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Keywords: K-8500 K, were used and reported in this paper. Our research consists of two
parts, which are placing a layer of red phosphor SrwFxByO:Eu?*,Sm?" on the
yellow YAG:Ce* phosphor layer at first, and then specifying an appropriate
SrwFxByO.:Eu?*,Sm?* concentration to reach the highest color performance. It
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geometry is shown that with the contribution of SrwFxByOzEu?',Sm?*, the color
Luminous flux rendering index (CRI) and color quality scale (CQS) are increased. This can
Mie-scattering theory be explained by the increased amount of red light components in the WLEDs
WLEDs when the concentration of SrwFxByOz:Eu?",Sm?" was greater. However,

excessive SrwFxByOz:Eu?",Sm?" will cause the reduction in the flux, which
has been proven by the application of Mie scattering and the Lambert-Beer
law. Therefore, the conclusion will present an optimal amount of
SrwFxByOz:Eu?*,Sm?" to obtain high color quality while minimizing the light loss.
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1. INTRODUCTION

As the results of becoming the alternative to the conventional light source, the phosphor converted
white light emitting diodes (pc-WLEDs), which is well known for high durability, lighting efficiency, and
cost effectiveness, has provided various directions in the development of lighting solution [1-3]. Besides,
there are some drawbacks related to transmission of light and the phosphor particles distribution still existing
in this kind of light source, but it has become popular in many aspects of human life including backlighting
and street lighting, lately [4, 5]. Moreover, the increasing demands of lighting market have created a need for
a big leap regarding the lumen output as well as the chromatic performance of the white LEDs to multiply its
applications [6, 7]. There have been many methods used to realistic this goal, and one of them was applying
the combination of chromatic rays from components such as phosphor materials and LED chips [8-10]. Due
to the significant impact of lighting device configuration and components organization on the luminous
efficiency, especially the color rendering index [11, 12], the concept gained its recognition. In addition,
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though many scientists recommended using common phosphor coating methods to produce LEDs such as
conformal coating and dispensing coating [13, 14], these structures were not optimal to perform the best
color quality. The reason is that the phosphor material is inferior in terms of light conversion due to the effect
of constantly rising heat at the surface between the pc-WLEDs parts, which occurs because phosphor and
LED chips do not have space to ventilate [15, 16].

Hence, color quality of white LEDs is only lifted if the phosphor is superior in conversing light and
is not damaged by the heat from the LED chip. Therefore, a remote structure designed with a distance to
separate the phosphor and the LED chip could become the ideal model, since it can reduce the mentioned
effect, according to many previous researches [17, 18]. When the phosphor and the LED chip are set in an
appropriate distance, the backscattering and circulation of the light inside the LED could be sufficiently
minimized. Thus, the idea is recognized to be an efficient way of managing the heat of LED, by which the
LEDs could be optimized in color quality and the luminous efficiency [19]. However, this lighting
configuration is unable to adapt to all demands of illumination applications, as to the regular lighting, and
therefore, it opened an opportunity for the next generation of LED to be fabricated. There have been some
innovative remote phosphor structures suggested so far to advance the obtained luminous flux and reduce the
back-scattering event occurred inside the LED. According to a study, placing reversed conial lens and
arranging phosphor material in a circular form around the LED could adjust the direction to the LED surface
of lights emitted from the inside chip. What is more, this structure can also dramatically reduce the light loss
from the effects of internal reflection of the LED. It can be demonstrated that if an engraved remote model is
set with an empty border while the surrounding is not covered with phosphor layers, it could lead to the high
color uniformity and consistency by eliminating the distributed phosphor discrepancy at far angles.
Furthermore, the remote phosphor also used the substrate as the sapphire pattern, which is more
advantageous in getting greater color quality performance in far field pattern compared to older setup [20].
Hence, scientists proposed the remote phosphor with dual layer package in the effort of magnifying the
performance of the light output of LEDs. However, there is an arduous obstacle we need to surmount:
achieving better lighting performance for WLEDs with higher CCT [21, 22]. Although this issue is a pressing
matter that can change the LEDs application in lighting industry, the aforementioned studies just focused on
improving the color uniformity and luminescence of WLEDs by applying the remote phosphor structure with
single chip WLEDs and low color temperatures [23].

