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Abstract.  One of the most important fac-
tors used to evaluate lighting performances of
WLEDs is the angular color uniformity (ACU).
The triple-layer remote phosphor structure is
considered as a proposed mechanism for elevat-
ing the ACU of a WLED. The analysis on the
triple-layer structure’s efficiency is specifically
demonstrated in this article. Additionally, there
are detailed comparisons between the triple-layer
(TL) and the dual-layer (DL) geometries to rein-
force the idea of using TL packaging for WLED
optical enhancements. The WLEDs with aver-
age correlated color temperatures (ACCTs) of
6600 K and 7700 K are utilized for experiments.
According to the outcomes, the attained color
rendering index from DL design is higher than
the one from TL package. However, the TL
shows better color quality scale (CQS) than the
DL, regardless of ACCTs. Besides, not only
does the TL yield better CQS but also heighten
the lumen efficiency. On top of that, the ACU
of TL WLED model is much higher than that
of the DL as a result of deviated correlated color
temperature reduction at all ACCTs. This result
is more obvious at the high ACCT of 7700 K, in
other words, the ACU of a high-ACCT WLED
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shows more visible enhancement with TL struc-
ture. From these results, the triple-layer remote
phosphor structure stands out as the promising
advancement in the production of high-quality
WLED:s.
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1. Introduction

With outstanding features, including small size,
energy efficiency, eco friendliness, and longevity,
which have gained much recognition in the
lighting industry, white light-emitting diodes
(WLEDs) have spread out in illuminating ap-
plications.  Lighting design, street lighting,
household lighting, and headlamps are the
aspects that WLEDs are frequently utilized
[1]-[3]. In general, the popular method for
phosphor-converted WLED production is inte-
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grating blue LED chips with organic resin/yel-
low Y3Al5015:Ce®t (YAG:Ce3*) phosphor com-
position [4, 5]. Despite its popularity, the or-
ganic encapsulation is an obstacle for the devel-
opment of high-power WLED devices. As the
organic silicone encapsulant is inferior in tem-
perature stability and photonic terms, it eas-
ily decays and becomes yellowish. As a result,
there are degradations in lumen efficiency (LE)
and long-term reliability, together with the oc-
currence of color shift in WLED devices after
a long service time [6, 7]. Besides that, the
organic resin has a lower refractive index (RI)
which is approximately 1.5, compared to the RI
value of the yellow phosphor YAG:Ce** (about
1.83). This difference in RlIs causes the lights to
be reflected and finally absorbed in a large por-
tion, which means the amount of light that can
escape the package is reduced [8, 9].

