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1. INTRODUCTION

These days, the conventional light source is not able to meet the requirements of modern
applications. Thus, the fourth-generation light source called phosphor-converted white light-emitting diodes
(pc-WLEDs) is used as an alternative which can bring better prospects in lighting solutions [1]. Its
applications have spread out in many different aspects of human life, including landscape, street lighting, and
backlighting. However, white light-emitting diodes (LEDs’) development is still restricted due to the
inefficient light extraction and inhomogeneous angular-dependent correlated color temperature [2].
Therefore, to be able to meet the rising demand of the illumination market, it is essential to make further
breakthroughs in luminous efficiency and color quality [3]. Nowadays, the most popular approach to generate
white light is to combine yellow lights converted by red phosphors with blue lights emitted from LED chip.
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In addition, how phosphor layers in the LED package are arranged plays an important role that affects the
luminous efficiency, especially the color rendering index [4]-[8]. There have been many common phosphor
coating methods applied for LEDs’ production including dispensing coating and conformal coating [9], [10].
However, the color quality provided by these structures is not high. The cause is that the light conversion of
phosphor material degrades due to the direct contact of yellow light-emitting phosphor with the LED chip
that causes the temperature at their interface to increase. Thus, a heat reduction at that junction is essential
and potential to enhance the performance of phosphors and prevent them from the irreversible destruction. In
various studies, the remote phosphor structure is confirmed to have the ability of reducing the heat effect
because the phosphor layer is separated far from the LED chip-heat source. Specifically, an appropriate
distance between the phosphor layer and the LED chip could create a limitation in the backscattering and
circulation of light inside the LEDs. Therefore, we can control the heat of LED by applying this method, and
then improve luminous output and white-light chromaticity of LEDs [11]-[16]. Though in terms of regular
lighting, this remote phosphor structure is an optimal solution, it cannot completely fulfill the specifications
of many other illumination applications, leading to a need of fabricating the next generation of LED. To
accomplish that purpose, there are several advanced remote phosphor structures proposed to reduce the light
scattering backward to the chip and improve the luminous efficacy. The light from the LED chip can be
redirected to the LED’s surface by using an inverted cone lens encapsulant combining with a surrounding
ring remote phosphor layer. Moreover, they can reduce the light loss inside LED which occurs due to the
internal reflection [17]. Besides, as mentioned in another study, high angular correlated color temperature
uniformity and better color stability can be achieved with a patterned remote phosphor configuration having a
clear zone in the perimeter area that is not coated by phosphor on the surrounding surface [18]. Additionally,
in a far field pattern, the patterned sapphire substrate used in the remote phosphor structure can bring much
higher correlated color temperature homogeneity than in a conventional pattern [19]-[22]. Then, the
dual-layer remote phosphor is proposed to accomplish the improvement of the light output of LEDs. Previous
studies working on this focused on the enhancement of color homogeneity and lumen output of WLEDs built
with dual-layer remote phosphor structure. However, the WLED packages studied in these research papers
use single LED chip and have low color temperatures, which means their results are not practical when
applying for the WLEDs with high color temperature because of the complication in improving their optical
parameters. In addition to that, the comparison among the results of using different dual-layer phosphor
configurations has not been mentioned in any study before. Thus, manufacturers may face many obstacles in
selecting a suitable structure to improve the color quality or luminous efficiency of their WLED products.