In this research paper, we decided to use multi-layers WLEDs at different color temperatures from
5600 K to 8500 K and study their impacts on the optical properties. The innovative idea in this paper is that
the red phosphor layer SryFxByO,:Eu?",Sm?" is applied to add needed phosphor particles for better color
quality, and then the indexes of color rendering index (CRI) and color quality scale (CQS)could be also
raised. Moreover, the noticeable effects of SrwFxByO,:Eu?",Sm?" on the overall quality of resulted lights are
also presented in this article. On top of that, the article has also provided useful results in which the values of
quality indicators for rending ability and color output are positively affected by the SrwFxByO,:Eu*",Sm?*
phosphoric layer added in WLEDs. Besides, the paper has noted the importance in determining an
appropriate level of SryFyByO,:Eu**,Sm?" concentration in order to avoid the deep decline in the flux of
reddish phosphorus. In addition, it also mentioned two significant differences in terms of the yellow
YAG:Ce*" phosphor covered by the red phosphor layer. One is increasing the constituent red light in the light
emitted from WLEDs, which is one of the vital elements that contributing to the higher quality of color in
WLEDs, and the other is the enhancement of scattered and transmitted light in WLEDs that are in the
opposite trend to the concentration of SryFxB,O,:Eu?*,Sm?*. Hence, it is extremely essential to decide a suitable
value of SryF«ByO,:Eu?*,Sm?" concentrations to remain the stability in the photosensitivity of WLEDs.

2. RESEARCH METHOD
2.1. Material preparation

Table 1 showed the ingredients of SrwFxByO,:Eu?",Sm?*. From these figures, this compound can be
calculated with the usage of the formula which was built by reckoning the molar percentage of each element.
Besides, the detailed production process of SryFxByO,:Eu*,Sm?" can be described as following steps.
Initially, EuxO3; and Sm,O3 grains are dissolved in a dilute nitric acid solution while Sr(NO3), and H3BO; are
dissolved in warm water (90 °C). Then, mixing these two solutions together and adding a solution containing
acetone and ammonium hydroxide with the ratio of 1:1, and after that strongly stirring these mixtures. After a
short time, there will be a fine white precipitate, and it will turn into a slurry. Next, heating this slurry at the
temperature of 80 °C in two hours. After two hours, it will be cooled down to room temperature.
Subsequently, this precipitate is filtered and dried in the air, blended with SrF; afterward, and then grinding
the whole compound. The obtained compound is then burned in an open quartz crucible at 900 °C for about
an hour. After being cooled down from 900 °C, the compound is blended and ground into fine particles.
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Later, these particles are fired at them same previous temperature for two hours, with the presence of a flow
of Hz in N, gas through the crucible. Finally, SryFxB,0,:Eu*",Sm>" phosphor is produced after cooling and
re-grounding the attained particles.

Table 1. Composition of red-emitting SrwFxByO,:Eu?’,Sm?* phosphor
Ingredient Mole (%) By weight (g) Molar mass (g/mol) Mole (mol) Ions Mole (mol) Mole (%)

Sr(NO3), 10.09 126.98 211.63 0.6 Sr** 0.6 0.0241
SrF, 543 40.58 125.62 0.32 F 0.646 0.0259
H3;BOs 84.12 309.2 61.83 5 B** 5 0.203
Eu,03 0.25 5.28 351.93 0.015 o~ 18.665 0.748
Sm,03 0.11 2.09 348.72 0.006 Eu* 0.03 0.0012
SruFB,0,:Eu*,Sm* Sm** 0.012 0.00048

2.2. WLEDs modeling

To easily simulate the WLEDs with dual-layer phosphor structure, the LightTools 8.5.0 program
and Mie-theory are the tools to conduct the experiments and verify the effect of SryFyB,O,:Eu?",Sm?"
phosphor on the performance of the WLEDs at the high correlated temperature, 5600-8500 K. Before
structuring the in-cup phosphor configuration of WLEDs, the SryFxByO,:Eu?*,Sm?" and YAG:Ce** phosphor
are mixed together to form the phosphor layer of WLEDs. Specifically, this layer is comprised of red
phosphor SryFxByO,:Eu**,Sm?" attached to the yellow phosphor YAG:Ce* with silicone gel.

As in Figure 1, the WLED configuration is formed by LED chips bounded to reflector cup, and
phosphor layers held together with silicone. In specific, the chips are bonded with a reflector having a 2.07
mm depth, with a bottom length of 8 mm, and a 9.85 mm top length. In addition, the chip emits 1.16 W with
a peak wavelength of 453 nm. The refractive index of SryFiB,O,:Eu*",Sm?>* and YAG:Ce*" phosphor particle
is fixed at 1.85 and 1.83, respectively. Moreover, to achieve the stability in average CCTs, there is an
important note that the concentrations of YAG:Ce*" and Sr,FxB,0,:Eu*",Sm?* need to be adjusted to match
each other.

