luminosity and color rendering efficiency of LEDs can be achieved by

considering theisize and concentration.

Each method has proven the effectiveness in improving specific properties of
LED lighting. The findings demonstrate that it is possible to obtain high color rendition
performance while reducing an insignificant amount of lumeatput. Though there are
a lot of rooms for further investigations and modifications, this dissertation contributes
to paving a solid path to overcome the limitations of conventional WLED configurations.
1.6 Contributions and study results of the dissertation
1.6.1 Theory

The theory underpinning the efficient application of wiigdt LEDs has been
streamlined and made clearer thanks to the dissertation. A proposal for optimizing the
new structure to meet the requirements of various fields' applications is basesl/mw
of the advantages and disadvantages of conventional -lighteLED structures.
Furthermore, Lambert's formula confirmed ttissertatiorby showing that the novel

distant structure of white light LEDs has improved luminous flux.

The dissertatiosuggested that manufacturing costs can be significantly reduced
by producing white light for LEDs utilizing blue chips with YAG: Tgellow phosphor

material rather than by combining different types of phosphdaseover, this method



enables the enhancement of the optical characteristics of white light LEDs in a manner

that is both feasible and achievable.

The dissertation us@dVlie scattering calculator and Mie spot software to uncover
formula similarities, which furthers the systatzation of Mie scattering theory in
LightTools 9.0 commercial software simulation. It replicates parameters like particle
size and concentration that affect light flux and color uniformity. The thesis has also
altered the overall perception of the comv@mal LED structure, which needs to be
modified in order to benprovedwith the new structuie the remote structuéein order

to increase LED device light performance.

1.6.2 Experiment

Recent studies and data on LED products that are marketed have been cited in
this dissertation. Furthermore, present LED structure in combination with phosphor
materials to enhance luminescence and other materials to enhance white light LED color
uniformity have been researched. The study's findings are a useful resource for LED

producers.

By combining phosphor powders with silicon, heating the mixture to 150 degrees,
and lettingit dry for five minutes, this dissertatiamonducted basic experiments using
red, yellow, and green phosphor materials based on the findings of the @oélyw
acknowledged contributions. These substances are mixed with blue chips that have a
maximum power of 1nW to 300 mW and are sold by Cree.

Consequently, the only pattern identified by the research findings when testing with
the thredayer distantstructure is that adding red phosphor enhances CRI and CQS,
while adding green phosphor enhances white light LED photosynthesis.



1.7The dissertationds structure

With themajorobjectivesof increasng the luminous efficiency and color quality

of WLED, my dissertatiorincludes the following core chapters:

1 Chapter 1: Introduction and backgrouiidl'his chapter introduces the primary
rationale and objectives of tligssertationIn addition, it presents the scope of
work, proposed ideas, research methaglLammar y of t he di sse
and contributions, and how this dissertation is structured.

1 Chapter 2: Overview The chapter goesver the basis of LEDthe research
and investigatiof domestic and abroagituations, thenethods of generating
white light, types ofWL E D phesphor structuresand the essential optical
factors for assessing the WLED qualifjhe purpose of this chapter is to
provide the generainderstanding and foundation of the dissertation.

1 Chapter 3: Examination ahulti-layer distant phosphor structures to enhance
the white LED's optical characteristieS his chapter highlights the strategy for
utilizing multi-layer remote phosphor structures to improve LED performances.
First, it presents a mathematical framewtwk analyzing the performance of
multi-layer distant phosphor structures based on the LarBeert law.
Subsequently, the thrdéayer remote phosphor structures and various multi
layer remote phosphor structures are proved bgetirng, experimentation,
debate, and comparison.

1 Chapter 4: Research on scattering enhancement materials to increase the
optical characteristics of LED lampsThis chapter details the study conducted
on controlling the phosphor layer's scattering factor through the use of various
scattering enhancement particles. We describe thestéitering theory, which

simulates the impact of luminescent particles on WLED performance. This



chapter also covers the choice of the best dispersing particles and how to
combine the chosen particleghvgreen phosphor.
1 Chapter5: Conclusion anduture research directionis This chapter summarige
the notable achievements of ttveo proposed approaches and shows the future

works based on the findings of thdsssertation.
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CHAPTER 2. OVERVIEW
2.1Basic Physics of LEDs

With a forward polarization voltage, the ligamitting diode (LED) is a i
junction where holes are sprayed into th&ide and electrons are sprayed on Hs&dp.
In the empty space, these minority particles merge with rtajority particles.
Recombination with radiation is the process of recombination in direct semiconductor
materials. Thermal energy is the primary form of released energy in indirect

semiconductor materials, where luminescence efficiency is very low.

2.1.1 Electrical and Optical Properties

Overall, the photoelectric effect is being referred to. LEDs has the characteristics
of being semiconductor-N junction diodes. Figure 2.1 illustrates the combination of a
P-type and an Mype semiconductor to form aNP junction. Homotopic refers to the
junction formed when both the-type and Rype regions are composed of same
semiconductor material. Conversely, the junction is denoted as a heterojunction when
the Ntype and Rype regions are composed of different semiconductor materials. Upon
the esthlishment of a N junction, electrons from the-lype region diffuse into the-P
type region.

When a hole and a free electron make touch, they undergo recombination and
disappear. The fype region is doped with positively charged ions, whereas-thpeP
region is doped with negatively charged ions for each eletiotspair that recombines.

The formation of an increasing electric field over the depletion zone impedes and finally
halts the process of recombination as it progresses and more ions aetege(ieu &
Xiaoping, 2011). During forward voltage, electrons are transferred from the N area to
the P region, whereas holes are transferred from the P region to the N region. Light
emission occurs as a result of the combination of electrons and hdReN. jAnction,

unlike a resistor, has a significantly nlmear relationship between current and voltage.
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As aresult, it is frequently used as a rectifier. LEDs exhibit the typical properties of a P
N junction, such as forward conduction, reverseatfjtand breakdown. Furthermore,

LEDs demonstrate lighkgmitting characteristics under particular circumstances.

Figure 2.1: Light-emitting Pi N juntion

P-type Region A

1
m

@  N-type Region

Figure 2.2: Band diagram of alight-emitting Pi N junction
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Figure 2.2 illustrates that the injected electron can either directly combine with
the hole to emit light within the LED or first capture the hole through the radiative
recombination center to emit light. A noadiativerecombination center, located near
the intermediate level between the conduction band and valence band, captures electrons
in addition to emitting recombination lighthe lightemitting diode (LED) is a im
junction that functions by applying a forward Igazation voltage and introducing
electrons to the-gide and holes to theside. Within the vacant region, these minority
particles amalgamate with the majority particles. Recombination with radiation refers to
the recombination process that occurs irea semiconductor materials. Indirect
semiconductor materials exhibit a relatively poor luminescence efficiency, mostly
releasing thermal energy. Subsequently, these electrons combine with holes, resulting in
the emission of energy that falls short abghucing visible light. An increase in the ratio
of electrons undergoing radiative recombination to those undergoingad@tive
recombination leads to a higher optical quantum efficiency. Recombination light
emission occurs only in the diffusion zonevwe¢n the Rype and Ntype areas, within
a few microns of the- junction. Light's peak wavelengt) (s related to the bangap
energy Eg) of semiconductor material in light emission zones. This can be written as
= 1240/Eg (nm), wherkgis measuredh electron volts€V). Both theory and practice
confirm this relationship. To generate visible light, the semiconductor material's bandgap
(Eg) must fall between 3.26V and 1.63 eV.

2.1.2 Spectral energy distribution

The distribution of radiation energy thrdugut a spectrum within a particular
range of radiation wavelengths is referred to as the spectral energy distribution. This is
so because, as opposed to releasing a single wavelength;enligiiig diode emits a
variety of wavelengths. In addition, tiveavelength affects the LED's simultaneous

changes in luminous intensity and optical power output. In Figure 2.3, a spectral
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distribution curve is shown. Relevant chromaticity parameters are ascertained when the
curve is constructed, including the dominauatvelength and color purity of the device.

A number of parameters, including the kind, structure, and thickness of the epitaxial
layer as well as doping impurities in the compound semiconductor employed in its
manufacture, affect the spectral distributafrLEDs. But it has nothing to do with the
shape and packing of the device (Liu & Xiaoping, 2011).

A. Blue (InGaN/GaN)

— ! B. Green (GaP:N)

C. Red (GaP:Zn,0)
D. Infrared (GaAs)

y (a.u.)

50% F

0% v .\/ r

400 500 600 700 800 9
LED Wavelength

Lighting Intensit

(')0 10'00 11'00 )
Figure 2.3: LED spectral distribution

This type of LED chip can be categorized into two groups based on the location of
the electrodes. The first group consists of chips with electrodes on both sides, including
indium-gallium nitrogen grown on silicon carbide substrates, gallium phosphidiangal
aluminumarsenide, and galliurarsenidephosphide chips. The second group consists
of chips with electrodes on the same side, such as epitaxial materials surrounding
sapphire substrates. The substrate, which requires isolation, dictates the pgsitionin
the positive and negative electrodes on the same side. Semiconductor components
essentially make up LED lights. Different materials yield unique color changes when

used in LED light sources. The LED chip has semiconductor components that generate
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white light. Several materials determine the range of colors that white LED light can
produce. Studies on white LED light can modify its visual features to meet people's
fundamental requirements. This is the rationale behind it.
2.2Literature review

White light-emitting diodes (WLEDs) with phosphorus conversion are a potential
light source due to their compact size, great energy efficiency, affordability, and color
stability (Le et al., 2019). According to Josh and Cauwerts (2018), WLED uses the color
compkmentarity concept, combining blue light from blue chips with yellow light from
phosphorus. Solidtate lighting may benefit from the usage of WLEDSs, although their
luminous effect needs to be improved (Wang et al., 2010). Adhitting InGaNbased
LED chip with YAG:Cé* yellow phosphors acting as a color conversion layer is now
used in the majority of commercial WLEDs. However, because of the phosphor layer's
low conversion efficiency and the absence of-@adrgy components, this type of
WLED exhibits lowuniformity chramaticity and rendering performance.
Generally speaking, the most popular technique for producing white light is to apply
phosphor coating to blue chips. This procedure involves mixing phosphorus powder with
transparent encapsulating resin and dispersiagross the phosphorus package. This
approach does not result in higbality WLED, while making it simple to regulate the
phosphor layer's thickness and saving a lot of money (David et al., 2015 and Cheng et
al., 2012). Thus, the appropriate coating teghe may be applied in its place. According
to Yu et al. (2019), this technique produces angular homogeneity of correlated color
temperature (CCT) by distributing colors equally. However, the backscattering effect
lowers the luminous efficiency of WLED tii an appropriate phosphor structure. By
separating chips and phosphorus layers, earlier research has illustrated the idea of
phosphorus structure remotely to reduce backscattering and improve the luminous effect
(Zhong et al., 2012 & Lai et al., 2014). didonally, polymer hemispherical shell lenses

with inside phosphor coating are introduced, which can boost the extraction effectiveness
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due to the reflecting structure inside enhanced light extraction (Smet & Hansel, 2015).
Oh et al. (2012) developed dteanate solution that involves an embedded structure with
an air gap. This approach has the potential to improve luminous efficiency by reflecting
light downward. The findings demonstrate that the WLED structures have a direct
impact on the lumens at tl@tput.

In efforts to address drawbacks in WLEDs, in 2019, the perovskite
downconverters were proposed Bg(fenet al., 2019) to achieve the tunable white LED.
Though the enhancement in color rendering was notable, the fabrication process of this
perovskte-downconverter based LED is costly as it involves the complexity of driver
circuit and packaging procedure. Previously, to enhance the red energy in the white light
emission, the alternative approach called ®BedenBlue (RGB) was introduced
(Muthu etal., 2002). This method utilized the combination of three LEDs with distinct
emission color: red, green, and blue. By adjusting the drive current for each LED, the

tunablecolor-temperature white light could be produced.

However, the packaging procesdlus LED type is complex, difficult to control,
and ultimately increasing the production cost. In the meantime, an alternative approach
to enhance the conversion of phosphorescent layer was reported in a work of (Li et al.,
2021). They developed compostieramics of (Ce, Gd): YA 203 to achieve the high
brightness for the LED (Li et al., 2021). In their study, the scattering is factor is the key
momentum. However, their study did not discuss the color quality with the proposed
composites, and that the lurosity of the composite is dependent on the sintering
temperature makes it complex to applied and may induce the cost of fabrication. As the
price of LEDs has been reducing overtime, it is essential to figure out the new approach
to enhance the LED perfmance while fulfilling the cossaving requirement for

production.
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2.3Summary of the relateddomesticand international researchof LED

- Domestially

With outstanding features, LED lights have gradually become familiar and widely
used in the field oprojection and are gradually replacing traditional lighting methods.
It is the continuous developments in performance, durability, energy savings, size as well
as environmental friendliness that have allowed LEDs to be used in indoor lighting,
decoration backlighting applications to expand to other areas with harsher operating
conditions such as outdoor lightingtreet and tunnel lightingAlong with the current
situation of Vietnam in the group of 20 developing countries consuming the most
electricity, in which the electricity consumption for lighting needs accounts &6 2%
promises to give the LED lighting sector many opportunities for development and
expansion. To supply this sector, Vietham currently has about 200 enterprises producing
and tradig LED lights, but the limitations of technology, price and quality hinder the
development. Because of the potential, the increasing demand for LEDs and the existing
difficulties, the research to produce LEDs with high quality and reasonable price is an
inevitable result. The core of LED research aia comparing the quality of LEDs of
different manufacturing methods and finding the most optimal option, while helping
domestic manufacturers master the design and technology of production and thereby
create banded products, quality and prestige, avoiding the case of copying poor quality

products.

Although there have been many studies aimed at improving the lighting quality
of LEDs, the majority of studies stop at finding problems and do not gesahitions
or offer solutions to improve one aspect without considering other factofack of
comparisons between choices to highlight strengths and weaknesses. For these reasons
the applicability and reliability of these studies are limiggodwingtheneed br studies

thatcan offerthoroughly analyze problems and solutions.
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- Internationally

With the situation of energy scarcity, and the current environmental movement,
the application of LEDs in lighting applications is more replicated than ever. Realizing
that traditional LED models with a phosphor layer and a chip structure are no longer
sutable for modern lighting needs due to the low color rendering index (CRI), there are
currently many scientific studies focusing on changing the external structure and internal
components of LEDs to achieve higher lighting efficiency. Many studies hpoded
on experimental results that can improve the quality of LEDs at a certain level, including
the solution to combine ligkgmitting diodes with phosphors, equip more phosphor

layers for LED models, how to spray phosphor coating on chtps

2.40rientation

1 As the introduction stated, there are numerous restrictions with regard to
luminescence efficiency and color quality with the current simple structure LED.
Thus, optimizing the two aforementioned components is the thesis' primary
objective. A few itemsneed to be clarified, which are as follows:
Examine the phosphor structurel&eDs that emit white light.

Discuss the benefits and drawbacks of each kind of structure.

Bring up a potetial structural orientation.

Replicate the decision rda for that structural exam.

= = =2 =

More research on how other material particles can be scattered to boost the

luminous flux of LED whiteight sources.

1 Research on how particle size affects white light LED luminosity. The best size
for a scattering particlensuld be choseto maximize luminous flux.

1 When adding scattering particles and structural components, simulate the

experiment.
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Following the aforementioned introduction, the topic would want to provide an

overview of some of the following contents:

2.5How to createwhitelight

The current standard structure for LEDs is the conformal structure, as seen in
Figure 2.8. The LED creates white light by combining the blue chip and the yellow
phosphor layer. As a result, the LED chip is considered the fundangcentpbnent of
the LED.

LED Chip Lens

Phosphor Layer Silicone

Bonding Wire Copper Slug

Molding
Compound

Leadframe

Figure 2.4: The mostpopular way to createwhitelight today

Currently, the most widely used technique for creating white light involves the
application of a thin coating of yellow phosphor onto lhee chip (Figure 2.4). The
combination of the blue chip's light and the yellow phosphor material produces white

light. White light can be generated through various means.
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2.5.1 Wavelengthconversion method

Blue Light
1 Green Light
Red Light Phosphor
AN
—] < ]
LED

Figure 2.5: Using Phogphor Conversion

In the two techniques that will be discussed in the upcoming chapters of this
dissertation, this methodology will be applied. As seen in Figure 2.5, white light is
created when the blue chip's light interacts with the yellow phosphor .aBav®ne
drawback of this approach is that it can result in the yellow ring phenomena.
Consequently, the two methods ttissertatiorpresents will address that constraint and

enhance the white light's quality.

2.5.2 Mixed three red, green, bluechip

The American Lighting Association states that blending shugl®r chips into
three colord green, red, and bldewill result in white light (Figure 2.6). The lifespan
of the LED, however, degrades quickly due to the variation in each sialglechip's
lifetime. Numerous investigations and advancements haes lmade using this

methodology.



20

Furthermore, it is more complicated to modify the package of three siolgie
chips than it is to modify the phosphor components in order to convert wavelength. This

dissertation will therefore not make use of thisheigjue for creating white light

Green LED

White Light

Blue LED

Figure 2.6: How to create white light fr om mixing three colors RGB
2.5.3 Homoepitaxial Zn-Semethod

Based on ZBe, this technique was developed by a Japanese LED company. To
provide blue light, they implanted blue LEDs using coaxial technology (Figure 2.7).
Whereas only blue and yellow light is released, they are released in the active zone.
Because phephorus was not utilized, the combined light's white color and spectrum are
similar to those of UV and phosphoonverted LEDs, but with a larger output of white
light. In theory, the wavelength conversion approach to manufacture a single LED vyields
a lowe luminous efficiency than the dithering approach. It is more important to combine

several LEDs with the correct brightness, though.
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Blue Light g
ol

= Active Region 2 >

Sapphire Substrate
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Figure 2.7: Using white light chip

Whereas coleblend lights have a more intricate LED architecture and a more

significant lamp size, conventional and simple white LEDs all have a compact design

that can be matched in any configuration.