Acknowledging the difficulties, this article will propose two different dual-layer remote phosphor
structures to enhance the color quality and lumen efficacy of WLEDs having high color temperature at
8500 K. The paper uses two kinds of phosphor layer to achieve the goal, one is the green phosphor layer of
YAI;B4O12:Ce’*,Mn?" and the other is the red CasB,SiOo:Eu** phosphor layer. The purpose of using the
green phosphor YAI;B4O12:Ce**,Mn?" is to increase the green light component in WLEDs to increase
luminous flux, while the red CasB,SiOjo:Eu*" phosphor will help to rise the red light component and then
increase color rendering index (CRI) and color quality scale (CQS) as a result. In addition, the article
includes a detail chemical composition of CasB,SiO1:Eu’" and YAIL;B4012:Ce*",Mn?* as well as a specific
comparison between the effects on the optical properties of WLEDs between these two remote phosphor
layer structures. From the results demonstrated in the paper, both CRI and CQS show an improvement with
the addition of phosphor CasB,SiOjo:Eu’". However, there is a sharp decrease in the white-light chromaticity
and luminescence efficiency of WLEDs when the concentrations of YALB4O2:Ce’* Mn?* and
CasB,Si0;0:Eu®" exceed the limit amount. Therefore, it is important to determine appropriate concentrations
of these two phosphors to avoid that significant reduction. Besides, there are two differences we can conclude
from the results of the research with the presence of the red or green phosphor layer above the yellow
phosphor layer of YAG:Ce*" in the package. First, the increase of the blue or red light component contributes
to the growth of the spectrum of white light, which is the main factor determining the enhancement of the
color homogeneity. Second, the scattering and transmission of lights in WLEDs are not compatible with the
concentration of added phosphors. In other words, these light properties are in inverse proportion to the
trends of phosphor concentrations. Thus, to get the better lumen efficacy of WLEDs, finding an appropriate
value of phosphor concentration is also another crucial part of this research.

2. PREPARATION

The red CasB,SiOo:Eu** and green YAIL3:B4012:Ce**,Mn?* phosphor compositions are indispensable
parts of this research. So, in order to have the best phosphor layers that can give the exact results, we need to
have the phosphor material well-prepared. The composition of red CasB,SiOjo:Eu*" phosphor includes
4 different ingredients, as listed in Table 1. The process to get this red phosphor is a 3-stage-firing process.

TELKOMNIKA Telecommun Comput El Control, Vol. 19, No. 5, October 2021: 1665 - 1672



TELKOMNIKA Telecommun Comput El Control O 1667

Before starting the first stage, all the ingredients must be mix by dry milling or grinding to create a
homogeneous mixture. Then, fire this mixture in open quartz boats at 1100 °C for an hour. After 1 hour is
over, take this mixture out and powderize it by using the milling method. Next is the second stage of firing.
The powderized product is fired again in open quartz boats within 1 hour and at the temperature of 1200 °C.
When this stage finishes, the material will go through another powderizing step. After that, the third firing
stage will be conducted in the same container and time as the two previous ones, but the firing temperature
for this time is set at 1300 °C.

For green YALB4O2:Ce**, Mn?* phosphor composition, its ingredients is more than that of red
CasB,SiOio:Eu’’, and they are detailed in Table 2. The preparation process of this green phosphor
composition consists of 4 stages of firing and powderizing. The firing time for those stages is within 1 hour,
and the powderizing process occurs right after each firing finishes. Initially, it is essential to mix the chemical
elements together by dry grinding or milling. Then, the process of firing and powderizing will start. For the
first time, the mixture will be fired in open quartz boats at about 500 °C. In the next 3 stages, the firing will
occur in open alumina crucibles, but at different temperatures and with different airflows. In the second
firing, the flow of N2 will be added and fired with the material at 900 °C. The third firing will be carried out
with the addition of CO airflow and the temperature of 1100 °C. Finally, for the fourth stage, the material will
be fired with CO at 1200 °C. After the fourth powderizing finishes, the attain product will be washed in hot
water several times and then dried to get the required green YAL3B4O12:Ce*",Mn*" phosphor. Two models of
WLED used in experiments are green-yellow dual-layer remote phosphor configuration (GYC) and
red-yellow dual-layer remote phosphor configuration (RYC). In both configurations, the phosphor layers are
placed above blue LED chips. For GYC structure, the green phosphor layer YAl;B4012:Ce’",Mn? is on the
YAG:Ce*" yellow one, as presented in Figure 1 (a). Meanwhile, in RYC structure, with the red phosphorus
film is arranged above the yellow YAG:Ce*" layer is the layer of red phosphor CasB,SiO10:Eu’*, showed in
Figure 1 (b). As mentioned in the previous part, the purpose of applying GYC and RYC structures is to have
the color and optical quality of WLEDs enhanced by increasing the green and red light components, as well
as their scattering inside the WLED packages. Simultaneously, the concentrations of YAl;B40;2:Ce** Mn?*
and CasB,SiOo:Eu** phosphor need to be adjusted.