A phosphor-in-glass (PiG) structure, fabri-
cated by sintering glass powders and phosphor
grains at a temperature under 800°C, was pro-
posed to settle the problems of organic silicone
encapsulation. The reason making PiG a bet-
ter choice for WLED manufacture is their im-
pressive characteristics, which includes the high
durability and temperature stability, and low
coefficient of thermal expansion [10]-[12]. The
presence of glass powders adds more ions of
large polarizability to the PiG’s structure, rais-
ing the RI of PiG converter. Recently, a PiG
converter with YAG:Ce3* yellow phosphor base
has been fabricated by using the techniques of
screen-printing and low-temperature sintering to
combine YAG:Ce?t phosphor with borosilicate
glass. This YAG:Ce3*t based PiG converter can
result in cool white lights accompanied by a
114 lm/W lumen output efficiency, a 5524 K
color temperature, and a 69 CRI (color ren-
dering index) [13, 14]. As can be seen from
the obtained figures, it is hard for YAG:Ce3*
PiG to generate natural white lights and im-
prove CRI value at the same time owing to the
lack of red-light components in its emitted white
lights. So, the CaAlSiN3:Eu?* (CASN:Eu?")
red phosphors were integrated into the glass ma-
trix to improve the CRI of PiG based WLEDs
[15]-[17]. However, there were the thermal re-
duction occurring to the red phosphor particles
in the co-sintering time and the interfacial re-
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action between the red phosphor and the glass
powder. These occurrences were the main cause
of the red-phosphor quantum efficiency degra-
dation [18, 19]. Moreover, the total internal re-
flection (TIR) at the contacting surface between
the glass matrix and the air existed in WLEDs
with the flat PiG converter due to the discrep-
ancy between the glass and air refractive indices,
which trapped light and reduced WLED light-
ing capacity. Meanwhile, the structure with mi-
cro/nano patterns was recognized as an effective
method to reduce the TIR as well as promote the
efficiency in light extraction. For that reason, re-
searchers proposed various directions to produce
patterned structures, some of which were lithog-
raphy, photoresist reflow, direct laser writing,
and inkjet imprinting. Yet, the problem here
was that the photolithographic stage included
in the production process of most methods cost
too much and took a lot of time to be carried out
and also resulted in environmental defilement.
For the direct laser writing technique, the pat-
terned configurations can be produced precisely
but it was high-cost and inadequate for large-
scale production. The inkjet printing was unfa-
vorable in WLED fabrication due to its inhomo-
geneous morphology and large size in spite of its
mask-less, large-scale, and low-cost manufactur-
ing features. Hence, figuring out a strategy that
can flexibly and effectively promote light extrac-
tion and color uniformity for YAG:Ce3* PiG is
one of the most challenging issues for WLED
manufacturers.

In order to suggest a potential phosphor struc-
ture for YAG:Ce3* PiG to achieve better perfor-
mances, the triple-layer remote phosphor con-
figuration is introduced in this research paper.
The studied remote phosphor structure consists
of three different phosphor films which are red
phosphor LaAlzB4O;5:Eu®t, green phosphor
LiAlO2:Mn?*, and yellow phosphor YAG:Ce3+.
The preset correlated color temperatures of the
WLED models are 6600 K and 7700 K. Addi-
tionally, in this study, the WLED model of dual-
layer structure with the red phosphor layer is
fabricated, besides the proposed triple-layer con-
figuration. The utilization of these two differ-
ent phosphor structures is to analyze and com-
pare the optical performances of WLED pack-
ages with each structure for the verification of
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triple-layer structure’s efficiency. Moreover, the
Mie-scattering and the Lambert-Beer law are
applied to calculate and examine the scattering
ability and the light power of the WLED using
two multi-layer remote phosphor structures [20].
The results generally show that the triple-layer
configuration is better than the dual-layer one
in terms of the uniformity of color distribution
and luminescence. The presence of the red and
green phosphor films is beneficial to the optical
properties of the WLEDs. Particularly, the red
phosphor LaAl;B,O15:Eu®t layer can boost the
red-light components to enhance the color ren-
dering ability, while the green LiAlO5:Mn?* film
helps to improve the light extraction efficiency.
Therefore, the triple-layer performs higher light-
ing efficiency than the dual-layer. Hence, the
triple-layer is believed to be the suitable alter-
native to the dual-layer structure.

The organization for the rest of this article can
be described as follows. The fabrications of the
yellow, green and red phosphors as well as the
organization of the phosphor layers are included
in Section 2. Next, Section 3 presents the math-
ematic model for the analysis of phosphor layers’
optical performance, followed by detailed discus-
sions on the obtained outcomes. Finally, Section
4 summarizes the results and suggestions in the
whole research for reference.

2. Research method

2.1. Preparation of phosphor

materials

This part demonstrates the preparation
processes and optical properties of green
LiAlO5:Mn?*t, red LaAl3B40;2:Eu®t and
yellow Y3Al5019:Ce>t  phosphor particles.
The composition of each phosphor material is
presented in Tabs. 1, 2 and 3.