Furthermore, the colamixed white light of an LED blb undergoes a
metamorphosis after a certain amount of use due to the significantly varied attenuation

time of these lights. As a result, neither the producer nor the supplier of LED

lights usesthis technology.

2.6Common phosphorstructures

Numerous novel investigations on phosphorus structures have been conducted
thus far. Entering the LED's yellow phosphor layer from the inside is still the primary

way of implementation, nevertheless.
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2.6.1 Conformal structure

Silicone LED chip
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Figure 2.8: Conformal structure

According to Figure 2.8, this is both the initial and standard construction of LED.
This construction consists of a thin sheet of yellow phosphor, a few millimeters thick,
applied to a blue chip. Th&tructure has the benefits of high economic efficiency and
ease of implementation. Its structure does not, however, have the same color quality or
luminous flux as other illumination sources. Not only that, but LEDs have a short

lifespan and can easily aveat when utilized for extended periods of time.

2.6.2 In-cup structure

On the blue chip with this arrangement in Figure 2.9, the yellow phosphor layer
is firmly and densely covered (Ying & Chien, 2015). Improved luminous flux is one of
this structure's benefits; low color quality and implementation challenges are its
drawback. Using this technique, the phosphor concentration mixing plays a key role in
determining the LEDs' luminosity. Phosphorus scattering particles are enhanced, which
causes this structure to grow quickly.

However, the response time is longer because thspblor particles are mixed

together with the silicone gel, so the scattering of the particles occurs more slowly.
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Phosphor Reflective cup

| LEDchip |
Leadframe

Figure 29: In-cup structure

2.6.3 Remotestructure

+«——— Phosphor plate (2mm)

f
20mm \I[ «————— Reflector cup
_l_ Blue LED
Heat sink

7mm [

Figure 2.10: Remae structure

A schematic of these remegphosphoibased WLEDs shows the InGaN blue
LED, which gives off light at a peak wavelength of 450 nm; the reflector cup, which is
20 mm tall and has a reflectance greater than 0.96 because it hasB&a®€d on the
inside; and the phosphor plate sample, which is 2 mm thick and 25 mm across. Figure

2.10 illustrates the structure
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The blue LED is attached to the tip of a cataped reflector in Figure 2.10
(Dang et al., 2015). The yellow phosphor ive®d by this structure quite a distance
from the blue chip. There has also been research on the various spacing between
phosphor layers and LED chips. The benefit of this structure is that it offers acceptable
color quality; the drawback is that the luraus flux is subpar. White light is produced
when the energy from the blue LED chip is reflected on the cup's two sides and then
dispersed throughout the yellow phosphor layer. Compared to the conformal structure
and the iacup structure, this bright strugce is superior. But low relight energy results
in low-quality color.

As a result, additional research is needed to determine whether of these two key
aims may be achieved by using this structure:

Continue researching mulayer structures of phosphu.
- Act out the exam to find the best structure.
- Simulate and explain science using math and software.

The usage of remote structures is crucial to achieving the study's main objective,
which is to improve the LEDs' color quality and luminescerffeciency. This is
reinforced by the structures mentioned above. Previous investigations demonstrating the
phosphorus structures are presented in the next chapter, however there are still some

issues to be resolved.

2.7Critical optical properties for evaluating the performance of a WLED

2.7.1 Color rendering index

The illuminance quality of the light source is precisely reflected by the Color
Rendering Index, or CRI for short. CRI ratings vary amongst different light sources. The
more exact the color of tHeghted object reflected by the light source, the higher the
CRI. According to Figure 2.11, a picture is clearer and more beautiful the higher its color

rendering index.
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2700K CRI100 2700K CRI 90 2700K CRI 80 2700K CRI70

Figure 2.11: Color rendering index illustration

2.7.2 Luminous performance

LEDs use luminescence efficiency (LE) as a metric to quantify their luminous
efficiency. The value is denoted in lumens per watt (Lm/W). There is an inverse link
between the CRI index and the luminous efficiency of LEDs. An LEDsnous
efficiency increases as its CRI decreases. Consequently, it is necessary to achieve a
harmonious equilibrium between these two indications during the production of LED
lights. LEDs with a luminous efficiency greater than 100 Lm/W and a Color Ragde
Index (CRI) higher than 75 Ra are the most effective in producing-cughty
illumination. These LEDs accurately reproduce the color of the object being illuminated

while also being energgfficient.

2.7.3 Correlated color temperature

Theabbreviation CCT stands for coloorrelated temperature, which represents
the light color temperature (Figure 2.12). The color temperature of LEDs typically ranges
from 2500 K to 6700 K. The color temperature of the LED also affects the CRI. An LED
with acorrelated color temperature (CCT) ranging from 4500 K to 6500 K will possess

a greater color rendering index (CRI) compared to an LED with a CCT of 2000 K.
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Figure 2.12: lllustration of color temperature

2.7.4 CQS- Light Quality Scale
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Figure 2.13: lllustration of the light quality ratio scale

It is also a metric that measures the quality of light. However, unlike CRI, CQS
is calculated as the mean value of R1 and R15. The parameter is considered in the
ultraviolet and infrared color bands R9 to R15 (Figure 2.13). When assessing the quality
of light, these elements are considered. In general, the Color Quality Scale (CQS) is
somewhat lower than the Color Rendering Index (CRI), and it is challenging to achieve

a 100 percent CQS due to the difficulties of increasing the value of R9, which represent
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the red color factor that enhances infrared light. In order to enhance the R9 value of the
lamp, manufacturers must utilize cuttiegge LED chip technology to accurately

reproduce the red hue in the light.

2.7.5 The olor quality

Color temperature deviatio®{CCT), luminous flux, and color rendering index
(CRI & CQS) are the three main parts of color quality. Every color has a unique spectrum
and color temperature. The LED can emit light in a wide variety of directions. Moreover,
the color quality is also ihienced significantly by various LED components. For
instance, different luminescence efficiencies can be found in the same LED with the
same power. In conclusion, at least two of the three previously listed ¢&iteRé
CQS, and LB must be met in ordeotdetermine whether the quality of WLED is ideal.
This dissertation's main objective is to investigate how to use appropriate distant
phosphor structures and scattering particles to meet the aforementioned requirements.

2.8 Summary

A variety of white light generation techniques are presented in this chapter, each
with pros and cons of their owhe blue chip and the yellow phosphceugated
substance are used in this dissertation's method of producingiigihite light source
is produced when the blue chip's light and the transmitted blue light merge once the blue
light travels through the yellow phosphor material and turns into yellow |@gynit.
because there aren't any green or red LEDSs, the resulting white light is chillasnd h
poor color quality. Additionally, studies showed that red light energy is more important
than green light energy for improving color renditiés. such, research concentrating
on the integration of red phosphorus elements into the structure of LEDgpadkas
garnered a great deal of attention in an effort to produce white light that is well balanced.
Enhancing the ideal properties of white ligdmhitting diodes (WLEDS) is a promising

application of this technique. Furthermore, a number of researchtuses are
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introduced and the optical characteristics of WLED are expl&ach of the phosphor
structures discussed has advantages and disadvantages of its own, and each optical
feature has a distinct purpose. Letegm use is not recommended for thiandard
conformal construction due to its low luminous efficiency, poor color rendering index,
and yellow ring phenomena. Images displayed in color are less accurate because to the
in-cup structure's low color rendering index and increased light fitith a relatively

steady color rendering index, the remote structure has the largest luminous flux. In order
to maximize the luminous flux, CRI, CQS, and color uniformity of WLED, the distant

structure is therefore suggested as a study goal.
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CHAPTER 3. EXAMINATION OF MULTI -LAYER DISTANT PHOSPHOR
STRUCTURES TO ENHANCE THE WHITE LED'S OPTICAL
CHARACTERISTICS

3.1The three-layer remote phosphor structure

3.1.1 Mathematical frameworks based on LambertBeer law for multi-layer
remote phosphor structures
This law was created in collaboration with three scientists: August Beeri(1825

1863), Johann Heinrich Lambert (172977), and Pierre Bouguer (169358). It is
predicated on the absorption of electromagnetic radiation by a solution. The optical
attenuation ofn particular material, the concentration of the solution in that substance,
and the distance over which the energy travels are all factors in thé.-&abert law

that directly impact the energy loss process. Energy that is metabolized is also equally

impacted by the absorption coefficient, which can be written as:
6 - a (3.1)
whereUis the attenuating species' molar attenuation coefficient, also known as
their absorptivity, and A is their absorban@éherec is the concentration of the
attenuating species aht the optical path length in centimeterse relationship

bet ween the transmittance T of t he mater

absorbance A can be defined as follows:

3.2
N — 0 om (3.2)

Where:

5 : The radiant flux that material sample transmits is denoted

5 : The radiant flux received by the material sample is denoted
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Respectively, according to the definitions of attenuation cross section and molar
attenuatiorcoefficient, The BeeLambert law can be expressed in the following manner:
v Q- D TE (3.3)
Content of the legislation Beéiambert can be summed up as follows: variables
like the quantitative concentration of soluti@in the material or the attenuation
coefficient (Napierian}, * — of each material can alter the energy transferred

across layers of phosphor materials. What is the amount in question, and how is it

expressed? It is as follows:

a o , £ a (3.4)
-« " hRd -0 (3.5)
If attenuation is uniform, these relations take the following form:
Y Q p T (3.6)
Or equivalently:
T (3.7)
o ‘ «a (3.8)

Whenthe attenuation coefficient does not change with z, as is frequently the case, an
integral need not be performed and the law can be expressed as follows:
o 0Q (3.9

The absorption coefficient U scatterings ¢ a t
attenuation with larger particle sizes and vice versa, also contributes to the energy loss.
Consequently, the size of the particles within material areas affects how much energy is

exchanged between them.
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3.1.2 Summary of remote structure formula
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Figure 3.1: Remote phosphor configuration.

h D D O D Phosphor layer
O ¢ O _
r z=0
|
PY-(0) | yPY(0) [—— Active layer
I

Figure 3.2: (a) Schematic plot for a small section of phosphor layer (ore
dimensional model) and (b) illustration of the boundary condition az=0
The energy contained in blue light that is produced by the blue chip and absorbed
by yellow phosphor materials is loshen the phosphor transforms the blue light into

yellow light (Yang et al., 2011). An example this can be seen in Figure 8,avhere
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blue light is attenuated in this material layer because the horizontal sand surface of a
thick phosphor layer absorbs its energy. The LamiBeer law states that the amount of
energy lost is proportionate to the intensity of the blue light input. Whengefrom

the blue light coming from the blue chip combines with the yellow light produced by the
yellow phosphor layer, white light is produced. Here, the yellow phosphor layer and
green energy will be combined to convert a portion of the yellow energyligtit that

the blue chip emits will increase the luminous flux in comparison to the light that is
isolated from it. Nevertheless, the converted yellow light energy travels in the opposite
direction from the direction prescribed by the law of straighttligropagation, which
results in the yellow ring phenomenon in the LED. The blue light intensity in Figure 3.2
is denoted b¥B, the clear yellow light intensity in thedirection byPY, and the yellow

light in the opposite direction Y. The energy dance is used to obtain the following

three equations:

&  0& | wa b (3.10)
5 3 5 3 y 5 3 p 3 5 ¥
U @ U (Q | Q)q v (Q ET QOQ v @ (3_11)
O os b os @i oS % w0 & (3.12)

The energy loss portions of blue and yellow light during their propagation in the
phosphor layer are described by the parameierand Uy, respectively, while the
conversion coefficient for blue light converting to yellow is represented. bijhe
phosphomparticle volume fractioro() n t he phosphor | ayer det
Uy, andb. Whencp approaches zero, equations (3i18)12) become:

Q0 6 v (3.13)

m | LO

Q0 @ . . 3.14
S | D W g ( )

aa
(OYA) . . 1
2 o 2 (3.19)
Qa q
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A schematic representation of the ftipip construction of an LED chip with a
phosphor material with a layer thickness of h may be found in Figure 3.2b. The light
intensity from the blue LED, denoted by PBO, is the energy of blue light (PB) at z=0
Yell ow light's PYT ener gy-dreatidnjiscequaltozeromo v i
atz=h. The yellow light intensity from the phosphor layer to the active layeYisat z
=0, orPY (0), assuming that there is no energy loss in the substraiie aWellow light
reflection coefficient ob, some of the energy of yellow light that reaches the bottom
boundary of the phosphor layer is reflected back into the phosphor layer.
From this, the boundary conditiond ¢ T [0 & T may be obtained.
(scitation.aip.org). The solutions to equations (3.13) through (3.15) can then be derived
by further assuming thak, v, &hdb are all constant. TheB, PY, andPY atz = his

thus represented as:

06 06 Q (3.16)
56 pr_ 0o o o pr 1 06 9 o (3.17)
| | C | |
. 06 .
0 ® Pl Q Q (3.18)

Cl |
Since the light that is transferred secondary is smaller than the light that is communicated
directly,o =Eq@ation 3.17herefore becomes:
- 00 :
0 ® i Q Q (3.19)
q |
The thickness is represented by the subscript "1" when it is 2h (Figure 3.3), in which

case equations (3.16) and (3.19) become:
06 06 0Q (3.20)
06 21
P! LA (3:21)

5o P
Cl
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The package is referred to as a "2" subscript when it is a d@ayae phosphor
structure (Figure 3.3) with a thicknesstoffor each layer. In particular, the energy will
be reflected back to the LED chip once it has pasedgh the first layer. The luminous
flux is negatively impacted by this occurrence. Hence, the transition energy to the second
layer can increase with thickness, and at some point it can retain backscattering as the
transition energy to the second layeereases and the transition energy adds up to the
second layer. Backscattering is stopped from absorbing back into the LED chip by the
first layer if it occurs.

phosphor specular

reflector cup

3

; 4 [l 4 :
\1 2

encapsulant LED chip

heat sink

Figure 3.3: Double-layer phosphor conflguration.

06 06 Q Q 06 Q (3.22)
. 00
0 ® P Q Q Q
Gl |
06 Q
ol Q Q
¢ | |
06
%T | Q Q (3.23)

The magnitude of theransmitted blue light varies:
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V6 06 06 Q Q (3.24)
The magnitude of #atransmitted blue light varies:
s % PT VO, .
LW LW EI—I Q Q
pi 006 .
a1 Q Q (3.25)

The parameters |, and ' " are all affected in the same way by the thickness h and
the particle density . Thus, when thickness increasesclimbs dramatically whereas
| grows very little and approaches zero. The conversion coefficiast growing

because of the steady increase in yellow transmitted light that occurs with the growth of
| 8Consequently, I R T and IS neat | | . With— —

and| significantly smaller than , the following can be deduced:

Thereforetheequation3.25 becomes:

5 - 00 :
o bo PV 4 Q (3.26)
q |
The entire chgnge ir~1 transmiEted Iigt\t is: ~
D6 0O DO LO® LVLOQ Q
o P T (3.27)
Cl |
| is significantly greater than andf under the samé and thickness. Consequently,
p_ 1P
Cl | q
Therefore,
5w 5 5 o 5 o 5w e e 3.28
VO LO LW LW gu 0 Q Q ( )
Equation 3.28's right side is positive when | . The doubldayer phosphor

structure becomes more efficient:

~

06 OO 00 0O Q Q (3.29)
06 0O Q Q




It is evident from these calculations that the rlesgelayer multiplication model

is probably a wise course of development.

3.1.3 Develop the mathematical formula for thetriple -layer structure

encapsulant /

G-P

Figure 34: Three layersremote structure

Figure 3.4visualizeghe thredlayer remote structure. Each of the phosphor layer
is clearly indicated by phosphor color in the figure: the first layer is the yellow
phosphorus material, the second is green phosphorus material, and the last one is the red
phosphorus materiakach layer is 0.8 mm apart, and the phosphor material is mixed
with silicon according to formula 4.4MNote that, there are various types of green
phosphorus materials or red phosphorus materials with unique luminescence properties

including absorption anemission characteristics.

Thus, in all previous studies, the enhancement of gigknor redlight spectral
energy depends on the selected type of phosphor material in the conversion layer of the
LED package. Based on the formulas of sidglgeer and tw-layer structure above, the
mathematical expressions for the thiager remote structure can be demonstrated from
Equations 3.3(B.32.
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06 06Q —Q O 06 Q (3.30)
. 06 Q
T Q — o —
| |
06 Q
Pl Q — o
G | |
PTV v — g -— (3.31)
q |
. 06 Q
oo — 2 Q — o
¢ | |
06 Q
Pl Q — o
| |
06 Q
pI o — o —
¢ | |
pT 06 .
cl | Q Q (3.32)

Additionally, a structure with three layers of phosphor coating on the blue chip is

believed to be represented the index "3". The energy communicated after going

through two layers of phosphor magdis represented by equati8r81. As of right now,

the third layer of phosphor coating has greatly increased luminous performance. Given

that each layer has a lagdkiness oh/3, the created structure is referred to as a three

layer distant structure in this instance. Equation 3.33 demonstrates that employing three

layers results in an output energy that is even more than that oflay®rostructure:

0® 06 0B Q Q (3.33)
06 0® Q (o]
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3.1.4 The options in remote phosphor structure for better white LEDs color

quality

Compared to WLEDs with conformal or dispensing coating, WLED
configurations with distant phosphlayers exhibit superior luminescence performance
and are widely used in contemporary products. More research is necessary to achieve the
difficult goal of controlling the chromatic performance of lighting fixtures made of
distant phosphor materials. In affort to enhance color quality, mulayer phosphor
setups with gaps between the layers have been inspired byémsfacturers of LED
devices using many phosphor materials can benefit from the dissertation's findings in
selecting the best configuratidor optical performance. A 6500 K CCT WLED is the
simulated model that was utilized in the studiBse triplelayer construction is more
advantageous in terms of color quality and light output, according to the results.
Furthermore, a significant decssain color deviation is seen, indicating an improvement
in chromatic stability in WLEDs with three phosphor layers. This work provides a useful
method and information to make improved WLEDs through experimental results that

are validated by the Miscatteing theory.

kg femd feed 1

Figure 3.5: lllustration of multi -layer phosphor structures of white LEDs: (a)
Single-layer phosphor, DYRL (b) and DYGL (c), and (d) TL phosphor
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3.1.5 Simulation detail

WLED employs nine LED chips internally in tresudy. The peak power of 1.16
W is emitted by each blue chip at its highest wavelength. The conventional catidigu
(Y) with a layer of YAGCe** yellow phosphor on an LED chip is shown in Figurea3.5
The two levels of the distant phosphorus (YRYsture are shown in Figure 8.5the
yellow YAG:Ce** phosphorus layer is locatéelow the red phosphorus layéocated
above the LED chip depicted in Figure 3.5c is another distant phosphorus (YG) structure
with two layers of green phosphorus (Ce, Th)AlgO19:Ce:Th. The unique thrdayer
distant strature is depicted in Figure 35 The two other phosphorus layers are
separated by green phosphorus (Ce, Th)M@Ab:Ce:Tb. Multiple phosphor layers are
intended to fill up the retight deficiency and greegap in the produced white light,
improving color rendition and luminous flux.