Table 1. Composition of red-emitting Table 2. Composition of green-emitting
CasB,Si0;0:Eu*" phosphor YAI3B4012:Ce**,Mn*" phosphor
Ingredients  Mole % By weight (g) Ingredients Mole % By weight (g)

CaCOs 100 100 Y,0; 80 (of Y) 90.4
H,BO; 50 31 Ce0O, 10 17.2
Si0, 22 13.2 Tb,0; 10 (of Tb) 18.7
Eu,0; 5 (of Eu) 8.8 ALO; 300 (of Al) 153
H;BO; 410 254

(b)
Figure 1. Illustration of: (a) GYC and (b) RYC

The two charts of Figure 2 show that the changes of both green YAl;B4012:Ce’",Mn?* and red
CasB,SiO0:Eu®" phosphor concentrations are in an opposite trend with that of the yellow YAG:Ce**
phosphor. This change has two functions: keeping the average correlated color temperatures (ACCTs) stable
and affecting the scattering and absorption properties of phosphor layers in WLEDs, which probably
influences the color performance and lumen output of WLEDs. Therefore, it can be said that the choice of the
concentrations of YAI;B4O12:Ce*",Mn*" and CasB,SiO1o:Eu*" phosphor is a decisive factor to the color
quality of WLEDs. According to the illustrations of Figure 2, as the concentration of YAL;B4O;2:Ce**, Mn?*
and CasB,SiOjo:Eu*" increase from 2 to 20% wt., the YAG:Ce** concentration decreases in order to maintain
the ACCTs. Moreover, for the WLEDs having high color temperature of 8500 K, this opposite change also
occurs, similar to the ones with lower ACCTs.
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Next, the significant influence of red phosphor CasB,SiOo:Eu** over the spectrum of WLEDs is
demonstrated clearly in Figure 3. For the WLEDs requiring high color quality, it is acceptable to reduce a
small amount of luminous flux. Before demonstrating the impact of CasB,SiOo:Eu’", it is necessary to take a
look at how YAI3B4O12:Ce**,Mn?" phosphor affect the emission spectrum of WLEDs. Obviously, the spectral
intensity in 420-480 nm and 500-640 nm wavelength ranges increases with the presence of
YAI;B4O12:Ce’*,Mn?*, which means the luminous flux is also improved. From this result, the blue-light
scattering of the WLED also increases, indicating that there is more phosphor scattering events occur inside
WLEDs, and benefiting the copper color as a result. This result shows the importance of the green phosphor
YAL3B4O12:Ce*",Mn*" application to enhance the WLEDs’ optical properties. In terms of using
CasB,SiO0:Eu®" phosphor, it is easy to realize the upward trend of the LEDs’ spectrum in the same two
spectral regions as those of the YAI;B4Oj2:Ce* Mn?*, 420-480 nm and 500-640 nm. Moreover, with the
addition of this red phosphor, the red light spectrum also increases in the 648-738 nm wavelength band.
However, if there is no spectral increase in the two previous wavelength bands, this increase is not noticeable
because when the spectrum increases in 420-480 nm and regions 500-640 nm help to improve the luminous
flux of blue light (blue-light scattering). Furthermore, it is obvious that in the mentioned spectral regions, the
higher the color temperature is, the better the emission spectrum becomes. This means higher color
temperature results in better color and optical quality. Therefore, the study can assure that CasB,SiO;o:Eu?* is
the right choice in improving the color quality of high-color-temperature WLEDs (8500 K). This achieved
result of CasB,SiO1o:Eu*" application is important to manufacturers, especially while keeping the quality of
WLEDs having high color temperature under control still confronts many obstacles. Finally, based on what
the manufacturers require, the final dual-layer remote phosphor structure can be decided.
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Figure 2. The change of phosphor concentration of: (a) RYC and (b) GYC for keeping the average CCT
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Figure 3. Emission spectra of: (a) RYC and (b) GYC