12mm

(d)

Figure 1. Photograph of WLEDs structure: (a) actual WLEDs, (b) bonding diagram, (c) illustration of
pc-WLEDs model, (d) simulation of WLEDs using LightTools commercial software

3. RESULTS AND ANALYSIS

There is a change that is opposite between the concentration of the SryFxByO,:Eu*",Sm?" red
phosphor and the yellow phosphorus YAG:Ce*', as shown in Figure 2. The change can be understood as a
mean to keep the color temperature at a stable value and ensure the obtained results of optical properties from
WLEDs with different concentration of red phosphor is unaffected by the color temperature shifted
unexpectedly. For that reason, determining and choosing an appropriate proportion of SrwFxB,O,:Eu?",Sm*"
concentration are extremely crucial to the improvement in the color quality of WLEDs. It can be seen that
with the increase in the SryFiByO,:Eu**,Sm*" concentration from 2% to 26% wt., the concentration of
YAG:Ce*" will be lowered to keep the color temperature at the primary value. Furthermore, the attained
results are the same with different color temperatures of WLEDs, including 5600 K, 6600 K, 7000 K, 7700
K, or 8500 K.

The results presented from Figure 3 to Figure 7 illustrate the noticeable effects of the red phosphor
SrwFxByO,:Eu?",Sm?" concentration on the emission spectra of WLEDs. Based on the requirements from the
manufacturers, the most suitable choice will be decided to achieve the highest efficiency. If they want to
produce the high color quality WLEDs, it is able to reduce a small amount of luminescence to meet the
demand. In fact, the nature of white light is the collection of the spectral regions as described in Figures 6-8.
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In Figure 3, there are illustrations of the photosensitivity at 3 distinct CCT points from 5600-7700 K.
Obviously, the wavelengths at which red light appears has increased, accompanying with the concentration of
SryFxB,O,:Eu?",Sm?*". However, if the spectrum of the two remaining regions, 420-480 nm and 500-640 nm,
are not in the rising trend, this result will become unimportant. In particular, the growth in the spectra at
420-480 nm boosts the amount of blue light in WLEDs. The fact that WLEDs from 5600 K and above
created more emission points proves that the color temperature and spectra are compatible, and this results in
higher color and luminosity, which means that the demands of manufacturers are completely fulfilled.
Therefore, it is practical to apply the SryFyByO,:Eu*",Sm?" to produce WLEDs after considering how this
application can solve the color performance issue in WLEDs. This study gave a solid statement that with
SrwFxByO,:Eu?",Sm?*, manufacturers can successfully improve the color quality of WLEDs regardless of the
low (5600 K) or higher (7700 K) color temperature.
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Figure 2. The change of phosphor concentration for keeping the average CCTs
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Figure 3. The emission spectra of 5600 K WLEDs as  Figure 4. The emission spectra of 6600 K WLEDs as

a function of SrwFxByO,:Eu?*,Sm?* concentration a function of SryFxByO,:Eu?*,Sm** concentration
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Figure 5. The emission spectra of 7000 K WLEDs as  Figure 6. The emission spectra of 7700 K WLEDs as
a function of SrywFxByO,:Eu*",Sm?" concentration a function of SrwFxByO,:Eu*",Sm?" concentration
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Figure 7. The emission spectra of 8500 K WLEDs as  Figure 8. The color rendering index of WLEDs as a
a function of SryF«B,0,:Eu?",Sm?" concentration function of SryFyxB,0,:Eu?",Sm?* concentration

As shown in Figure 8, in all three different average CCTs, the SryFxByO,:Eu*,Sm?* phosphor
concentration lifted the colorimetric index. This is because SryFxByO,:Eu?*,Sm?" already transformed light
from the chip to red light before it is absorbed. This is also the case for the light emitted from the yellow
phosphor layer. Nevertheless, due to absorptive capacity discrepancy between blue and yellow light, more
blue lights were absorbed than yellow ones. Hence, the result is obvious that the red light component in
WLEDs increases when SryFxB,0,:Eu?",Sm?" is added, heightening the CRI, which is considered as one of
the most important parameters for modern WLED lamps. And when the color rendering index is high, it will
push the price of each white light WLED. Nevertheless, with SryFxByO,:Eu*",Sm?*, the WLEDs will be
manufactured with lower cost. Consequently, SrwFxByO,:Eu?",Sm?" has gained its popularity and widen its
application. Nonetheless, we cannot evaluate the color quality of WLEDs just based on the color rendering
index. Therefore, our study used a different quality indicator to evaluate the color of WLEDs, which is the
CQS. CQS takes the color rendering index, the customer's personal choice, and the color coordinates to
conclude the color performance of WLEDs. These factors have made CQS become an almost powerful
general-quality color indicator.