Specifically, the green radiation energy of WLED emitted from the structure is
enhanced by the use of the green phosphorus material (Ce, Th)RgATe: Th. Next,
to improve theCRI and CQS at the WLED output, more red energy is added using the
red phosphorus material. The effects of s@d:F€** on the optical characteristics of
WLED in relation to the total phosphorus content in the distant structure are explained
in depth in this work. For the dissertation, the phosphorus;O¥e** and phosphorus
(Ce, TbMgAI11010:Ce:Th were chosen due to ithexcellent thermal uniformity and
good quantum performance.

The phosphorus particle diameters ar
according to results from earlier studies. Every phosphorous layer in the distant structure
has a predefined density deael of 0.08 mm. The YAG:CGéconcentration needs to be
adjusted in order to stabilize the mean correlated color temperature (ACCT), an

important indication.
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Figure 3.6: YAG:Ce3* concentration corresponding to the remotestructure
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Figure 3.7: Emission spectra of the phosphor configurations

Figure 3.6 displays the proportion of YAG phosphorus releasing yellow
YAG:Ce*" in each remote phosphorus configuration (Loan & AB020). The
phosphorus structure Y has the maximum concentration of yellow phosphorus, whereas
the YRG structure has the lowest concentration, as demonstrated by the difference in the

proportion of YAG:Cé' phosphorus among the phosphorus structures iné-R)6.
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The observed variations in the emission spectra of distant phosphor structures are
clearly discernike, as illustrated in Figure B. A structure's minimal emission spectrum
is indicated by the Y structure with the lowest intensity index amongttiers. The
YRG structure, on the other hand, emits the most, with a spectrum that spans 380 to 780
nm. The spectral intensity of YG is higher than that of YR between 400 and 500 nm;
hence, the YG emission spectrum is larger than that of YR. The inteh#iity YG and
YR structures is dependent on the wavelength range. YG's color rendering in this
emission spectrum is less successful than YR's, however, because YR has a higher

intensity in the 650750 nm region

3.1.6 Results and discussion
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Figure 3.8: Color rendering indexes of the phosphor configurations

The color rendering index (CRI) for each lighting setup is measured and shown
in Figure 3.8. It is evident that the maximum CRI is achieved by the YR structure.
Regarding the enhancement of CRI in distant phosphor structures, this is a significant

finding. The YR structure can accomplish this objective even if managing the CRI in
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high ACCT is quite challenging. A higher color rendering index (CRI) is attained by the
YR structre with the red phosphor layarhich supplies the structure with more red
particles. In terms of attained CRI, YRG structure comes in second. The YG structure
produces the lowest CRI, in contrast. With CRI as the primary objective, this conclusion
indicates that the best course of action is to apply the YR structure to the serial
manufcturing of WLEDs.Although the CRI is a weliked quality indicator, it is

insufficient to determine a lighting device's performance on its own.

In recent study, the CQS has emerged and been used for quality assessment. It
looks at three features: colooordination, observer choice, and CRI. CQS appears to be
an important factor and is thought to be the most important indicator to assess color
guality after all three parameters have been covered. The configurations' CQS values
were computed and shownhigure 3.9. Since the chromatic lights of yellow, red, and
green are more evenly balanced in the YRG structure, CQS peaks there as well, if CRI

is highest in the YR structure.

The excellent chromatic performance of WLEDs is guaranteed by the high CQS
value.However, the Y structure offers excellent value for the lumen output. In contrast
to other structures, it has a lower CQS and finds it difficult to control the chromatic

attribute of emitted light because it lacks chromatic sources.

Owing to its compiatively low cost and simpler production procedure than other
designs, the Y structure remains a good manufacturing structure even with its color
quality issue. The YRG structure is an ideal match for WLEDs with high requirements
for color quality, as demmstrated by the results shown in Figure 3.9 (Loan & Anh,
2020).
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Figure 3.9: Color quality scale of phosphor configurations
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Figure 3.10: Luminous efficiency of phosphor configurations

But how does the improved color quality impact the luminous flux? The prior
guestion was addressed by means of a comparative analysis between thenahitial a

secondary layers.e8tion 3.1.3 contains the mathematical formula for calculating the
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blue and yellowight produced by WLEDs with two phosphor layers. The findings offer

important insights into WLED processes and enhancing techniques.

The Y structure in Figure 3.10 has the least quantity of light released among the
structures, based on the graph. On ttleelohand, the luminous flux achieved by the
YRG structure is the largest. Since YRG structures have the best color quality, this
answers all the problems regarding their effect on the luminous flux. However, the
luminous flux intensity of the YG structuges noticeably higher, though still slightly
lower than that of the YRG structures. The inclusion of phosphor (Ce,Th) to
MgAIl11019:Ce:Th materials which raises the emission intensity throughout the
wavelengthrange of 506 00 nm t o br i ddg e st hree sfpprnesd b | ¢

structures' increased luminosity.

6000
5000

& 4000
£5 3000
© 2000

1000

Average CCT (K)

Figure 3.11: Correlatedc ol or t emper ature deviation

phosphor configurations

In addition to other factors, color consistency is another tbaé might be
disregarded when determining the hue of light. Some have suggested using phosphorus

particles that increase the scattering effect, likexTEMO, or an appropriate coating
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technique, as a way to improve color uniformity. The color qualiybeaenhanced, but

when the suggested techniques are used, lumen output will drop.

Thus, increasing the amount of red phosphor and phospiigriis 10:19:(Ce, Th)
will improve the color performance of WLED. The primary cause of this is that LED
chips'reabsorbed backscattering lowers their light output. The resultant color divergence
in structures is seen in Figure 3.11. It's evident that the Y structure has the highest color
deviation value, while the YRG structure has the lowest. The better the color
homogeneity, the lower the color deviation. These findings suggest that, as compared to
a singlelayer construction, a multayer structure is more effective at reducing color
variation for improved LED color uniformity. The explanation is that WLED scia
is improved due to the additional phosphor layers in the YRG structure's enhanced
scattering capabilities, which also improve color uniformity. In conclusion, YRG
structures outperform singtdass Y structures in terms of luminescence efficiency and
color uniformity (Loan & Anh, 2020).

3.1.7 Improving color quality and luminous flux of white LED utilizing triple -

layer remote phosphor structure

In order to achieve a more pleasing luminous appearance, the traditional distant
construction frequently uses aase between the LED chip and phosphor layer; however,
it has trouble maintaining sufficient color quality. In order to improve the luminescence
performance or color quality of WLEDs, muléiyer distant structures are studied in this
research. It is founthat, as compared to traditional structures, thelawer and three
layer structures improve LED quality more effectively. Here, luminous efficiency (LE),
color uniformity, color rendering index (CRI), and color quality scale (CQS) are the
WLED quality indices. LED color temperatures of 5600 K and 8500 K were used in the
studies in this dissertation. The findings show that, in comparison to alternative-remote

layer architectures, WLED with three layers of phosphors has superior CRI, CQS, LE,
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and significatly smaller color deviation. Notably, more color consistency in white light

is a result of a lower color deviation. To validate these results, the Mie scattering theory
is applied (Loan & Anh, 2020)/Vhile great workhas been done to increase luminous
flux, not enough attention has been paid to other optical qualities. For instance, studies
have been conducted on the impact of phosphor layer spacing on luminous flux in
concave doubKayer remote phosphorus structures (CDRP) and flat ddajpbe
remote phephorus structures (FDRP). This study showed that FDRP had superior
luminous efficiency, and it also recommended the ideal distance. In order to maximize
light output, the separation between the phosphorus layers in the remotéayigple
phosphorus striiare was also examinebloreover, the investigation of SrBaSiGu**
particles for regulating WLED green light output with appropriate phosphor packets was
also highlighted. On the other hand, increasing the luminous effect depends on the
concentration andlensity of phosphor. The amount of light lost as a result of

reabsorption increases with phosphorus concentration.

According to Quintero et al. (2012) and Linhares et al. (2009), WLEDs with low
CCT and inadequate luminous performance have this impaetigh not all of them are
discussed, there may be ways to enhance WLED's optical characteristics. As a result,
this dissertation can be very important in selecting the righthaykir distant structures
for WLED uses.

To determine the increased lumindlus, the structure of a WLED with multiple
phosphor layers was fitted with the remote phosphor profile proposed in this dissertation.
The lighting outcomes were then compared with those of alternative structures. Green
and red phosphor layers are mergedoroduce a tripkdayer structure that has just
formed (Figure 3.12).



a7

encapsulant /

Y-P

Figure 3.12: lllustration of triple -layer remote phosphor configuration

Color rendering index (CRI), color quality scale (CQS), and color uniformity are
examples of optical attributes from these two remote phosphor profiles that have never
been simulated and compared before. When there are two layers of phosphorus, a yellow
phosphorus film is positioned beneath either a red or green Ipprasplayer (Trang et
al., 2019 &Price et al., 2012).

The red phosphor film is the top layer in a thi@ger phosphorus structure, with
yellow phosphorus located beneath the green phospbeet.Keeping CRI high at high
color temperatures without significantly affecting LE is a primary difficulty in this

dissertation.

The dissertation examined a thilager distant structure with a tested correlation
color temperature of up to 8500 K in orde address this difficulty. $FByO,: EL?",
Sn?*, and SrBaSi@QEW* phosphor are the red phosphor materials employed in this test.
The YR (yellowred) twalayer structure has the highest CRI value, according to the

simulation findings, with the YRG having the secdrest CRI value.
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Figure 3.13: CRI of phosphor structures

As shown in Figure 3.13, the CRI values of thieger and other twtayer
structures are investigated at 5600 K and 8500 K to validate such fin@hegdata in
this figure exhibit a pattern that is consistent with theusation results, indicating that the YR

structure is advised for maximizing the LED's CRI value.

This dissertation adds the CQS as an additional criterion for determining the ideal
level of WLED, in addition to the CRI. The CQS assessment incorporatesder set
of criteria, as illustrated in Chapter 2, making it more accurate in assessing color fidelity.
A great combination for assessing WLED reliability is the CQS in conjunction with the
CRI criterion. Figure 3.14 illustrates how CQS findings ardheyaid and compared

amongst distant structures.

Specifically, (and at a different position from earlier research) Figure 3.14 shows
the CQS results of remote buildings at two temperatures (5600 K and 8500 K). In
contrast to the CRI, the CQS values exhildiféerent pattern, ranking the YR structure

second and the thrdayer YRG structure first. This outcome is consistent with the
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simulation as well. Put differently, it is found that the YRG structure is the best way to

get noticeably better color fidelignd rendition.
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Figure 3.14: CQS of phosphor structures

Furthermore, for every distant phosphor structure in Figures 3.13 and 3.14, the
CRI and CQS rise with a higher tested CCT (8500 K). This is a significant finding that
shows how well the tested structures' color rendering quality is managed at elevated
temperatures. It is possible to pursue this new line of inquiry in the future. This study

can be a useful resource for companies who producepagyer LED lights.

As per the established Lamb@&eer law, the luminous flux of the thrésyer
remote structure is greater than that of the-kayer and singldayer structures. By
passing the energy from the LED chip via a layer of yellow phosphor material mixed
with silicon to create white light energy, the output energy of the current LED is raised
even further. Consequently, with a mu#tyer construction as opposed to a sifgieer

remote structure, the transmission power improves more noticeably
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Figure 3.15. Luminous flux of phosphor structures
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Figure 3.16: YAG:Ce**phosphor concentration inremote structure
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Figure 3.15 shows the measured light output of the constructed LED's distant
structuresAll other things being equal, the singleyer yellow remote structure has the
lowest luminous flux results. According to the data, the thager structure made of
red, green, and yellow phosphor materials is the one with the lightesffitexcellent
substitute for the threlyer structure is the twiayer yellowgreen structure, as the
green phosphor is crucial in augmenting the brightness of the distant structure. Its
luminous flux is larger than the other two configurations and orgiitslilower than the
YRG structure, particularly when evaluated at a higher color temperature (Figéxe 3.1
Consequently, the YRG thréayer structure with the lowest YAG:E€econcentration
can significantly improve bluéght conversion and lessen backscattered light,
improving white LED overall in terms of color rendering and luminous performances,
particularly at high CCT (8500 K). This is further evidence that the {lagess distant
structure is the best option through experimental modeling. Furthermore, an additional
technique is employed to enhance the luminosity flux, which capitalizes on the
dispersing properties of specific particles like £iI0CaCQ, TiO, and Cakwhen paired
with an appropriate phosphorus structure (Hanh et al., 2020). Later in the following
chapter, this strategy will be covered. The phosphor layer structure can be broken by
high temperatures due to a change in phosphor concentration, even thisimgthod
can boost the luminous flux. This will ultimately affect the color uniformity. In order to
attain the improvement without disrupting the phosphor layer structure,-leydti
architectures can be use&urthermore, between the tvayer and theelayer
architectures, the latter is better at maximizing light flow while minimizing backscatter,
which has an impact on color quality. Based on the simulation results, it appears that the
threelayer structure is the best option for maintaining colanststency. Still, more
elements are required in light of whitght LEDs' ideal characteristics. The pictures are

simulations created using the specialized program Ligh®0l| and the elements are
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shown afterwards. A smaller color deviation correspdadsstronger color uniformity

in the colordeviation analysis, which provides access to the color uniformity.
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Figure 3.17: D-CCT of remote phosphorstructures

Figure 3.17 depicts this evaluation using various dissémictures at the two
tested CCTs (5600 K and 8500 K). According to Loan and Anh (2020), theldlyeze
structurehas the best color consisteranto put it another way, the least color deviation.
Enhancing color homogeneity is possible with the titager structure. The rationale is
that it produces white light first by amplifying internal scattering. Enhancing the
scattering leads to improvements in the distribution, combination, and conversion of
light by various phosphor material8s a result, colobalance in light emission is
attained, improving the white light's color consistency. However, there is disagreement
over whether adding more than three phosphor layers to an LED is a wise choice for
enhancing its characteristics. Stronger scatteringbserwed with an increase of

phosphor layers. On the other hand, because of the deterioration of the light emission
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color balance and the reduction of incident light energy, intense scattering might result
in a decrease in luminous flux and degrade coldfiotmity. The emission spectra for

distant phosphor structures clearly shows a difference.
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Figure 3.18: Emission spectra of phosphor configurationst CCTs difference
The emitter spectrum of the Y structure shows the weakest intensity, indicating that it
exhibits the lowest light flummong the three distant phosphor structures at two ACCTs.
On the other hand, the YRG structure displays the greatest spectral intensity within the
wavelength range of 380 to 780 nm. Due to the higher spectral intensity of the YG
structure compared to théR structure in the 4000 nm wavelength region, it is
possible that the YG structure has a larger luminous flux than the YR structure (Figure
3.18a). However, the YR structure exhibits greater spectral intensity between 650 and
750 nm compared to the Y&ructure. This characteristic may contribute to the YR
structure having a higher color rendering index than the YG structure (Loan & Anh,
2020).Consequently, selecting a phosphor structure with more than three layers will
negatively impact color qualitgnd luminous flux. Green phosphor is the most crucial
component in this dissertation to alter the output luminous flux. Lambert Beer's law

states that the backscattering property will diminish in the case of adding a layer of green
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phosphor because yellaanergy will be converted to green. The greatest light flux will

be produced if this phosphor's concentration is suitably raised in conjunction with yellow
phosphor. However, the red phosphor is the essential component for the excellent color
guality. As aresult, the goal of this dissertation is to maximize output luminous flux,
guarantee consistent color uniformity, and improve output color quality over earlier
research.Furthermore, it is shown that the phosphor structures' spectrum energy
indicates howeffective the thredayer structure is in comparison to the other ones. The
enhancements obtained with a thltager remote phosphor structure can be further
illustrated by examining the emission wavelength and intensity of each remote structure
in Figure3.18. The YR and YRG structures in Figure 3.18 exhibit three distinct emission
bands with wavelengths of roughly 4380 nm, 500600 nm, and 65000 nm. Two
emission bands are visible in the Y (sintdger) structure and the YG structure, which

are locatd at 500600 nm and 453480 nm, respectively. The blue LEDs and the
green/yellow phosphor layer are the source of thé 480 nm and 500600 nm bands,
respectively. With regard to YR and YRG structures, thé 860 nm band most likely
formed from the redIpsphor layer; these images are simulations of results from the
specialized program Lighta®9.0. Regardless of CCT values, it can be easily observed
that the YRG structure has the strongest transmission power intensity, indicating that the
LED that usethe YRG thredayer structue has the highest lumen output (Figure 3.18b).

As an illustration of the Y structure's lower lumen output, the scenario with the lowest
transmission intensity is seen. In addition, the transmittance intensity at higher CCT
remans constant in the bldeght zone but decreases in the longer wavelength bands
between two CCT points. Nevertheless, when the CCT point rises, the YG structure's
transmission band intensity improves and surpasses that of the YR structure, suggesting
that it is better suited for use in higdCT LEDs in order to attain notable lumen

efficiency.
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3.2Structure from distal convex with two layers of phosphor

For the purpose of enhancing WLEDs' optical characteristics at high
temperatures, the DP structure was ingeséd in 2021. The outcomes demonstrated
once more that a considerable change in CQS occurred when red phosphorus was added
to the CRI. Furthermore, Beéambert's rule and the Mie theory provide mathematical
confirmation of this result (Loan & Anh, 2021)

Furthermore, the arrangement and structure of the phosphor layer influence the
generated luminous flux (Wang et al., 2016). Certain issues arising from reverse
polarized light in the preceding investigation were resolved by the matching phosphor
layer'sdistance factor. This facilitates the process of enhancing WLED's color quality
(Zhang et al., 2017).