3. RESULTS AND DISCUSSION

The CRI is a measurement of the ability of the light source in showing the true color of the object
they illuminated. The color imbalance occurs among the three primary colors: red, yellow, and blue when the
green light components increase more than the two other ones. This imbalance will cause a disadvantage to
the color quality of WLEDs and then get the color integrity of WLEDs reduced. With the addition of
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YAI;B4O12:Ce’*,Mn?", there is a small decrease in CRI, as shown in Figure 4. However, this reduction is
acceptable, as CRI is just a part of CQS. CQS is a synthetic index the three crucial factors: CRI, viewers’
preference, and the color coordinate. Thus, CQS is considered as a more overall measurement in color quality
evaluation. This also explains why CQS is much more complicated and challenging to accomplish than CRI.
Figure 5 shows the change of CQS in connection with different amounts of YAI3;B40;2:Ce®* Mn?*
concentration. With the concentration of YAl3B4012:Ce’",Mn?* concentration less than 8%, the CQS is stable.
However, if the concentration of YAILB4O12:Ce*",Mn*" continues to increase from 8%, CQS starts to
decreases, and the sharp decline occurs when the concentration is from 12 to 20%. Thus, 8%
YAI;B4012:Ce’*,Mn?" is a suitable concentration for maintaining the high CQS of LEDs, after weighing up
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Figure 4. The color rendering index as a function of the concentration of:
(a) YA13B40121CE:3+,MHZJr and (b) CasBzSiOu):EusJr
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Figure 5. The color quality scale as a function of the concentration of:
(a) YAI;B4O12:Ce** Mn?" and (b) CasB2SiO;o:Eu**
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Different from the results when using YAI;B4O12:Ce’",Mn?*, CRI values increase with the growth of
CasB,Si0;0:Eu*" concentration, as can be seen in Figure 4. The absorption characteristic of the red phosphor
layer is the force behind this better CRI. In specific, as soon as the phosphor CasB,SiOio:Eu*" absorbs blue
light from LED chip, it turns blue light into red light. Moreover, this red CasB,SiO0:Eu®" also absorbs
yellow light inside the LEDs. However, the blue-light absorption is stronger than the yellow-light one,
leading to the increase in red light components in WLEDs. As a result, CRI is lifted up. It is obvious that CRI
is an important parameter for a good modern LED lamp. Thus, it is easy to understand that the higher the CRI
of a LED, the higher the price of it becomes. In addition to the ability of enhancing the CRI, the other benefit
of using CasB,SiOjo:Eu*" is low cost, which contributes to spreading its application in LED production.
However, it is impossible to conclude that a LED can generate good color quality if it has a high CRI index.
As mentioned in the above paragraph, CRI is included in CQS, and thus CQS is the main goal of recent
researches when it comes to bettering the color quality of LEDs. With the application of CasB,SiO;:Eu’*, it
is possible to increase the CQS, from which the enhancement of color quality can be accomplished. As
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shown in Figure 5, CQS values rise up significantly in accordance with the increase of CasB2SiOjo:Eu**
concentration. The disadvantage in lumen output of CasB,SiO19:Eu*, however, cannot be ignored.

In this part, the converted yellow light and the transmitted blue light in the dual-layer remote
phosphor structure are calculated using a series of mathematic expressions, demonstrated below. From this
demonstration, we can make a huge development in LED efficiency.

The two following formulas express the transmitted blue light and converted yellow light in a
single- layer remote phosphor package having 2/ phosphor-layer thickness:

PB, = PB, X e~2@B1h (1)
1 B1XPB _ _
Pyl — Eﬁ (e 2ay1h __ e Zaglh) (2)

For the dual-layer configuration, the transmitted blue light and converted yellow light are defined via the next
two expressions, given that each phosphor layer thickness is /:

PB, = PB, x e~2aB2h (3)
1 By XPB, _ _
PY2 - Em (e 2ay,h _ e Z(ZBZh) (4)

In these expressions, the single-layer and dual-layer remote phosphor models are expressed by the
subscripts “/” and “2”, respectively. 4 indicates each phosphor layer thickness. f is the conversion coefficient
for blue light converting to yellow light while y indicates the reflection coefficient of the yellow light. PBy
presents the light intensity from blue LED which includes the intensities of blue light (PB) and yellow light
(PY). ap and ay characterize the fractions of the energy loss of blue and yellow lights during their
multiplication in the phosphor layer separately.