In Figure 9 is the demonstration of the significantly lifted CQS values when the remote phosphor
layer SryFxByO,:Eu*,Sm?* is in use. On top of that, when the concentration of SryFxByO,:Eu?",Sm?" is
raised, the CQS also increased remarkably. The application of SryFxByO,:Eu*",Sm?" is confirmed to have a
positive impact on the color quality of multi-layer WLEDs. Therefore, the result of this study is practical to
the objective of improving color quality. However, SryFxByO,:Eu*",Sm?" also has drawback in output
luminous flux. The part below is the mathematical equations to calculate the blue and yellow light in WLEDs
with two-phosphor layers, from which an overall idea of how to improve the light output of WLEDs can be
obtained. The following formulas demonstrate the blue light transmission and yellow light conversion for
remote phosphor structure with one phosphor layer and 24 phosphor thickness:

PB, = PB, x e~ 21t (1)
1 B1XPB _ _
PYl — Eﬁ (e 2ay1h __ e 20!31/1) (2)

The results of blue light transmission and yellow light conversion in dual-layer remote structure with the
thickness / are expressed as follow:

PB, = PB, x e~2%B2h (3)
1 BoXPB _ —
PY, = T (¢l — e2enaly @

In which 4 is the thickness of each phosphor layer. In addition, single layer and double-layer remote
phosphor package is demonstrated by the subscript “1”” and “2”. f is the conversion coefficient for blue light
converting to yellow light. y represents the reflection coefficient of the yellow light. The intensities of blue
light (PB) and yellow light (PY) are the light intensity from blue LED, presented by PBy. ag, ay are used to
describe the fractions of the energy loss of blue and yellow lights during their propagation in the phosphor
layer, respectively. The significant enhancement that dual-layer remote phosphor WLEDs brings to the
lumen output in comparison with the similar structure with one layer of phosphor is concluded from:
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Besides, the Mie-theory [24, 25] is applied to analyze the scattering of SryFxByO,:Eu?",Sm?"
phosphor grains. Moreover, based on the application of Mie-theory, an expression used to compute the
scattering cross section Cy., for spherical particles can be formed as the following. The transmitted light
power can be reckoned with the Lambert-Beer law:

I =1y exp(-texiL) (6)

In this formula, /y indicates the incident light power, L is the phosphor layer thickness (mm), and g
presents the extinction coefficient, which can be expressed as: gex = N,.Cex, Where N, is known as the
number density distribution of particles (mm=). C. (mm?) is the extinction cross-section of phosphor
particles. (5) showed that dual-layer remote phosphor can result in the larger light output than structure with
one layer. Nevertheless, the amount of SryFxB,0,:Eu?",Sm?* phosphor also has a great impact on the light
output of WLEDs with two phosphor layers. It can be easy to recognize through the Lambert-Beer law that,
while being proportional to the concentration of SryFyByO,:Eu?*,Sm?’, the w.« attenuation coefficient is
inversely proportional to the energy of light. Due to this result, under the condition that the density of
phosphor layers is unchanged, the obtained flux could be weakened, even though SryFiB,O,:Eu?",Sm?"
concentrations rises. According to this, in Figure 10, the decrease in all five different CCTs is presented.
When the concentration of SrwFxByO,:Eu?",Sm?" reaches 26% wt., the flux obviously decreases. However,
considering how Sr.FyB,O,:Eu?",Sm?" benefit the color performance of WLEDs, it is worth to be taken into
consideration. Moreover, comparing structures with and without the red phosphor layers, it is obvious that
the WLEDs with red phosphors still emit much more lights. Therefore, a small loss in luminous flux would
not affect much the overall performance. Furthermore, the appropriate could be determined depending on the
purposes of manufacturers when mass producing this WLEDs.
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Figure 9. The color quality scale of WLEDs as a Figure 10. The luminous flux of WLEDs as a function
function of SryFxByO,:Eu*",Sm?" concentration of SryFxByO,:Eu*",Sm?" concentration

4. CONCLUSION

From the research paper, the SryFxByO,:Eu?",Sm?" effects on CRI and CQS of dual-layer phosphor
structure are demonstrated. Through applying the Mie-theory of scattering and Lambert-Beer law, the choice
of using SryFxByO,:Eu**,Sm?" in WLEDs for color quality enhancement is practical. This method also has the
same response to WLEDs at all color temperatures, which is convenient for the different lighting
applications. Therefore, this research has successfully reached the initial goal of improving white light
quality, which is considered as a huge obstacle for remote-phosphor structures. However, it is noticed that a
small drawback still exists in terms of the emission of the flux. Specifically, when the concentration of
SrwFxByO,:Eu?",Sm?" is redundant, the luminosity sharply declines. That is why it is extremely essential to
decide an appropriate concentration, based on the objectives that manufacturers want to reach. Moreover,
manufacturers can use this article for reference because it has provided a lot of practical information in
producing a WLEDs’ generation with better color quality.
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