Furthermore, this shift is vividly displayed by a phosphor structure that resembles
an inverted lens (Lin et al., 2015). New avenues for dmbidly illumination technology
research have been made possible by thddyer telescoping architecture. It has never
been simple in simulation to design a tlager convex distant arrangement.

However, scientists are constantly willing to take on new challengkkead the
way in refining this convex structure, such as choosing the best simulation results. Its
mention stems from the fact that convex or concave features associated with reflections
on surfaces are used in physics to explain optical phenomena. T

his physical characteristic enables convex constructions to serve their intended
purpose. The convex reflective surface increases energy emission outward, which
significantly increases and brightens the light flux of LEDs. It is required to take into
accountadditional parameters like CRI and CQS in order to assess whether or not this

structure is optimum. We'll talk about all of this in the next part.
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Figure 3.19: The remote structure model of 2 convex layers (a, b) and emission
spectra of 2 types of yellow and red phosphorg,d)
The correlation between CCT and emissionctijeis depicted in Figure 3.d9

The LF has changed at the high temperature of 8500 K because to red phosphor
participation. Models based on real WLED goods that have been tested at extreme
temperatures and stability. The goal is to verify the validity of the simulation and reality
by using theNCCcrosscorrelation approach (Equation 3.34). Furthermore, the elements
that significantly affect the optical properties of the WLED were coupled with the
commercial software LightTools. This outcome is meant to serve as a guide for

manufactures when producing WLED in accordance with their needs, which differ
significantly.
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Before building a workable structural model for the LED, a number of
measurements were made in order to determine the geometric parameters. Next, by
simulating the LED witha million beams, the widely used Monte Carlo ray tracing
method was used to find the Light Intensity Distribution Curve (LIDC). After that, a
careful model of the LED optical system was created by evaluating how closely the
experimental and simulated LID@Bght intensity distribution curves) matched each
other. The normalized cros®rrelation(NCC), which may be mathematically stated as

follows (Sun et al., 2006), was used to quantify this evaluation.

3;- ?(Aw' 'Z‘)(Bxy '_B)

1/2

NCC=—

@ aA- A a @, 8.

Ex vy Xy U (3.34)

In Equation 3.34, 4 and By denote the intensity or irradiance values for the

simulation A) and experimentaB) data, respectively. The negation of the negation of
A, denoted asX),ds equivalent t&A. The symboB répresents the average valuefof
(or B) over the xy plane. As seen in Figure 3.20 (Wang et al., 2008), the modeling
algorithm for an LED changes the scattering properties and refractive indices of different
packaging materials used in the LED, like phosphor, polymer, silicone, and There
flowchart algorithm Figure 20below is used to evaluate simulated LEDs by specialized
software Lightoad with actual measured LED valuekightTools is commercial
software that simulates optical objects such as glass, LED, materials, scattering. In
particular, LightTools is highly regarded for accurately simulating LEDs with multiple
declared inputs as mentioned on page 61. In this study, the LEDs used had 9 LED chips,
called multichip LEDs. The power of each LED chip is 1.16 W. These LED chips are
coated on top of a phosphorus mixture with a thickness of 0.08 mm. Ascertaining that
the simulation model is accurate is the first important task to do before performing

additional particle simulations.
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Figure 3.20: Modeling algorithm for an LED model

The rated crossorrelation NCC) expression is applied to compare the similarity

between the simulation model and the actual LERese adjustments were iteratively
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performed until th&Normalized Cros£orrelation NCC) reached a high value of 97.6
%, as depicted in Figure 3.2Miu & Xiaoping, 2011).
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Figure 321 Experimental LIDC versus simulation for the Cree LED

See Figure 3@for the steps involved. The study begins by entering the specific
LED's specifications, including its material, maximum power consumption, absorption
and emission spectra, and current. Proceed with the simulation by replacing the original
structure with &yers of phosphor material coated in it. What is the light's value that the
LED source simulation emits? Subsequently, input the reflecting and refractive
indicators of the simulation's substance. The amount, which has the silicon layer in the
center, detemines the separation between the layers of material. Everything is done in

simulation.

The measured characteristics from actual LEDs will then be compared with the
outcomes of the simulation. Using the initial spectral form and the simulated spectrum
as comparison points, Equation 3.34 compares the observed genuine current and the
LED's simulated current. Achieving 97.6% for tH€Cindicates that the simulation was

run correctly.
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It is necessary to repeat the refractive index, reflection, absorptiotragmopy
index, and emission spectroscopy until the permitt€elC value is attained if the

simulation step from a different material is not carried out (Liu & Xiaoping, 2011).

After the simulation results are processed, the spectrum measured fronu#the act
genuine LED is compared in Figure 3.21. When M@C value approaches the
permissible level of compatibility, as demonstrated in Figure 3.21, the simulation is
considered successful. Simulated LEDs are now practically as useful as actual LEDs.
For thesuccessful creation of whitgght LEDs based on simulated phosphor parameter

values, this is the initial stage. T

he majority of the redife comparisons with the simulation outcomes were 99.5
percent among all the simulated articles in this study viNi¢@ was analyzedNCCis
thus a practical component for conducting simulations in situations when the real LED
has not yet been manufactured, merely at the research stage, offering significant benefits

to producers who wish to produce white light LEDs vetivide range of applications.

3.2.1 Preparation of materials

As part of the study, simulations were used to prepare the composition of red
phosphorus, comprising processes like calcination, dispersion, drying, and calcination
twice to generate red phosphoringtn emission peak between 1,785 and 2,149 eV (Loan
& Anh, 2021).

Table 31: Composition of phosphor LaAsQ: Eu3*

Ingredient Mole (%) By weight(g)
LazOs 95 of(La) 155
EwOs 5 of (Eu) 8,8
As:03 100 of(Au) 75
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Table 32: Composition of yellow phosphor YAG: Cé&*

Ingredient Mole (%) By weight(g)
Y203 100 of (Y) 108
Bi203 0,1 of (Bi) 0,230
Cak 2,5 1,95

When added to the YAG: €eyellow phosphor mixture, the components of the
phosphous material particle LaAs@® Eu** are described in Tables 3.1 and 3.2. The
weights of the particles are equivalent to the material just edonghtoo much nor too
little supply. Everything needs to be thoroughly combjreetd then dried at 1500 °C
(Loan & Anh, 2021).

3.2.2 Simulation

Remote phosphor laye——{ Lightools9.0 Set up epoxy

v

A

Change particles size and concentratie’-— Set up fixed parameters

v

Simulation

NO

YES

Recorded

Figure 3.22: Simulation model

Figure 3.22 shows the flowchart of the simulation process for the bEbDis

dissertation. As seen on page &% LED's physical input parameters are fixed.
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Next, the smallest value is first chosen in order to alter the concentration and
particle size of a specific phosphor material.

Clicking the simulate button initiates the simulation when the inputs have been
selected. The luminous flux index, correlatetbc temperature (CCT), color rendering
index (CRI), color temperature deviation (DCCT), and spectral shape are the results that
are displayed on the screen.

Table 33: Actual WLED parameters

LED vender Epistar

LED chip V45H

Voltage (V) 3.5~3.6

Peak Wavelength (nm) | 453

Power (mW) 320~340

Lead frame 4.7mm Jentech Size-S

Die attach Sumitomo 129554
————

Actual sample

Simulated sample

Bonding diagram
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The processing is done using the taalderror method, which is carried out
repeatedly to obtain the optimal results. If this result is satisfied, choose it; if not, change
the concentration and particle size to continue simulating until the optimdl i®su
chosen. At that point, the process is stopped. Models that are based on real WLED items
that have been tested at high temperatures. The goal is to verify the dependability of
simulation and reality by attempting thNCC crosscorrelation method. Furermore,
the elements influencing the optical properties of the WLED were ascertained by using
the commercial software LightTools. The appendix contains information on the practice
simulation. The LightTools software's parameters, genuine LED imagesnaudted
LEDs are listed in Table 3.3.
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Figure 3.23: Variation of phosphorus concentrations of RYC &) and GYC (b) to

keep average CCT

Figure 3.23 depicts the luminous flux of the two convex dolayer remote
phosphor structures with varying concentration of red phosaphdrgreen phosphor
The outcome of raising the concentration of red phosphor frémd®20% is shown in
Figure3.23a; the concentration of yellow phosphor YAG?Qalls from 40% to 2%.
The 20% red color concentration in this study is the expected outcome, as red

concentrations over this point sharply reduce CQS (albeit they do greatly enhance light
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flux).

In contrast to earlier research, the use of the red phosphor in LED designs appears
to stabilize luminous flux output while enhancing color quality. This indicates that the
concentration of yellow phosphor, YAG:€emust be kept to a minimum because an
excesive rise in this concentration significantly reduces light flux. Energy transfer at the
LED output is impacted by the phosphor particles' diminished energy scattering effect.
Yellow phosphorus dropped from 28 to 2% as the concentration of red phosplsoru
rose from 106 to 20%. In this investigation, 2% of the red phosphor concentration is
the optimum option since % of the yellow phosphor concentration greatly affects the
light flux output. In a prior investigation conducted by Loan and Anh, 202@, %n
variation in yellow phosphor concentration led to a considerable reduction in light flux.
The red phosphor, Cag&:Mn?*, was utilized at a concentration of 24 while yellow
phosphor was at 86. In summary, the red phosph@ the best choice in thi
investigation. The consequences of raising the concentration of green phosphor, from O
% to 20% are shown in Figure 3.B3This causes the concentration of yellow phosphor,
YAG:Ce*, to fall from 40% to 20%. The selected outcome for this investigatoa 2
% concentration of green phosphdrhe CRI tends to drop when thexO4:Ho®*
concentration rises over this threshold.

The goal of this research is to stabilize CRI while raising the luminous flux. The
energy scattering of the green phosphoicambination with the energy of the yellow
phosphor material, tends to increase significantly with increasing amounts of this
material. Energy dispersion increases significantly as a result. This highlights even more
how the best option is to have the highpossible ancentration of green phosphan.
conclusion, Figure 3.23's simulations using Lightool 9.0 demonstrate that the blue
phosphorus material 20s:Ho*" significantly enhances white light LEDs' capacity to
create more light. The luminous flux remaiunchanged whetine red phosphorus

substance, is addeHowever, the concentration of yellow phosphor, YAGCéalls
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from 20% to 2% as the concentration of green phospBoncreases from 1% to 20
%. Since a greater concentration of yellow phosgtas a substantial impact on color
consistency, a greater difference in the concentration of yellow phosphor (YAGE<Ce
preferred. A 2@ concentration of phosphor (YRQG€", Th**) was employed in a prior
work by Hanh, Loan, and Anh (2020), along wih 8% concentration of yellow
phosphor (YAG:C#), which only produced a 86 change in yellow phosphor

concentration. In summary, the study concludes that th# 20ncentration of green

phosphor is the most appropriate.
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Figure 3.24: . Emission spectra of RYC(a) and GYC (b)

Figure 3.24 clearly illustrates how red phosphorus concentrations impact the
WLED spectrum. When comparing the +rgellow arrangement to the structure with the
green phosphor, theedistinct locations show an increase in spectrum emission. Figure
3.24D illustrates how the spectral bands of 420480 nm and 500 nh40 nm grow
in intensity as the XOs:Ho®" concentration rises. Stated differently, the increase in
emission spectra inhése two regions indicates an improvement in luminous flux.
Moreover, an increase in internal blue light scattering events is causegDey¥°*,

indicating an increase in phosphor scattering inside LEDs that improves the copper color.

Concurrently, ataAsQu:EU®* grows he rise in emission spectra in conjunction

with the color temperature increase is another outcome that can be seen in Figure 3.24a.
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Put differently, improved emission spectra are the consequence of greater color
temperatures. Better coland optical quality can therefore be attained. Since it might
be challenging to regulate the quality of WLEDs at high temperatures, this result is

crucial for reference in the fabrication of LEDs using La&&D** phosphor.

The study concludes, in sumrgathat the high color temperature (8500 K)
WLEDs can achieve more consistent color performance when they use the red phosphor
The construction can be chosen based on the specifications provided by the
manufacturers. It is okay to have a slight redudtdaomen output if they wish to create
WLEDs with excellent color fidelity (Loan & Anh, 2021).

3.2.3 Calculations and discussion

In contrast to earlier research, the optical characteristics of WLED were assessed
most closely for materials containing red anéeyr phosphorus. The CRI and CQS
trends will increase significantly if the red phosphorus material is layered on top of the
yellow and green phosphorus YAGXHyers. This is because the red phosphorus will
increase the energy of red light, giving the hues a more uniform appearance. By
improving dispersed particles, the phosphoru©:¥Ho®" substance greatly boosts
energy metabolism. Everything will be examinedight of the outcomes of the images
below. This work aims to illustrate how red phosphorus can be used to enhance color
consistency and green phosphorus can be used to increase luminous flux. The optical
characteristics of WLED were assessed mostaoiggly for materials containing red and
green phosphorus, similar to earlier research. The CRI and CQS trends will increase
significantly if the red phosphorus material is layered on top of the yellow and green
phosphorus YAG:C¥ layers. This is becauseettred phosphorus will increase the
energy of red light, giving the hues a more uniform appearance. The scattered particles
are improved by green phosphorus material, which dramatically increases energy

metabolism. Everything will be examined in light oétbutcomes of the images below.
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This research aims to illustrate how luminous flux can be enhanced by using green

phosphorus and color uniformity can be improved by using red phosphorus.
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Figure 3.25. Comparison of CRIs of redphosphor (a) and green phosphorgb)

The color rendering index (CRI) comparison between the green and red phosphor
materials is shown in Figure 3.25. Thesults imply that color quality at high
temperatures stays constant as red phosphor concentration rises (see Figure 3.25a).
Conversely, a little drop in CRI occurs when the concentration of green phosphor rises
in tandem with the associated color tempae (CCT) (Figure 3.25b). At a phosphor
concentration of 20, CRI can get a 60 Ra level. CRI can get a rating of 80 Ra%t 20
It is obvious that there is a significant differe@cep to 20%. LaAsQ:Eu?* phosphor
can therefore be used to improve CRI.

In summary, Figure 3.25 shows quite clearly that the properties of the green
phosphor materiare not conducive to improving the color rendering index. Meanwhile,
the red phosphorus promotes the improvement in CRI significantly. These findings show
that sing red phosphor to raise the CRI and green phosphor to raise the output brightness
of LEDs with a remote configuration works really well. With the obtained information,
the dissertation contributes to enriching the reference for manufacturers seekira opt

improvements for white LED lighting. However, the emitted luminous flux needs to be
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considered to determine the appropriate red phosphor concentration. As the
concentration of selected red phosphor gradually increase$toth@ concentration of
yellow phosphor also increases. Due to increased scattering within the phosphor layer,
coupled with the higher concentration, the luminous flux results may decrease. This
outcome will be further analyzed below.
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Figure 3.26. Comparison of CQSs of redphosphor (a) and greenphosphors(b)

Figure 3.26 illustrates the CQS parameter of the rempiodsphor LEDs at
different red and green phosphor concentrations, ranging fiiana220%.

The data in Figure 3.26a shows mcreasing CQS value with a higher red
phosphor concentration, indicating the efficiency of using LaAS®" to achieve the
color fidelity of the remote phosphor configuration for white LED. This also serves as
an essential reference for manufacturiogmpanies aiming to improve CQS.
Additionally, when compared with the results of Liem, Loan, and Tran (2QR8
phosphorud.aAsQi:EL3* delivers a higher CQS than the LabBuw** when monitored
under highCCT conditions.

Particularly, the CQS value reach&3 Ra with 20% phosphor LaAs@EU,
while the application of phosphor LaG@u** with the same concentration achieves a
CQS of 70 Ra (Liem,.oan & Tran, 2023).
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Figure 3.26 depicts the results of the color quality index when adding green
phosphormaterial to the phosphor blend. It is observed that the concentration of the
phosphor ¥Os:Ho®*" hasincreased from @6 to 20%. In this experiment, 20 was
chosen as the stopping point because when the phospfarHg®* concentration

exceeded 290, therewas a significant decrease in color fidelity.

With a 2% concentration of the phosphosQ5:Ho®**, CQS can reach 66 Ra. With
20%, CQS can decrease to 61 Ra. These indexes show a significant difference between
Y 20s:Ho** phosphor and LaAs@EW* phosphor.

Thus, the former phosphor cannot be used to improve CQS. This finding is
different from those in previous studies that applied green phosphor to LED structures
with various correlated color temperatures (CCT) ranging from 5600 K to 8500 K,

signifying pradical applications of this dissertation

It can be noted that CQS decreases with the concentratio®ei6*‘phosphor
at any CCT, indicating the potential for its application in white LED lights. The increase
in green light within the phosphor layer éisato a more pronounced color variation, and

the color quality of CQS decreases.

However, the luminous flux needs to be considered to determine the appropriate
percentage of concentration. When the concentration©f:Mo** increases gradually
to 10 %, the concentration of yellow phosphor decreases. As the scattering process
occurs repeatedly within the phosphor layer, together with the increased concentration,

the luminous flux potentially increases.
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In Figure 3.27, you can see how well the phosphor material LaBs® and the
phosphor material X03:Ho®** work together as a mixed phosphor blend. Selectingpa 2
concentration of the phosphor LaAsBu®* results in the best outcomeeg Figure
3.279. This means that a% concentration of the phosphor LaAsEL?* will give off
the lightest from the redyellow remote phosphor structurss discussed earlier,
incresing the phosphor LaAs(EW* concentration significantly contributes to
improving the Color Rendering Index (CRI) and Color Quality Scale (CQS) but does not
increase luminous efficacy. Conversely, the phosphor matex@Mo®* at the highest
concentratin is chosen to achieve optimal luminous efficacy, as shown in Figure 3.27b.
In a previous study byHanh, Loan, and Anh (2020), thphosphor material
NaYFs:Er**Yb®" was utilized and achieved a maximum luminous efficacy of 1000 Lm.
However, in thisdissertéion, the luminous efficacy reaches 1600 Lm when using
phosphorus Y;03:Ho®*, 600 Lm greater than when using the reported
NaYFsEr**Yb3** phosphor. This result is valuable for manufacturers aiming to enhance
the luminous efficacy of white LED lighting.
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3.3Experiment for testing the simulation results

3.3.1 Introduction purpose and some notes on limitation of experimental
conditions
It is important to confirm the simulation result by experiment. However, due to
some limitation on finance and facility, so it is not possible to do the experiment as same

as simulation. With my best effort, some related experiment has been conducted.