The significant enhancement of the lighting performance of dual-layer phosphor WLEDs, by
comparison with that of the single-layer phosphor WLED, can be expressed as (5).

(PB2+PY;)—(PB1+PYq) >
PB1+PY;

0 ()

Based on Mie-theory [23], [24], the scattering of the phosphor particles was determined, and the scattering
cross section Cge for spherical particles can be computed. Moreover, the Lambert-Beer law [25], [26] is
applied to measure the transmitted light power.

I = lpexp(—Hexe L) (©)

In which, Ij indicates the incident light power, L represents for the phosphor layer thickness (mm) and pex is
the extinction coefficient that can be expressed as: g = N, Cey, Where N, is the number density distribution
of particles (mm>) and Cex (mm?) is the extinction cross-section of phosphor particles.

As can be seen from (5), WLEDs with dual-layer phosphor configuration provides better
luminescence performance than single-layer phosphor one. Hence, the efficiency of the dual-layer remote
phosphor in improving the luminous flux of LEDs is proved in this research paper. Additionally, changes of
luminous flux with the concentrations of YAl;B4O12:Ce**,Mn?" and CasB,SiO1o:Eu*" phosphors are shown in
Figure 6. Apparently, with the rise of YAL3B4O12:Ce*",Mn*" concentration from 2 to 20% wt, the luminous
flux is better. Meanwhile, a sharp decline occurs to the luminous flux when there is an increase of the
CasB,SiO;10:Eu*" concentration. This case can be explained by applying the Beer’s law, in which the
reduction factor pex is in direct proportion to the concentration of CasB,SiO;p:Eu’* but in inverse proportion
to the transmission energy of lights. If both phosphor layer thicknesses in WLEDs are constant parameters,
the lumen output may show a downward trend when the concentration of CasB,SiO;o:Eu’" increases. From
the above chart of Figure 6, at the CasB,SiO19:Eu*" concentration of 20% wt., the luminous flux reaches the
lowest values. Nevertheless, the red phosphor layer CasB,SiOjo:Eu®" is beneficial to the CRI and CQS of
LEDs, and the luminous output of RYC dual-layer phosphor structure is also better than that of the
single-layer phosphor one (not using the red phosphor layer). Thus, after considering these benefits, the
decrease of luminous flux cause by CasB,SiOjo:Eu®* is allowable. The last concern is the manufacturers’
goal, based on which an appropriate concentration CasB,SiOio:Eu®" is decided to apply in the mass-
production of LEDs.
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Figure 6. The lumen output as a function of the concentration of;
(a) YAL3B4O12:Ce*",Mn?" and (b) CasB,SiO1o:Eu®"

4. CONCLUSION

The influences of green YAL3;B4O12:Ce** Mn?" red CasB,SiOjo:Eu®" phosphors on CRI, CQS and
lumen efficiency of dual-layer phosphor structures are demonstrated in this study. By applying the
Mie-scattering theory and the Lambert-Beer law, the paper has examined the attained experimental results
and drawn a conclusion that CasB,SiOo:Eu’" is the right selection for achieving the enhancement in color
quality of WLEDs. Besides, if the goal is to improve the lumen efficacy of LEDs, the green
YAI3B4O12:Ce>* Mn?" phosphor is a better option than the other one. The results are both true with the
WLEDs having low and high or even higher 8500 K color temperatures. Therefore, the findings in this article
have accomplished the difficult target that the remote phosphor structure have been facing: promoting better
the color quality for WLEDs. However, there are existing disadvantages to the luminous flux or color quality
of WLEDs when using these phosphor layers. Specifically, with a large increase in the concentrations of
YAI3;B4O12:Ce**,Mn?" or CasB,SiOjo:Eu®’, the color quality or luminous flux shows a significant decrease.
Hence, an appropriate of these phosphor concentrations is very important to the optical performance of
WLEDs, based on the requirements of manufacturers. With these findings, this study can become a great
reference for manufacturing better WLED generations.
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