In this section, some experiments which are suitable to currently conditions
Vietham are conducted to test the result in simulation which including behavior of

luminous flux, and CRI at the similar value of CCT.

3.3.2 Summary of some simulation results of dferent configuration

For convenience in follow content, firstly a summary of some simulation results
in previous sections of different configuration are summaiizédllow Tables 3.4 and
Table 3.5

Table 34: Comparison of CRI and LF between YL and YRL structure

Structure/configuration | CRI Luminous Note on

FIl ux behavior/change

Yellow CRI A Configuration
AYel |l ow+
Yellow+Red CRI + A T | showed a higher CR

lower flux than

configuration yellow
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Table 35: Comparison of CRI and LF between YRL and YGRL structures

Structure/configuration | CRI | Luminous Note on

FIl ux behavior/change

Yellow+Red CRI A Configuration

Yellow+Green+Red CRI - A+ AYel |l oV
+ Gr een+ R

showed a lower CRI
higher flux than

configuration

fiyel | ow+

3.3.3 Introduction of used material in the experiment

Yellow
phosphor

Figure 3.28: Some used material in theexperiment
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In the experiment, different kind of phosphor includes yellow phosphor powder
(YAG: Ce*"), red phosphor, and green phosphor are utilized. The blue chip is used as
an excitation sourced.hese used material in the experiment are shown ifrithee
3.28

3.3.4 Experiment results without using integrating sphere

Results from an experiment conducted without the use of an integrating sphere
are shown in this section. Since the lab did not have an integrating sphere when this

experiment was performed,was set up as Figure 3.29 illustrates.

Power supply m

] T -
) TN AR e

: Spectrometer

e
s

i

Location of Tested sample

Figure 3.29: The experiment setup without using integrating sphere

The experiment to compare two configurations of "Yellow+Red" and "Yellow"
is carried out based on taerangement without the use of an integrating sphere. Figures
3.30 and 3.31 present the findings.
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The comparison between the two configurations of "Yellow+Red" and "Yellow"
is displayed in Fig. 3.32 and Table 3.6 to help with comprehension. The "Yellow+Red"
arrangement exhibits a strargemission spectrum than the "Yellow" configuration at

comparable CCT values.

Table 3.6 demonstrated that the CRI value for the "Yellow+Red" configuration is

greater than the CRI value for the "Yellow" configuration.
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Figure 3.32. Comparison of spectra between YL and YRL structure

Table36:Compari son between configuration of

Configuration CCT (K) IHHluminant (Ix) CRI
Yellow 1986 261 40.3
Yellow +Red 1992 1015 79.4

3.3.5 Experiment results with using integrating sphere
The experiment findings using amegrating sphere are shown in this section.
An experiment with an integrating sphere was feasible at the time this experiment was

carried out since the lab had already imported one. Figure 3.33 depicts the setup for

the experiment
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Figure 3.33. Experiment setup with using integrating sphere

Figure 3.34: Propertiesofc onf i gur ati ot dil¥ted il mevd Rferdo m e
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An experiment was done to compare two configurations of "Yellow+Green+Red"
and "Yellow+Red" at a same CCT value. The experiment was based on the setup with
an integrating sphere as illustrated in Figure 3.33.Hdperes 3.34 and 3.35 display the

results.

Figure 3.35. Propertiesofc onf i gur ati on fA¥ebbowit+Gedeh:t
experiment
In order to facilitate comprehension of the differences between the two
configurations of "Yellow+Green+Red" and "Yellow+Red," Fig. 3.3@ &able 3.7

have comparisons between thEwor.a better understanding between two configurations
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ofiYel | ow+Green+Redo and o¢onfhieg wsshopmamw m s Y

Fig. 3.36and Table3.7.
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Figure 3.36: Comparison of emission spectrunbetween configuration of
AfYell ow+Redo and fAYell ow+Gr eent+

The "Yellow+Green+Red" configuration exhibits a stronger emission spectrum
than the "Yellow+Red" configuration at a comparable value of CCT of 2600

Nevertheless, the CRI value of théellow+Green+Red" arrangement is lower than that

of the "Yellow+Red" configuration.

Table3.7:Comparison bet ween configuration

nyYel ow+Green+Redo
Yellow+Green+Red 2552 187.2

Yellow+Red 2392 78.5 167
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3.3.6 Comments on obtained of experiment results andome results of the

simulation for different configuration

According to the experiment findings obtained for CCT value 2Q@®nfiguration
"Yellow+Red" had a lower flux and greater CRI than configuration "Yellow." In
comparison to configuration "Yellow Red," configuration "Green + Yellow + Red"
displayed a lower CRI and a larger flux in the experiment results obtained for the CCT
value of 250K.

Behavior in CRI and Flux in experiments generally resembles simulation behavior.
The same behavior of CRI @rfFlux in the experiment has confirmed the simulation
results, even though all of the conditions in the experiment were different from those in

the simulation

3.4 Summary

This chapter covers using LightTools 9.0 software to perform simulation results and
validate them against data from international publications. Furthermore, the outcomes
demonstrate that compared to a sifighger or twalayer distant structure, a thrésyer
remote structure generates more light. Additionally, the simulations clearly demonstrate
the results of using different phosphor materials with different targets. It is especially
recommended to utilize green phosphor material in conjunction witHawehosphor
layer that is the right size and concentration for the distant structure in order to maximize
the luminous flux. When red phosphor material is required to increase color rendering
index and color consistency, that is the best course of ac8pacifically, the
experimental findings in this chapter show how accurate the trend simulated in the earlier

studies was.
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CHAPTER 4. RESEARCH ON SCATTERING ENHANCEMENT MATERIALS
TO INCREASE THE OPTICAL CHARACTERISTICS OF LED LAMPS

4.1MIE scattering theory for the approach using scattering enhancement particles

The Mie scattering equation used empl
the scattering of spherical particles. In this context, the theory is utilized to elucidate the
particles containeth phosphor materials, with the aim of increasing the output lumen.
Given small particle size and low concentration, the use of this theory appears to be the

most optimal approach.

Furthermore, this theory distinctly illustrates the backscatter of ligbtu@al
factor in determining a reasonable particle size and aperture to prevent backscattered
energy from causing optical losEhere is no text provided. Note that the Mie scattering
theory does not have a maximum size restriction, and for largerlgsyitonvergence

occurs to the geometric optical limit (Hanh et al., 2009).

4.1.1 Influences of different particle sizes on the light scattering properties

According to the Mie hypothesis, bigger particles produce more rays that are
forward-scattered and concieate on a single angle. Smaller particle sizes, on the other
hand, uniformly spread scattered rays from all directions. This implies that smaller
particles lessen the likelihood of the yellow ring phenomena and improve color quality
more effectively. It Bcomes essential to improve the distribution of blue light in these
periphery areas because this phenomenon is mainly confined to the borders and involves
little blue light (Craig & Huffman, 1998).

Thus, minute particles contribute in the balanced miwringlue and yellow light
by facilitating the equal dispersion of blue light amplitude in all directions. Larger
particles, on the other hand, have a tendency to scatter blue rays primarily in the middle,

leading to an uneven light mixing (see Figure 4.1).
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Figure 4.1: Effect of particle size on scattered rays (shows that scattered rays

transmit more evenly in the phosphor layer in figure a than in figure b)

Using small particles improves scattering, leading to more equal angula
scattering and smaller backscatter rays, in accordance with the established Mie

scattering hypothesis (see Figure 4.1).

As a result, this method makes it easier to achieve improvements in color
consistency and lessen the yellow ring problem. Importattesog characteristics that
directly affect the particle's capacity to scatter will be covered in detail in the paragraphs

that follow.

4.1.2 Scattering coefficients

The scattering coefficient is the first important distributietated metric to grasp
after understanding the particle scattering concept. This parameter shows how many
dispersed rays are created inside the particle as a result of the interaction between the

electrons within the particle and the incident ray, and it might be more or less.
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Figure 4.2: (a)The particle with high scattering coefficient.(b)The particle with

low scattering coefficient

The blue rays indicate the energy from the blue chip, while the golahdigate
the energy from the phosphor. When there is a large attenuation factor, the energy
required to collide with the yellow phosphor particles is considerably reduced at the
LED's output. Once this bright flux is used up, only a tiny amount of bligereagains.
A larger scattering coefficient indicates more incident rays scattered beyond the particle

or the particle's propensity to reject or quickly expel the incident rays (see Figure 4.2a).

In contrast are particles with a low scattering coefficidfdst of the incident
light in this case strikes the particle, travels through it, and starts to break the electrons,
releasing light energy. A significant amount of light is scattered outward due to
interference with the incident wavelength. But becaugheftrong interaction, when
they disperse, so does their scattered energy (refer to FigurePa2imles with a low
dispersing index exhibit an increase in the number of scattered rays while experiencing
a decrease in the quantity of scattering eneBigger particles, due to their reduced
ability to absorb or disperse light, increase the amount of light that passes through, a

phenomenon known as light flux.

‘ L0160 h Al (4.1)
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The dispersion coefficient, (8, can be calculated using Equation 4.1 (Sheng
& Liu, 2011). It says that N(r) is the number density distribution of partigtes®),
6 _h s the scattering crossections(mn?) , is the wavelength of the incoming
light's emission(nm), andr is the radius of the protons. A higher scattering coefficient
results in a bigger region of scattering due to the proportional relationship between
and0 . Software commonly uses this equation to calculate and display the scattering
coefficient. Now,let us examine and draw conclusions from the simulations presented
below, which demonstrate the impact of the scattering coefficient on particle size.

Table 41: Analysis the influence of SiQ particle size on the scattering oefficient

0.1-0.4 pm 0.5-3 pm 4-10 pm

Scattering Coefficient  0.0018333 mm! Scattering Coefficient 37238 mm! Scattering Coefficient 5012.9 mm!

Natural Natural
Perpendicular P Perpendicolar
lie| ——— : = Paraliel

Table 4.1, which summarizes the scattering particle test results, highlights the
importance of small particle size in accordance with the MIE scattering theory to boost
luminous flux. Employing particles with small dimensions becoroascial for
enhancing the performance of WLEDs. A small scattering coefficient contributes to the
generation of more scattered rays compared to larger particles, ultimately improving
luminous efficiency. The abundance of scattering leads to a significaaheement in
light energy, minimizing energy loss during transfer to material particles mixed with
phosphors. This inclination to increase particle scattering for enhanced luminous flux

output aligns seamlessly with the physical properties governingdlcess.
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4.1.3 Reduced scattering coefficient

The particle size has a direct relationship with the scattering attenuation
coefficient. Greater attenuation due to larger particle sizes results in less light energy
being produced. Stated differently, the energthefscattering rays produced by larger
particles is reduced, rendering them nearly incapable of propagating to additional
particles. They don't have enough energy, even if they are able to transmit, to keep
interacting and producing scattered rays. Lapgaticle sizes hence result in a higher
scattering attenuation coefficient and a lower amount of scattered energy (see Figure
4.3a). It is important to understand that scattering energy here refers to the number of
rays generated inside the particle ratihen the power of the number of rays outside the

particle.
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Figure 4.3: (a).Simulation the scattering attenuation of large particle

size.(b)Simulation the scattering attenuation of small particle size

Conversely, because they generate more dispersed rays;seedllparticles
show a low scattering attenuation coefficient. Compared to larger particles, there are
more rays that are passed straight through the particle, even though some may still be
carried in other directions.

Furthermore, the light that collides with smsitted particles exhibits a different

linear trend than that of largezed particles, leading to reduced attenuation, because the
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majority of the incident light's energy is transfodriato a scattered energy beam (see
Figure 4.3b)Moreover, a clearer understanding of why straightly propagated scattered
rays consume less energy compared to scattered rays transmitted at different angles can
be obtained by referring to Figure 4.4, whishanother outcome of my research. Put
simply, when you recharge two identical vehicles, the one that takes a direct route from
point A to point B consumes less fuel compared to the one that takes a detour from point

A to point C and then returns to pobt

Figure 4. 4: lllustrate the attenuation of scattered energy between particles

The scattering reduction factor is calculated according to the following formula

1 ‘ p Q (4.2)

The reduction scattering coefficient, ,° the scattering coefficient, and the
anisotropy factorg, are all found in Equation 4.2. This formula shows that attenuation
increases with a higher scattering coefficient since the reduction scatteeifigient is
directly proportional to the scattering coefficient. Software for determining the reduction

scattering coefficient also uses this equation.
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Table 42: Relationship between scattering coefficient and

scattering attenuation coefficient

Particle _ _ o
. Reduction scattering coefficie
size Scattering coefficientAm™) (A
(um)
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Table 4.2 indicates the use of the Mie simulator program to simulate the scattering
and dispersion absorption coefficients for three specific particle sizes. The graphic
demonstrates that there is a direct correlation between larger particles and higher

dispersion coefficients. Similarly, the resultant absorption coefficient also increases.
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Additionally, there is a decrease in the amount of energy scattered as particle sizes
become smaller, especially within the wavelength range of 780 nm. The average

cosine phase function, also known as the scattering angle, is a measure of the extent of
the particle's angular spread in space after emitting a dispersed ray (refer to Figure 4.5).
It speaks specifically of the forwastattered ray's scattering angle. 8engparticles
produce a more consistent scattering angle, as seen in Figures 4.3 and 4.4, suggesting
that the scanning range of the scattered
is significantly altered by increasing particle sizes. Theggnef the scattered beams is
increased with smaller particles. Large particles, on the other hand, tend to travel at
different angles before they reach other particles because their scattered rays contain less

energy, as shown in Figure 4.5.

Figure 4.5: Represent the scattering angle in a plane

SRR 8 - (4.3)
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A phase relationship between particles, denoteép-as fi , in Equation 4.3 can
be calculated using the method described by Sheng and Liu in their 2011 publication.
Here, k represents the wave vectdr, _i denotes the scattered section sizes in
square millimeters (mfh , & represent s mindlightimreavométegzsn gt h
(nm) , r represents the radius of the ph
angle. The dimensionless dispersion function is representfed-#yh . According to
this equation, the scattering cresection increaseas the particle's diameter lowers or
the scattering coefficient rises. A higher scattering coefficient leads to a decreased
scattering angle because of the inverse relationship between this value and the scattering
angle. Furthermore, Figures 4.6 and Befow show the link between scattering angle

and scattering coefficient.
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Figure 4.6: The scattering angle of diferent paticles sizes

Mie scattering software was used to simulate the results, which are shown in
Figure 4.6. The results show that bigger scattering angles are caused by smaller particle
sizes, and this increases the outpuwh fl u

exceptionally broad scanning angle, confirming that LED brightness tends to rise.
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Figure 4.7: The relationship between scattering coefficientand scattering angle
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Furthermore, a wider scattering angle makes it easier to eliminate and results in
less eye refraction by facilitating sharper backward scattering. By assisting in the
removal of the gold ring effect, this phenomenon encourages more energy to be sent
forward. The results of modeling the correlation between scattering angle and scattering
coefficient in the Mie scattering formula are presented in Figure 4.7.

The results indicate that a higher scattering coefficient corresponds to a smaller
scattering angldeading to a sharp reduction in output luminous flux. This decrease in
luminous flux is accompanied by an increase in the yellow ring phenomenon due to the
excessively small scanning angle, resulting in poor light quality. Conversely, a smaller
scatteringcoefficient results in a larger scattering angle, allowing more energy to move
forward. Consequently, the luminous flux increases, and the undesirable gold ring
phenomenon can be easily eliminated. Furthernfagare 4.7 vividly illustrates that
smaller particle sizes correspond to larger scattering angles, resulting in smaller
scattering coefficients. This relationship contributes to an increase in luminous flux, as

the entire energy portion transitions to the front of the LED.

Through simulation with # Mie simulator software and Mie plot, the
relationship between the scattering angle and scattering coefficient is revealed. To be
more precise, the scattering angle is smaller for larger particle sizes, which correspond
to higher scattering coefficientsge figure 4.6). On the other hand, a bigger scattering
angle corresponds to a larger luminous flux that is emitted, and smaller particle sizes are
inversely proportional to the scattering angle. The findings of Mie scattering theory are
consistent with tis result.

Figure 4.7presents the correlation between the scattering angle and scattering
attenuation coefficient. A greater scattering angle corresponds to a smaller scattering
attenuation coefficient, favoring the Iluminous flux surface. Notably, thée tab
underscores that small particle sizes achieve a small scattering attenuation coefficient.

The Mie Plot software consistently reveals that employing ssiedd particles, in line
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with the Mie scattering formula, results in higher luminous flux comparé&tgesized
particles. The next section will delve into advanced particle scattering using small
particle sizes in simulation, with the anticipated outcome being a marked improvement

in luminous flux.

4.2Scattering enhancement particles

In order toconduct a comprehensive analysis of four distinct types of scattered
particles, it is necessary to have a solid understanding of the fundamental scattering
parameters, namely the diffusion angle, dispersion attenuated factor, and scattering
coefficient. Toachieve this, the utilization of Mie simulation programs is vital. The
objective of this analytical approach is to ascertain the level of precision in the study's

findings.

Table 43: The parameters of scattering enhancement pécles

Particles Types Refractive Index Weight (g/n)
CaCQ 1.86 2.83
Cak 1.44 3.18
SiIO 1.54 2.56
TiO2 2.6 4.23

The article "Utilizing CaC@ Cak, SiG;, and TiQ particles to enhance color
homogeneity and luminous flux of WLEDs" focuses on explaining the details of the four
types of scattering enhancement particles. The two most important factors that determine
the quality of phospheconverted LEDs (p&EDs) arechromatic uniformity and
luminous efficiency (Loan & Anh, 2020). These factors are thoroughly investigated. As
a result, this work is useful in the selection of particles that improve the lighting

characteristics of higperformance p&EDs. Lighting devies use a combination of
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yellow phosphor YAG:C¥ and scattering enhancement particles (SEPs) like aCO
Cak, SIiO, and TiQ (Table 4.3).The LightTools program is used to aid with the first
optical simulations, and Mie theory is then applied to compntevalidate the results.

The computations are centered on the scattering characteristics of SEPs in the-455 nm
595 nm wavelength range. Interestingly, T&2attering studies show that it is the best
option for improving the color quality of gcEDs when compared to other SEPSs;
however, this comes at the expense of a notable drop in luminous flux as concentration
increases. SiPparticle integration also results in increased lumen production for all
particle sizes. Concurrently, the strategic additiorBo@Po CaCQ reduces the CCT
variation by 620 K, establishing CaCO3 as a possible particle for improving light output

and chromatic quality in pcEDs.

4.2.1 Scattering analysis

The scattering characteristics change as the percentage of Scattering
Enhancement Pacles (SEPS) increases, as shown by the diagrams in Figures 4.8 and
4.9. It is interesting to note that there is a noticeable increase in blue light absorption
with greater SEP concentrations. CaCO3 particles have the best scattering coefficient
among tle SEPs. Furthermore, the difference in scattering coefficients between 455 nm
and 595 nm wavelengths is lessened when GaE@resent, suggesting that it is useful
for controlling the transmission coefficient of yellow phosphor and blue chips. Figures
4.6 and 4.7 show the theoretical anisotropy fagfof #r) blue and yellow chromatic
radiation, which is obtained from Equation 4.7. Anisotropy fagjof,stike the

coefficient of scattering, is independent of SEP characteristics.

The impact of SEP thickss ong ( expansion is frequently disregarded because
of its negligible nature. The reduced scattering SEPs coefficients at 455 nm and 595 nm

wavelengths are, for the most part, virtually equivalent. For example, the anisotropy



94

factor of CaCQ@is 0.9 mm at 595 nm and 0.8 mm at 455 nm, which is not a significant

difference.

As a result, it is not difficult to increase spatial shading consistency usingsCaCO
and TiQ particle scattering security. Lightools 9.0 software is used to extract the dat

from the simulation, and Excel software is then used to process the figures.
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Figure 4.8: Computation of scattering coefficient, anisotropic scattering and

reducedscattering coefficient of the SEPs at 455 nm

In Figure 4.8, there is a detailed explanation of the exact scattering amplitudes of

SEPs, which are calculated using a MATLAB program. SEPs are particularly significant
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for bluelight scattering due to the sufficient compensation for blue light, as sveikea

efficiency in enhancing color quality and light output.

The selected spectral energy distributions (SEPs) with specific scattering
wavelengths of 455 nm in bldigght and 595 nm in yellovlight have a significant impact
on determining the magnitadof the beneficial effect. In comparison to 5iCGaCQ

particles with irregular scattering wavelengths show less variation across the range of

455 nm 595 nm.
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Figure 4.9: Computation of scattering coefficient, anisotropic scattering and
reduced scattering coefficient of the SEPs at 595nm
Figure 4.9 illustrates the results of the dispersion reduction value, anisotropic

scattering, and dispersing value for four types otiglasd CaCQ, Cak, SiQ, and
TiO20 that intensify scattering.
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The simulation findings indicate that Ca&iS the most favorable material for
emitted luminous flux due to its low scattering coefficient and attenuation coefficient.
The enhanced flow of CaG@articles, in comparison to the other three types, can be
explained by Mie scattering theory. This theory suggests that particles with low
scattering coefficients and attenuations result in higher energy output in white light
LEDs.
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Figure 410: Angular scattering amplitudes of different SEPs
at (a) 455 nm and (b) 595 nm

4.2.2 Computation and discussion

This part assesses the light performance of Scattering Enhancement Particles
(SEPs) in the configuration of phospkmmverted LEDs (pt.EDSs), utilizing Light
Tools 9.10 software to carry out the analysis. Figure 4.11 illustrates the schematic
diagram of g-LEDs. The LED absorber has dimensions of approximately 2.1 mm in
depth, 8 mm in inner dimensions, and 10 mm in outdiaeter. Each of the nirhips

is covered with a phosphor coating that has a fixed density of 0.08 herefractive
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indices of CaC@) Cak, Si0, and TiQ are 1.66, 1.44, 1.47, and 2.87, respectively. All
SEPs are presumed to be spherical, with a radius of 0.5 um. Each phosphor particle has
an average radius of 7.25 em and a refr
visible spectrum. Furthermore, the silicone adhesive possesses a refractive index of 1.5.
The diffusional particle density is adjusted to enhance the uniformity of Correlated Color

Temperature (CCT) and improve the efficiency of light production.

Silicone lens YAG:Ce?
SEPs
Lead frame: 4.7 mm Jentech Size-S
LED chip: V45H . i
Die attach: Sumitomo 17295SA i::“'_ﬁ
Gold Wire: 1.0 mil

Phosphor: ITC NYAG4 EL

Reflector LED chip

(b) (c) (d)

Figure 4.11: (a) Photograph of WLEDs sample, (b) parameter of WLEDSs, (c)
illustration of 2D WLEDs model, and (d) the simulated WLEDs model
WhhosphotWiiliconet Wser=100% (4.4)
Equation 4.4 describes the composition percentage of pc LBBsicone,
WphosphorandWsep specifying the weight proportions of silicone, phosphor, and SEPs
in the phosphor composition of the structure. To ensure stability of the correlated color
temperature (CCT) at 8500 K, it is important to maintain a balaratsa between
phosphor and secondary electron producers (SEPs). Color divergence is a crucial
measure of the quality of a lighting device. When using Lighitting Diodes (LEDs)
in applications, a significant difference in Correlated Color Temperaturd)(@€C
various angles can cause issues like the yellow ring effect and uneven white light. These
problems can reduce the lighting performance of LEDs used in personal computers
(PCs). The calculation of CCT deviation can be represented by the followinipaqua

D-CCT=CCTmaxrCCTmin) (4.5)
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Equation 4.5 defines CCT(Max) as the maximum Correlated Color Temperature
observed at a-@legree viewpoint, and CCT(Min) as the lowest Correlated Color
Temperature observed at a -@€gree viewpoint. The differences in lighting
characteristics of phosphoonverted LEDs (pdEDs) result from the variances in the
emitted light of individual molecules within the-h&Ds. Nevertheless, the key aspect
to consider is that the reduction of CCT deviation can be accomplished by successfully
intensifying the scattedeblue light.

The Figures 4.8 and 4.9 clearly demonstrate that Ca@@ins have the least
variation in angular dispersing abundance among various Scattering Enhancement
Particles (SEPs) at both 455 nm and 595 nm wavelengths. UsingsGadif@izes color
variation during the scattering of LED chips' light and yeHemvitting phosphor. In
addition, unlike all other scattering enhancement phenomena (SEPs), the angular
scattering amplitude for CaG@articles at a wavelength of 595 nm exceeds the value
obtainal at 455 nm. When blue and yellow light are combined, they produce white light.

However, if there is a significant discrepancy between these two colors, it may
result in the appearance of a "yellow ring". Thus, an ample amount of blue light enables
bettercontrol over CCT deviation and eliminates the occurrence of the yellow ring effect.
On the other hand, the variation in CCT increases when there is either a shortage or a
surplus of scattered blue light in-h&Ds.

Figure 4.10 also shows that the ratfoamgular scattering amplitudes between
455 nm and 595 nm for other SEPs, such as,&8&F, and TiQ, is many times greater.

This feature is advantageous for maintaining consistent shading and smooth transitions
of light.
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Figure 4.12: Comparison of CCT deviation of pcLEDs using different SEPs

Figure 4.12 presents a graphical representation of the patterns in CCT deviation,
which are influenced by varying concentrations of SEPs. This figure provides a full
overview of allthe data that have been addressed. The inclusion of CaCO3 and TiO2 in
the setup results in a decrease in deviations of the relevant color temperature (CCT).
Phosphotconverted LEDs (PLEDs) exhibit a color variation of 2670 K in the absence
of scatteringenhancement particles (SEPs). However, the addition d%30aCQ
results in a substantial decrease in CCT deviation, reaching a minimum value of 2050 K.
Hence, it can be inferred that a Cag@Oncentration of 3@ has a substantial impact on
reducing thadivergence of CCT by 620 K. Similarly, the divergence in CCT is reduced
by half when a 3@ concentration of Ti®is present compared to when i not
present. On the other hand, the increase i @adf SiQ concentrations clearly leads to
the expansio of CCT deviations. These observations provide a strong basis for using
these SEPs to develop highality white lightemitting diodes (WLEDS).

Like Cak, WLEDs with TiQ show an initial increase in luminous flux between
0% and 10%, followed by a significant decrease as the concentration increases for all

particle sizes. LambeBeer's law and Mie theory can explain the decrease in luminous
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flux as the percentage of soktiate energy particles (SEPs) grows. This research looked
into how different dispersion enhancement particles (SEPs) affect two important optical
properties of phospharonverted LEDs (P€LEDs): how uniform the color is and how

well they light up. The study used Mseattering and Monte Carlo methods to look at
how well and how differently different types of SEP improved light scattering in PC
LEDs. This discovery introduces a novel, successful approach to regulating the optical
properties of PC LEDs by selecting appropriate SEPs that align with the desired

concentation.
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Figure 4.13: Comparison of LF using different SEPs: (a) CaCQ, (b) Cak,
(c) SiO, and (d) TiO2
The results show that an increase in Ca@@l TiQ concentrations reduces the
variation in correlated color temperature (CCT). Specifically . i@rticles exhibit the

capacity to attain the lowest color deviation value
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4.2.3 Simulation of results
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Figure 4.14: Simmulation 4 SEPson Mie Scattering Calculator software

. Nevertheless, an excessive concentration of l6&ds to a significant decrease
in emitted luminous flux. Adding CaGQ Cak, and SiQ to the phosphor layer
simultaneously increases the lumen output..S8favorable because it has a larger
lumen value compared to the others, as seen in Figure 4.13. Furthermore, when the
concentration of CaC£s 30%, it can decrease the divergence in CCT by around 620

K. Therefore, utilizing CaCe&particles is the mostdvantageous option for improving
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the optical performance of PKEDs in the majority of situations. This research provides
valuable insights that allow manufacturers to thoroughly evaluate the advantages and
disadvantages of several types of SEPs. As altrebey can make welhformed
judgments regarding the most appropriate phosphor particle for their specific LED
needsThe utilization of ZnO particles as scattering enhancers in white LEDs has been
explored in the article "Enhancing light scatteringeeffof white LEDs with ZnO
nanostructures" by Hanh, Loan, and Ngoc (20Zhg study indicates that while ZnO
particles prove effective in enhancing color quality, their scattering characteristics are
not particularly favorable. This results in a signifitaeduction in the amount of
scattered light produced. Despite this limitation, Zaéped phospheconverted LEDs
(pc-LEDs) demonstrate practical applicability, presenting advantages such as being cost
effective and easy to install. Comparatively, thedgthighlights the superior lumen
output achieved when incorporating Sigarticles. Specifically, the yielded light with
SiO; particles is reported to be 2.25 % higher when subjected to the same energy source
of 120 mA. This observation suggests that SpArticles may offer a more efficient
enhancement in terms of luminous output compared to ZnO in thextaftpcLEDs
(Figure 4.14)The comparison of Si¥oand ZnO materials in terms of luminous output
has been explored in two studies: "Utilizing CaCCak, SiG;, and TiQ particles to
enhance color homogeneity and luminous flux of WLEDs" and "The effects of ZnO
particles on the color homogeneity of phospbonverted higkpower white LED light
sources" (Loan & Anh, 2020). The research findings inditeteSiQ outperforms ZnO

in terms of achieved output luminous flux. Specifically, in the study, the luminous flux
achieved with SiQis reported to be 760 Lm, while that of ZnO is 720 Lm. This suggests
that SiQ particles contribute to a higher luminougjut compared to ZnO in the context

of phosphorconverted white LEDs. Furthermore, the research on i®#derials reveals

that the collision between particles and phosphor increases, resulting in a 5 % increase
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in the output luminous flux. This emphasizke positive impact of Si€£on enhancing

the scattering properties and overall performance of white LEDs.
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Figure 4.15: Simulation scattering coeficient of 4 SEPs on Mie Simulator software

Moreover, the analysis of Si@cattering properties with haze intensity provides
insights into determining the optimal amount of SiOr the development of white
LEDs. The conclusion that 10 mg/éiis the best setting for achieving optimal color
quality further contributes to undeasiding the practical applications and considerations
for using SiQ particles in the enhancement of phospbonverted LEDs.The
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simulation results obtained using the Mie Scattering Calculator program, as shown in
Figure 4.16, demonstrate that SiQarticles have the most favorable scattering
performance compared to the other four particles. They have the lowest scattering and
scattering attenuation coefficients.
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Figure 4.16. Simulation redure scattering coeficient of 4 SEPs

on Mie Simulator software

These essential scattering factors play a key ratenmprehending the

performance of Si@particles in terms of light scattering. In order to verify and

improve the accuracy of these findings, the study utilizes the Mie Simulator program,
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as explained in Figure 4.16. This software enhances the simulatioadogorating
further input variables, such as discrete sphere size (the maximum calculation limit)

and standard deviation, enabling a more comprehensive analysis
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Figure 4.17: Simulation scattering angle of 4 SEPs on Mie Simulator software

. In addition, the Mie Simulator program provides the option to choose a wider
range of wavelengths, spanning from 380 nm to 780 nm, vamcbmpasses all of the
visible light spectrum. By extending the range of wavelengths, a more thorough
assessment of Si@article behavior can be achieved, overcoming the constraints of
the Mie Scattering Calculator software, which is exclusively optichine blue light

wavelengths.



Utilizing both software tools improves the reliability of the study's results,
enabling a comprehensive investigation of SiSrattering properties and their

significance in the context of phosphmnverted LEDs. The combinab of these
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simulation outcomes contributes to a thorough understanding of howp&iticles

interact with light under a variety of parameters and situations. In terms of results, both

software programs produce nearly identical outcomes.
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lowest level of attenuation among the four particles, specifically in terms of scattering
attenuation coefficient (Figure 4.17).

The data comparison between the Mie Scattering Calculator and Mie Simulator
softwae programs provides significant insights into the scattering characteristics of
various particles. Although the two software programs produce comparable outcomes,
there are variations in the scattering coefficients. According to the Mie Simulator
software,Cak, has the highest scattering coefficient, followed by >Si0O2, and
CaCQ. However, SiQ continues to hold the lowest scattering attenuation coefficient,
signifying its minimal impact from scattering. This discovery suggests thai SiO
undergoes loweenergy dissipation in comparison to the other particles, demonstrating
a significant benefit. The claim that SiQarticles perform better than others by 4.04
mm2l emphasizes how big of an advantage this is. Compared tpoSd@fHparticles lose
77 % lessenergy, 91% less than CaCfand 97 less than Ti@ This data highlights
the effectiveness of SpOin conserving energy throughout the scatterimgcess.
Furthermore, it is essential to note that Ca@f TiQ particles exhibit a backscattering
phenomenon, while SigCand Cak particles scatter rays in the forward direction. This
discovery is depicted in Figure 4.18. Forward scattering enhances both luminous flux
and color quality. This observation gives us ukeiformation for understanding how
different particles affect the optical properties of phosgumverted LEDs. It shows
how important it is to know both the scattering coefficient and how the scattering
behavior is directionalConcisely, this study lsaexamined and evaluated the impact of
CaCQ and TiQ particles on two optical characteristics ofldEDs: color consistency
and brightness. By applying the Mseattering theory, a significant finding has been
confirmed, demonstrating that each categdrysBPs used in RCEDs may greatly
improve the scattered light produced. This discovery serves as a fundamental foundation
for effectively managing the optical characteristics oflHXKDs by utilizing the optimal

amount of incorporated SEPEhese findinggrovide manufacturers with essential and
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significant data for the efficient production of-MEDs, ensuring the achievement of
predetermined standards for illumination quality.

At first, the variation in CCT will decrease due to the higher concentrations of
CaCQ and TiQ. People widely recognize titanium dioxide (B)@or its crucial role in
reducing color variation to the lowest possible level. However, increasing the
concentration of CaCOwill significantly decrease the luminous flux when the TiO2
concentration significantly increases (Tran et al., 2020). Furthermore, the dissertation
collects data from supplementary papers to validate the statement's accuracy, as well as
the simulation coducted using Mie scattering software. Figure 4.19, as presented below,
succinctly outlines the findings of relevant articles.

Based on Figure 4.16's analysis, it is evident that the addition of both:@aGO
TiO. particles improves color uniformity. Simply put, they help to minimize color
variation. More precisely, Yang et al.'s 2013 study observed that the inclusion o CaCO
causes the CCT to decrease from 9000 K to 6000 K. Furthermore, the additior: of TiO
causs a notable change in the color distribution, with the peak shifting from 5000 K to
4600 K. According to Chou et al. (2019), there is a significant decrease in color deviation
from 500 K to approximately 50 K, which corresponds to a reduction of ovetdenfo

Simultaneously, as the concentration of these two particles increases, the
brightness noticeably decreases by a minimum of4lQ0 %. Cak particles also
demonstrate the same phenomenon (Chi Gu et al., 2019). Thus, these three particles are
not the mat advantageous choices. When it comes to SiO2 particles, choosing the
appropriate concentration can lead to a decrease in color temperature variation and an
increase in luminous flux.

The simulation results from LightTools software, in particular, detnatesthat
adding 5% to 30% SiCG to the phosphor layer increases the uniformity of wiggiet
color. In addition, the LED package's luminescence efficiency shows a negligible drop

when the amount of SiO2 exceeds 10%. The provided table demonstrasedettiang
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a SiQ concentration of approximately % enhances both the luminous flux and
luminescence efficiency of white light LEDs. LightTools software has confirmed this
finding, as shown in Figure 4.19. Thus, Sgarticles measuring 1 pm in size and having

a concentration of 86 will be the most suitable for investigating the blend of novel

substances.
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Figure 4.19: Simulation of Lumen and D-CCT from
5000 K- 8000 K of SiQ particle
In the following section, we will incorporate particles of SMith enhanced
scattering properties, at this specific size and concentration, into the green phosphor layer

through doping. The work at hand involves using Mie scattering theorlightTools
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software to accurately measure the size and concentration of green and yellow phosphor

particles.

4.3Using of green phosphor materials and scattering enhancement particles

4.3.1 The role of green phosphor in the mixture

In this section, researchedemonstrate the function and influence of green
phosphor by modeling ® particles using a detailed Mie scattering simulation with
LightTools software. We accurately carry out the simulation using the supplied
parameters described in Table 4.4. The sizk @ncentration of SiPparticles stay
constant at 1 um and%, respectively, which is worth mentioning. Within this particular
framework, my research sets Si@articles as the standard for comparison, specifically

identifying a minimum size of 1 um fahorough examination.

Table 44: Optical parameters of each particles in the mixture

Parameter SiCz Y-P G-P

Refractive index 1.54 1.83 1.85
Density 2.65 g/cm 4.83 g/crd 4.2 glcnd
Dimension 1um 1um 1+20 pm

_ Change follow G
Concentration 5% _ 1%+ 20 %
P concentration

Because of the innovative nature of our study, we have chosen to investigate G
particles. Specifically, we have selected yellow phosphor particles with a size of 1um as
the smallest size, and their concatibn will fluctuate proportionally to the
concentration of & particles. Concerning-8, the simulations will cover a range of
diameters from 1 um to 20 um, as specified in Table 4.5. Additionally, the concentrations

will be systematically modified frorth % to 30%. This extensive investigation seeks to
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evaluate the impact of-8 on improving the efficiency and chromatic accuracy of white
light LEDs. In order to thoroughly investigate the matter, we will begin by analyzing
how the size of & particles #Hiects the quality of color at a temperature of 5000 K while
maintaining a @ concentration of %. This analysis is performed by utilizing both the
Mie Simulator and LightTools software. This enables us to determine the relationship
between scattering phomena and important parameters for evaluating color quality,
such as luminance (Lumen), color rendering index (CRI), color quality scale (CQS), and
deltacorrelated color temperature {OCT). This technique offers a detailed
comprehension of how B paraneters impact the overall performance and color
accuracy of whitdight LEDs in these specific settings.

Table 45: Correlation between GP particle size and color quality

Particles size Color rendering Color quality Lumen
index(CRI) scaleCQY9

1um 45,32 41,25 200,3

5um 54,91 60,03 162,5

10um 61,83 63,19 149,9

20um 65,65 63,65 143,4

According to Table 4.5, there is a significant correlation: as tikep@rticle size
increases, both the scattering coefficient and scattering attenuation increase. Therefore,

the higher GP particle sizes result in a greater decrease in luminous flux.

Luminous flux and color rendering quality have an inverse relationship, as
quantified by the Color Rendering Index (CRI) and Color Quality Scale (CQS).
Therefore, when the backscatter effect of largét @articles reduces the amount of light

emitted, it anultaneously enhances the LED's ability to accurately reproduce colors.
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This delicate interplay highlights the complex relationship between particle size,

scattering characteristics, and their effects on luminous flux and color quality in LED

lighting.

4.3.2 Simulation Results

My studyuses this new material for monitoring purposes across a range of CCTs
from 5000 K to 8000 K to make comparisons and draw conclusions once we have
established the appropriate combination of green phosphor material and enhanced

scattering particle Si©
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Figure 4.20: Simulation results of % Ratio
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Figure 4.20 presents the simulation findings, which lead to the following
observations for the four different color temperatures: When the sizePop&ticles
grows from Oto 20 um across all four concentrations oPGthere is a corresponding
increase in the concentration ofFYparticlesNevertheless, as the concentration eP G
increases from % to 20%, it will be necessary to decrease the percentage concentration
of yellow phosphor in order to maintain the color temperature at an acceptable level. For
a concentration of 2%, the line performance is at its lowest, while for a concentration

of 5%, it is at its maximum.
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Figure 4.21: Simulation results of CCTs

Figures 4.20 to 4.25 display the results of simulations performed using LightTools

9.0 software. The results provide a clear breakdown of the percentage concentration of
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highly scattered particles (SEPs) that are present in the YAGy€kow phosphorus
material combination. The results identify the optimal concentration that yields the
highest light output, corresponding color temperature, spectrum maximizing range, and
percentile values for color rendering indices (CRI) and the Color Quality Scale (CQS).

The choice of the most suitable concentration depends on a variety of factors that
align with the simulation's goald3Vhen placing great importance on achieving a
consistent color appearance, it is critical to consider both high brightness and minimal
variation in color temperature. The accompanying tables methodically present the
justification and details for each criterion, providing a thorough reference for selecting
the most appropriate percentage concentration to enhance the desired performance and
guality in the synthesized material.

When analyzing Figure 4.21, it is clear that increasing the particle sizePof G
does not always result in a larger luminous flux, even when maintaining a consistent
Correlated Color Temperature (CCT) value. Conversdy, increase in &
concentration is directly related to luminous flux.

Furthermore, as previously mentioned, a reduced particle size promotes
increased dispersion of light, resulting in higher luminous flux and improved color
uniformity. Figure 4.21 demustrates that a ® concentration of 20% results in the
lowest deviation of Correlated Color Temperature (CCT), while a concentration of 5%
records the maximum deviation of CCT. This detailed analysis emphasizes the complex
relationship between the propged and concentration of-B particles, as well as how
they affect luminous flux and color uniformity. It also provides guidance on selecting
the best settings to get the desired lighting resiigure 4.21 displays the simulation
results fromLightTools 9.0 software. The figure displays different color rendering
temperatures (CCT) at four specific levels: 5000 K, 6000 K, 7000 K, and 8000 K. The
results indicate that when the concentration of scattered particles increases, there is a

decrease ithe deviation of the related color temperature (DC®MOte specifically, at
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a temperature of 7000 K, the DCCT reaches its lowest value when the concentration of
scattered particles increases to%20This discovery highlights the ideal circumstances

for achieving better color consistency, as lower DCCT values indicate improved color
temperature stability. Among the four temperatures considered, 7000 K stands out as the
most advantageous, exhibiting the greatest stability in DCCT. At temperatures higher
than this, DCCT becomes unstable, resulting in reduced color consisi¢recgfore,

the main conclusion is that a 20concentration of enhanced scattering particles (SEPS)

is the most effective for obtaining excellent color uniformity, especially at asietype

of 7000 K.
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Figure 4.22: Simulation results of Luminous flux

At both CCT levels (5000 K and 6000 K), the luminous flux reaches its peak

within the phosphor particle concentration range % to 10% (Figure 4.22). However,
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a prudent assessment extends beyond measuring luminous flux alone. When evaluating
the ideal value, it is crucial to take into account elements other than just luminous flux.
If a significant difference in correlated color tempara (CCT) coincides with an

excessive concentration of light flux, it may negatively affect the homogeneity of the
LED's color, making it less ideal.

300000 300000 .
= =5 =10 =15 =20 ~ B 5% =10% =15% —+20%
g 5 fl
5 200000 T 200000 ‘
z {'l 2
g, R B ] |
| » ] | .
§ 100000 i .," N £ oo L TN
AR T § M y 9
‘ \x«k 3 “"u
0 - = . "
380 480 580 680 780 380 480 580 680 780
Wavelength (nm) Wavelength (nm)
5000K 6000K
400000 ~5 10 15 =20 400000
& 300000 300000 i
§ § 200000
2 200000 3
a
£ 7 £ 100000
=
“ 100000 7\ a '
0 i - 380 480 580 680 780
300 400 500 600 700 800 900 Wavelength (nm)
Wavelength (nm)
7000K 8000K

Figure 4.23: Simulation results of spectrum

Moreover, raising the temperature might result in significant degradation of
optical properties, rendering it an unfavorable option. Hence, a thorough evaluation

entails taking into account supplementary aspects such as spectrum anguedity
indexes such as CRI and CQS.
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Figure 4.24: Simulation results of CRI

Figure 4.24 presents the specific outcomes of these variables, providing a
comprehensive perspective to select the optimal phosphor pamietntration for
LED applications, ensuring high luminous flux while maintaining color uniformity and

overall quality.
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Figure 4.25: Simulation results of CQS

Upon analyzing the spectrum data depicted in Figure 4.23, it becomes apparent
that as the related hue temperatures (CCT) increase, the hue shifts towards blue or cooler
tones At 5000 K, the radiant spectrum's total power or energy is slightly above 200,00
au. However, at 8000 K, this value almost doubles, reaching about 400,000 au. The
increase in CCT is associated with a shift towards a colder color, specifically blue light.
The addition of green phosphor-@ is critical for increasing blue light abgtion in
the phosphor layer. Consequently, the presence of additional phosphor colors alongside

yellow phosphor (YP) decreases the amount of light reabsorbed by the LEDA#.
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result, the green and yellow regions can convert blue light into light ltiber
wavelengths. This phenomenon is critical for color reproduction because it enhances the
overall range and intensity of colors. The use &P @& essential for enhancing color
rendering and improving the quality of LED applications. Upon furthelysiseof the
color rendering index (CRI) and color quality scale (CQS) in Figures 4.24 and 4.25, a
clear and identifiable pattern emerges. Contrary to luminous flux, both the Color
Rendering Index (CRI) and Color Quality Scale (CQS) show a progressivenesethe
particle size increases from@ to 20%. This effect suggests that larger particles lead
to less energy loss upon contact, thereby contributing to an improvement in color quality.
This demonstrates the inverse correlation between the efficeroyninescence and
the ability to accurately represent coldigithin this particular context, it is of utmost
importance to attain a state of equilibrium, and reducing the disparity between these
parameters is essential for obtaining the best possilfierpance of LED technology.
Interestingly, increasing the amount of green phospheP)® 20% reduces the
noticeable increase in CRI and CQS indices. In this study, the choic® pla@icle size
and concentration is critical because it primarily aiongptimize color performance and
uniformity. The best results are expected when the particle size is set to its maximum
level, specifically 20 um, and the concentration reache$62@roducing an ideal
equilibrium between light flux and Delta Correlateédlor Temperature (ECCT).
4.4Using Y203:Ho3®** and ZnO: Bi** for enhancing color quality and luminous flux

of WLEDs

Green phosphor was used in earlier studies to increase the energy of green light
scattering and hence increase luminous output. Accordik@lhdouz et al. (2018),
red phosphor improves color quality and uniformity by increasing red light scattering

energy.These phosphor materials are prepared according to specified criteria by steps



120

like mixing, dilution, heating, drying, and grinding. Imder to create a thrdayer

phosphor arrangement, tlagidyuses green phosphor and red phosphor.

4.4.1 Preparation of phosphor materials

- | .- s NN = ER oS
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(c) (f)

Figure 4. 26: lllustration of multi -layer remote structures and

associated parameters

Exact experimentation is necessary to determine factors such as phosphorus
content, particle size, excitation and absorption spectra, and emission spectrum.
LightTools 9.0 simulation software will be used to test the concentration and size, which
are curratly unknown. An average particle size of 14.5 um is predicted. The different
model representations Ma), 426(b), 426(c), and 426(d)) show that backscatter is
lessened to improve luminosity flux, which is especially noticeable when yellow light is
obscured. Normal pameters are shown in Figure 486and the physical model with

an aluminum nitride substrate (Zhao et al., 2018) is shown in Figure 4.12(e).

Throughout the simulation, temperatures ranging from 5600 K to 8500 K are
compared.In examining optical properties, variations in color temperature prompt

distinctive changes in phosphor concentrations, influencing particle scattering
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differently. In Figure 27, augmenting yellow phosphor concentration in a sHeyer

structure markdg diminishes luminous flux due to yellow light backscattering.
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correlated color temperatures

On the other hand, a twayer greeryellow arrangement shows higher luminous
flux by amplifying blue light via yellowto-blue conversion. The thrdayer structure
consisting of yellow, green, and red highlights excellent color quality by exhibiting
excepional color consistency and excelling in luminous flux at carefully chosen color

temperatures.

Overabundance of yellow phosphor can interfere with the production of white
light, resulting in imbalance and unwanted backscatter, which can cause a dramatic
decrease in luminous flux. An increase in red phosphor concentration raises the energy
of red and blue light, which increases luminosity and the Color Rendering Index (CRI).

Therefore, in order to maintain brightness, color consistency, and CRI in tedetyee
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yellow, green, and red arrangement during temperature changes, it is imperative to
maintain the ideal particle concentrati@ifferent color temperatures lead to different
phosphor concentration variations, which in turn cause different partiektesng
behaviors when analyzing optical characteristics. Because yellow light scatters, adding
more yellow phosphor to a singl@yer arrangement in Figure 4.8ignificantly reduces

the output luminous flux.

On the other hand@pompared to a singlayer yellow structure, a twayer green
yellow structure experiences a greater rise in luminous flux due to the absorption of
yellow energy and the emission of additional blue light. Superior color consistency and
quality are highlighted by the luminous flwutput that excels at considered color

temperatures in the thrdayer yellow, green, and red structure.

Overuse of yellow phosphor can interfere with the production of white light,
leading to imbalance, unwanted backscatter, and a sudden reductiba inptt
luminous flux. Increasing the proportion of red phosphor increases the energy of red and

blue light, which raises the luminous output and the Color Rendering Index (CRI).

For this reason, as temperatures rise, maintaining the proper particlatcatnoe
in the thredayer yellow, green, and red design is essential to preserving brightness, CRI,

and color uniformity.

4.4.2 Scattering computation

The scattering coefficientsc{d), anisotropy factog (), and dereased scattering
coefficientlsc{8) can be determined using Mie's scattering theory. You can perform the

calculations using formulas (4.6), (4.7), and (4.8), as illustrated below:
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o 01 6 _A Qi (4.6)
O_ ¢ f-hf Qi HE4QDELD] (4.7)
a.,= 21 -9) (4.8)

The functionN(r) represents the density distribution of scattered particles in cubic
millimeters Mmn?¥). Csca represents the scattering cross section in square millimeters
(mn¥). The phase functions ( d, eawhgre d is the scatteri
ads the wavelength of light in nanometers, and r is the radius of the scattering particle in
micrometers. The distribution functidfr) is dependent on the particle size in phosphor
layers. You can dermine these parameters using the formulas (Liem et al., 2022).

"Qi O N I O 4.9)

0 i o i 0 i L8Q I Q i (4.10)

The quantityN(r) encompasses the combined mass of both diffusing partidigs),

and phosphorus particlephos(r).The probability density functiorflif (r) andfphos

(r) represent the size distribution of diffuse and phosphorus particles, respectively.
Calculatingthe Ky dispersion unit index is necessary for determining the scattering
concentration. You can obtain it using the following formula:

& 0 01 Qi (4.11)

WhereM(r) is the mass distribution of the scattering unit and is determined by:

T
e T o N T A O T
o (4.12)

1 airt(r) andy phodr) is the mass of the diffuse particle and the phosphor particle.
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In Mie doctrine Cscacan determined with the following formula:

) IR ) . (4.13)
§ == C& p IS WS

With k = 2p/minanday, bx calculated according to the formula

W aw o a a w W

aw, w da adw, o
. a aw w a w W (4.14)
w o

a adw, o adw,

With x = k.r, with m is the refractive coefficient and (x) , x,(x) is the Riccati Bessel

function.
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Figure 4.28: Scattering coefficient of ZnO:B#f* phosphor at wavelengths
453 nm, 555 nm, 680 nm
According to Figure £28sfindings, the concentration of phosphorus affects how
much the scattering coefficient increases. WLEDs are significantly impacted by the
ZnO:Bi** scattering effect, more specifically Zri&»?*produces a greater quantity of red

light than blue light from LEDs becaugaO:Bi** phosphors can absorb more blue light.
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Lack of red light in WLED can be made up for withBied phosphorsThe anisotropy
factor of ZnO:B¥* phosphorus at wavelengths &3nm, 555 nm, and 680 nm is then
displayed in the result3he anisotropy factor is greatest at 453 nm, as shown in Figure

4.29. It demonstrates why ZnO:Biphosphor is good for WLED color consistency.
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Figure 4.29: Anisotropic scattering of ZnO:Bi** phosphor at wavelengths 453 nm,
555 nm and 680 nm

For the phosphor layers, silicon has a refractive index of 1.5. The refractive
coefficient of phosphorus particles in silicon and the refractive coefficient of diffuse
patticles can then be found. According to the phase function, in this manner:
v 1 A
LI @19
In there, b( ¢ ,¥), Si( dand S( drgpresent angular scattering amplitude and are

n —Anh

calculated according to the formulas:

I —r)=- Y —s 8Y —s (4.16
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L. 2n+1

§=8 1 epl 0% MPy(c0s @ +h(x M Leos ) (4.17)
- 2n+1

All three wavelengths (453 nm, 555 nm, and 680 nm) exhibit nearly similar
scattering coefficients for ZnO: Biphosphors, Figure 30 demonstrates. This stability

for the scattering process is advantageous for the color quality of WLED.
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Figure 4.30: Reduced scattering coefficient of ZnO:Bi* phosphors at wavelengths
of 453 nm, 555 nm and 680 nm

Furtherevidence that ZnO: Bi enhances blue light scattering comes from the
measured angular scattering amplitude data in Fig@te #he reduction of the yellow
ring phenomenon that degrades WLED color quality is more likely to occur with higher

blue lightemission levels.
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Applying ZnO: B#* phosphors to WLEDs can enhance their color quality by
producing higher proportions of red and blue light, as per the findings of éfeal.
(2022).
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Figure 4.31: Angular scattering magnitude of ZnO:Bi** phosphors at wavelengths
of 453nm, 555nm and 680nm

4.4.3 Results and analysis

A comparison of the color rendering index and color quality index of phosphors
in various strutures is presented in Figure 4.34hereasFigure 432 displays the
emission spectrum of phosphors. The correlation among different types of remote
structures is displayed at the same color temperature. Thgelted structure's
improved optical qualities improve the color quality, while the gngdlow structure's
exceptional luminous flux is a result of the blue phosphor materials' improved scattering

capabilities.

The most challenging aspect of this situation is that altering the high temperature
will alter the phosphor particle concentratidine twalayer redyellow distant structure
and the thredayer yellowgreenred remote structure could be effectively simulated,

demonstrating the optical claateristics of the red phosphdihis kind of phosphor can
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alter the regularity and quality d¢fie color of any structure in which it is present. The
color quality index, or CQS for short, is the objective criteria used to assess the
dependability of WLED but was left out of earlier reseafCQS rises specificallyni

this threelayer arrangement.

Based orihe research above, the manufacturer should select a structure with three
layers of yellow, green, and red if the goal is to provide genuine color images. However,
if the goal is to achieve high luminous flux for commercial production, only txengr

yellow remote structure is required.

In this instance, despite the fact that the shiayer yellow remote structure does
not, to a certain extent, increase color quality or luminous flux, it was selected to bring

about high economic efficiency duits low production cost and practical fabrication.

This study examines the impact of the phosphorus red on the quality assessment
factor of WLEDs at a high temperature of 8500 K. Moreover, the results are verified by
LightTools simulations and mathenel techniques. This is an encouraging outcome
for producers seeking to modify the Color Rendering Index (CRI) for White Light
Emitting Diodes (WLED).

In comparison to yellow, blue, and red phosphor materials, the findings of
simulated emission spectroggoare shown in Figure 32. According to the findings,
the emission spectra is highest in the wavelength range of 550 nm to 580 nm at a high

temperature of 8500 K. This is a significantly improved spectrum for blue light emission.

According to Figure 4.32, the YRG structure will result in the greatest amount of

luminous flux. This structure also enhances the CRI.
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Figure 4.32: Emission spectrum image of phosphoremote structures

The emission spectruof red light, ranging from 650 nm to 730 nm, exhibits its
highest intensity at 680 nm. This particular wavelength significantly influences the
energy of red light, resulting in the most pronounced enhancement of the Color
Rendering Index (CRI). To summaei, the YRG structure is the most suitable option for
enhancing luminous flux and color rendering index, thereby meeting the objective of this
study. The emission spectrum of remote phosphor structures demonstrates a clear
contrast. Upon comparing the etait spectrum of the YL structure with that of three
other remote phosphor structures at two ACCTs, we observe that the YL structure has
the lowest intensity. This indicates that the luminous flux produced by the YL structure
is the lowest. On the other lgrnthe YRG structure has the greatest spectral intensity
within the wavelength range of 380 nm to 780 nm. The YG structure has a higher spectral
intensity than the YR structure in the wavelength range of 400 nm to 500 nm, suggesting
that the Iluminous fluxof the YG structure may surpass that of the YR
structure Nevertheless, the YR structure exhibits a higher spectral intensity than the YG
structure in the wavelength range of 650 nm to 750 nm. This feature allows the YR
structure to have a higher color deming index than the YG structure. Figure 4.33

presents the result that confirms the analysis mentioned before.
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Figure 4.33: CRI and CQS indices of structures with

different correlation temperatures

Figure 4.33a illustrates the comparative Color Rendering Index (CRI) of remote

phosphor structures. It is clear that the RYL structure produces the highest CRI,
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regardless of ACCT. The Color Rendering Index (CRI), for example, achieves its highest
value at8500 K and increases with the Absolute Color Temperature (ACCT). This
discovery is highly important for improving the color rendering index (CRI) of remote
phosphor structures. Controlling the color rendering index (CRI) atdugielated color
temperatte (ACCT) levels above 7000 K is difficult. However, the RYL class is capable
of doing this because of the inclusion of a red phosphor layer, which enhances the CRI
of the RYL structure by introducing a red light component.

Based on the obtained CRdlue, the RGYL structure ranks second. Meanwhile,
the GYL structure has the lowest CRI. When considering CRI, choosing the RYL
structure for mass production of WLEDSs is a prudent decision. However, we only use
CRI as one measure to assess color qualigeRtly, CQS has gained more interest as
a focal point for academic investigation. Three components make up CQS: the viewer's
choice, color coordinates, and CRI. The tHi@eor coverage suggests that CQS is the
most prominent indicator for assessing ca@oality, making it a primary priority.

The study presents a comparison of the color quality scale (CQS) for the distant
phosphor structures in Figure 4.33b. At the point where the Color Rendering Index (CRI)
of the RedYellow-Light (RYL) reaches its higest value, the Color Quality Scale (CQS)
of the RedGreenYellow-Light (RGYL) similarly reaches its maximum level. The three
primary hues are yellow, red, and green, and their equilibrium elucidates this concept.
The color's quality positively correlatesth the CQS value. The CQS is the lowest rank
in the YL hierarchy. The YL structure often exhibits a high luminous flux; nevertheless,
due to the absence of additional red and green light components, it poses difficulties in
adjusting the color qualitypespite its color quality deficit, the YL structure nevertheless
provides advantages in production.

Furthermore, this particular option not only boasts a more streamlined production
procedure compared to the others, but it also incurs lower productios. &)st

incorporating the supplementary red material, the-thyar structure will increase the
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intensity of red light emitted, thereby enhancing the color rendering index. The three
layer structure's CRI performance is superior to that of the grelow and yellow

distant structures, regardless of the tested CCT.
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Figure 4.34: Luminous flux and color temperature deviation

of different structures
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This is due to the phosphor layer's inclusion. Howeverngiease of red, yellow,
green, and blue light creates white light, which is why the tlager structure has the
highest CQS value.

The color rendering index is displayed in medium white because, as Chapter 2
demonstrates, CQS uses a mixture of 15 huevatuate; the greater the temperature,
the more beneficial the cold light. A more thorough metric for color rendition
performance is the CQS. Therefore, it can be concluded that the greatest improved color
rendering efficiency is provided by the thrieger distant phosphor structure.

Figure 434 displays the output luminous flux results of distant objects with
DCCT contrast color temperature attenuation. The tlager YGRL structure exhibits
the maximum luminous flux, as demonstrated by the data (Fi¢8da). When the
Lambert formula is introduced, this result is further demonstrated. diner3remote
structure exhibits low temperature attenuation, especially at higher temperatures.

The findings from Figure 4.34a support the assumption that strudture
consistently has the lowest luminous flux among the four structures in all ACCTs.
Conversely, the RGYL structure attains the greatest amount of luminous flux. The
optical gain of RGYL is unquestionable, especially when the RGYL structure also
providesthe highest color quality. The GYL structure ranks second in terms of optical
gain, thanks to the green phosphor it contains. The presence of the green phosphor leads
to an augmentation in the proportion of green light and an expansion in the range of
spedra between 500 and 600 nm.

It is clear that GYL has a greater intensity in this specific band of wavelengths
compared to both GYL and YL. The RGYL structure preserves ACCT due to the lowest
concentration of YAG:C¥ phosphor. Decreasing the concentrabMAG:Ce** results
in a reduction of scattered light due to the decrease in the RGYL structure. LED chips
can easily transmit blue light rays through other layers because of the YAGuze's

high penetration susceptibility. In other words, the RG¥lcure helps to effectively
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convert the blue light energy emitted by the LED chip. As a result, RGYL's spectral
intensity is highest in the wavelength area of white light compared to other distant
phosphor architectures. Consequently, the RGYL strueturibits the highest luminous

flux. The superior optical properties of WLEDs, such as CQS and LE, allow for the
adoption of the RGYL structure. The findings from Figure 4.34a support the assertion
that structure YL consistently exhibits the lowest lumindlux among the four
structures in all ACCTs. Conversely, the RGYL structure attains the greatest luminous
flux. The optical gain of RGYL is unquestionable, especially when the RGYL structure
also provides the highest color quality. The GYL structure raek®nd in terms of
optical gain, thanks to the green phosphor it contains.

The presence of the green phosphor leads to an augmentation in the proportion of
green light and an expansion of the spectra in the wavelength rangei 6060tm.
Clearly, GYL ehibits a greater intensity in this specific band of wavelengths compared
to both GYL and YL. The low concentration of YAG:Tehosphor in the RGYL
structure ensures the maintenance of ACCT. Decreasing the concentration of YAG:Ce
results in a reduction of scattered light due to the decrease in the RGYL structure. Even
when passing through other layers, the YAG!Qayer is highly susceptible to the
transmission of blue light rays emitted by LED chips. In other words, the RGidtste
helps to efficiently convert blue light energy from the LED chip.

Consequently, throughout the wavelength range of white light, the RGYL spectral
intensity is highest in comparison to alternative remote phosphor designs. Consequently,
the RGYL strieture exhibits the highest luminous flux. The superior optical properties
of WLEDSs, such as CQS and LE, allow for the adoption of the RGYL structure.

On the other hand, color consistency also plays a significant role in the color
quality element. Enhanajncolor uniformity can be achieved in a number of ways, for
as by utilizing conformal phosphor setup or sophisticated scattering particles. If the two

approaches are applied, light flux can be much decreased even though color homogeneity
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was enhanced. Bothe red and the green phosphors can increase scattering events and
add the green or red light component to WLEDSs to increase the amount of white light
they produce. The light flux output is enhanced by the distant phosphor structure, which
reduces the baaeflection of the LED chip. To get the maximum transfer energy, you
must regulate the concentration of the phosphor layer.

The comparison of color deviation between the structures is displayed in Figure
4.34b. The color homogeneity increases with desirgga color deviation. It is evident
that RGYL has the smallest color deviation. This is explained by dispersion inside the
LED package prior to the formation of white light. Scattering events increase with the
number of phosphor layers. WLEDs exhibit inyged color consistency as a result.
Numerous scattering events can lower the luminous flux; therefore, they are not
necessarily a good thing. Still, this decrease pales in comparison to the gain from a
decreased backscattering. As a result, the RGYL steietith the greatest luminous
flux and finest color consistency has the most phosphor layers. On the other hand, the
YL structure exhibits the largest color deviation across all ACTTSs.

Once more, increased color uniformity is more affected byteigiperatures than
by low ones. While improving luminous flux in the th#eger YGRL structure at high
temperatures is the main objective of this study, color uniformity, CRI, and CQS have
little bearing. This dissertation has added to the body of knowlaag information
regarding developments in the production of white LEDs, as opposed to Liem et al.'s
2022 research. This dissertation specifically tackles the problem that the earlier study
had: the LED optical determination did not take the color tenyeraomponent into

account.

4.5 Summary

The main focus of this chapter is to explore particles of materials that can enhance

scattering. ¥Os:Ho®*" phosphor particles are introduced into the phosphor mixture to
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increase light emission, thereby enhancing lumnfiux. Alternatively, red phosphor
material is added to increase the energy of red light with a wavelength of 680nm in the
spectrum. Scattegnhancing particles such as CaC@ak, TiO2, and SiQ are
simulated usingightTools 9.0 software. The results are compared with different particle
types, and Si®particles are selected to be added to the phosphor mixture due to their
optimal scattering properties, significantly increasing luminous flux.

Additionally, color quality is mproved.LightTools simulation results indicate
that the Si@concentration and the smallest particle size are optiviay. particles with
a small size should be usedP of the questionss addressed by applying MIE theory
for simulation Simulation results define the research objective using scattering particles
to enhance luminous flux, improve color uniformity, and color quality indices. Although
CRI has a slight decrease, it is not significalffiese results haveemonstratedhe
potential of the second approach to accomplish the main gotdeoflissertationThe
proposed method suggests a remote structure combined with-scditsgrcing materials

for the improvement auminous flux and color uniformity of WLEDSs.
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CHAPTER 5 CONCLUSION AND FUTURE RESEARCH DIRECTIONS

5.1 Conclusion

A novel technique for comparing objects with various optical characteristics at
various correlated color temperatures is presented in this dissertation. It also suggests
that you consider the sizechooncentration of the chosen particles when utilizing distant
buildings for various producing objectives. The traditional method of producing white

light involves combining several yellow phosphors to change light to yajteen.

However, because ofdtbackscattering of yellow light, this approach produces a
low output luminous flux. Second, the gregllow structure's luminous flux is
obviously enhanced when more green phosphor is used; yet, the structure's color
rendering index and color quality arenstrained. Third, because the energy qualities of
the red phosphor material are significantly enhanced when it is used in thellosd
structure, the color quality index is improved. Fourth, employing a mix of green, red,
and yellow structures is theest possible option in the end. This structure improves the
WLED's color quality as well as the luminous flux and color rendering index for real
images. This leads to increased WLED quality reliability when a tlayee yellow
greenred remote structure used. These are significant references because they discuss
the necessity for creative approaches to LED lighting solutions and give producers the
appropriate framework in certain situations to meet their WLED manufacturing needs
(Loan et al., 2020).

In particular, this dissertation accurately models the operation of white LEDs
using a range of luminescent material parameters. The outcomes of the experiments and
simulations show the effectiveness and promise of the strategies suggested in the
dissertatio. while it comes to the method of using nmidiyer remote phosphor

structures, the dissertation unequivocally demonstrates that, in contrast to the data
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gathered while using the singleeyer remote one, employing twand thredayer remote

phosphor stretures can enhance the optical performance of the white LED.

In particular, the twdayer structure with layers of yellow and green phosphors is
good for increasing luminosity, while the structure with layers of red and yellow
phosphors is good for coloemdering. On the other hand, the thigger distant
phosphor structure can enhance the LED's luminance and color rendition. More
specifically, the thredayer structure produced a more luminous flux than theldawyer
and singlelayer arrangements. Furtimeore, it performs better at color rendition than
both the singldayer and the yellovgreen structures, but being slightly worse than the
yellow-red structure. To put it briefly, every phosphor material in rajter remote
phosphor structures has unigaptical properties; yet, improper arrangement of the
structure will lead to unwanted outcomes. Therefore, a yeilieegn structure should be
chosen in order to improve the output luminous flux. Theyedtbw remote phosphor
arrangement should be usedhié requirements call for a high color rendering index. If
the CQS color quality is required, the structure must be constructed in three layers of

yellow, green, and red.

Several luminous particles are investigated utilizing the method of employing
scattemg enhancement materials. When the CgClO,, Cak, and SiQ are first
compared, it is found that Si@s the best particle to dope into the phosphor compound
in order to induce the scattering performance. The recommendedddi€entration and
particlesize for phosphor compound mixing are 5 weight percent and 1 pm, respectively.
Next, a mixture of green phosphor and 5i® added, adjusting the green phosphor
concentration and particle size while maintaining the same B#&bameters. For
achieving sufficiently increased light flux and color homogeneity, 20 weight percent and
1520 um of green phosphor are the most ideal concentration and particle size,

respectively. In the meantime, the applied green phosphor's speaifecatiange to 5
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weight percent and 20 micrometers for an increase in CRI and CQS. In particular, for
CQS at high temperatures (708000 K), 10 weight percent and 20 um are the most
suitable greemhosphor characteristics. Next, Mie scattering is used dademthe
scattering factors of the extra red phosphor material for the-ldyeeremote phosphor
structure. The outcomes demonstrate that the prepared package's scattering is improved
by the extra phosphor layer. Using the studied ZnD1@d phosphora comparison is

made between the thrésyer phosphor structure and the other remote phosphor
structures (tweand singlelayer structures). The results obtained are in good agreement
with the conclusions from the preceding chapter, indicating that teelt#yer distant
phosphor structure is the best structure to achieve WLED enhancement. Additionally,
the scattering results help to clarify the effectiveness and potential of the suggested
multi-layer remote structures. As a result, the main objectivesioned at the start of

the dissertation have been met.

5.2 Future research directions

In the future, with the growing research trend along with the problematic
conditions at universities today, the need to coordinate research between students and
teachers t@reate a solid foundation for lighting materials instead of optical lamps and
extensive financial resources are required. While our country's funding is minimal, it is
difficult for some universities to build experimental labs. Therefore, it is necessary t
convert from complex to simple, which means that simulation software in other countries
is costly, so currently, the only popular and widely used software in universities is
MATLAB. Therefore, this is the direction of future research to convert thiscapioin
software into experimental LED thermal simulation to determine the change in output
luminous flux, as well as theolor quality of LED. At the same time, bringing
mathematical models from 3D to 2D for easy application in research work helpséo crea

close links between teachers and students in academic exchange. This is also a strong
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point in researclas theMATLAB software has never been utilizeid heat treatment

simulation.
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APPENDIX. SIMULATION PROGRESS

This section will give amverview of the process of simulation, data collection
and data processing. The software used to determine the optimal size and concentration
is the latest version of LightTools (version 9.0) and specialized software for simulating
lens systems and LED igls.
Step 1: Single chip LED configuration built on LightTools 9.0 software. (Figure Al)
Step 2: Enter the input parameters. Note that, there are main tags: Ray trace, illumination
manager, and user materials (Figure A2).
Step 3: Enter the number of ligrays to calculate, and the illumination manager card
gives us simulated results such as luminous flux, CRI, and CQS (Figure A3).
Step 4: double clicks on the components that need to see the results, such as CCT and

spectral distribution as shown in Frgs A4

Step 5: User materials card, concentrations for three types of particles in the mixture,
including Y-P, GP and SiQ(Figure A5 and Figure AG)
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Figure Al: Single chip LED configuration built on LightTools 9.0 software

Step 6: Put theoncentration for the particles as shown in Figures A5 and Figure A6

Step 7: Check the running simulation A7

Step 8: Result luminous flux, color rendering index, color temperature, and spectrum as
show in (Figure A8 to Figure A11)

Step 9: Get the data aftitken give it to Excel software to process and draw the chart as
Figure A12.

Step 10: get the data and then give it to Excel software to process and draw the chart as
Figure A12.
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Figure A2: Tabs of interest to enter and retrieve data.

Figure A3: Uses of each tabs