The fabrication of the green phosphor
LiAlO5:Mn?* includes two stages of firing but
at first all the ingredients must be slurried in
methanol to create the fundamental mixture.
Then, let the mixture dry naturally in air. The
first stage of firing is carried out after the dried
mixture is turned into powder. In this stage,
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the powder is fired at 1200°C in covered alu-
mina crucibles with a Ny flow for an hour. As
soon as the firing time is finished, the product
is taken out for powederizing. In the next stage,
the powder goes through another 2-hour firing
process in open quartz boats filled with CO flows
at a higher temperature of 1250°C. The attained
green phosphor LiAlO,:Mn?t has an emission
peak of 2.375 eV, an emission width of 0.15
eV, approximate 6-8% excitation efficiency by e-
beam, and non-exponetial decay with long and
strong phosphorescence.

Tab. 1: The composition of green  phosphor
LiAlO2:Mn2t.
Ingredients Mole % By weight
Li;CO3 99 (of Li) 36.6
MnCO3 2 2.3
Tab. 2: The composition of red phosphor
LaAl3B4O12:Eudt.
Ingredients Mole % By weight
LayO3 90 (of La) 147
Euy03 10 (of Eu) 17.6
Al, O3 300 (of Al) 153
H3BO3 410 254
Tab. 3: The composition of yellow  phosphor
Y3Al5012:Ce3+.
Ingredients Mole % By weight
Y03 100 10
Al,O3 200 9.03
B203 2 0.062
For the red phosphor
LaAl;B4O15:Eu®™ preparation, the process

starts with dry milling or milling to mix all the
ingredients. After that, the mixture is fried
for three times in open quartz boats with air.
In the first firing, it is carried out at around
500°C and finished with the composition being
powderized. The second firing process occurs at
900°C within 1 hour and is also followed by the
powderizing. The final firing stage is a 2-hour
process at 1200°C. After the third firing stage is
finished, the red phosphor LaAl3B4O;9:Eut is
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obtained with the following optical character-
istics: 2.005 eV and 2.020 eV emission peaks
and excitation efficiency by UV at +(4.88 €V),
-(3.40 eV) photon energy.

The process of preparing yellow phosphor
Y3Al5015:Cet includes 2 stages of firing, and
can be demonstrated as follows. The listed in-
gredients of yellow phosphor composition are
mixed together by dry grinding in a mortar for
30 minutes. After that, this mixture is pressed
into pellets with a hydraulic press machine at
40,000 psi. The pressed mixture is then dried
in air and powderized before being fired. The
first firing is conducted afterwards with Ny flows,
at the temperature of 1000°C for 2 hours. As
soon as the firing finishes, the product is taken
out and turned into powders. Subsequently, the
powder is re-pressed into pellets. The pellets
are next fired in the combination of 95% Ny
+5% H, for 3 hours and at 1400°C. The at-
tained Y3Al5019:Ce3t phosphor has the violet
emission color, 528-nm emission peak, and emis-
sion width of 4580 cm™!.

2.2. Simulation process

The illustrations in Fig. 1 show the configu-
rations of dual-layer (Fig. 1(a)), and triple-
layer (Fig. 1(b)) remote phosphor used in this
study. In the dual-layer model, the red phosphor
layer is above the yellow phosphor YAG:Ce?*
which covers the blue chip area. Meanwhile,
in the triple-layer one, the green phosphor film
is placed between the yellow and the red phos-
phor layers. Besides that, the substrate where
the blue LED chips are attached is made of alu-
minum nitride, the average correlated color tem-
peratures (ACCTs) applied for these WLEDs
models are 6600 K and 7700 K, and the thickness
of each phosphor layer is set at 0.08 mm. For the
stability of the ACCTs, YAG:Ce3T yellow phos-
phor concentration varies in accordance with the
changes of red or green phosphor concentrations.
Moreover, in both DL and TL structures, the
YAG:Ce?t concentrations are various at each
ACCT, which enriches the scattering ability in-
side the LED package and results in the diversity
in device’s optical performances.
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Fig. 1: Illustrations of multi-layer phosphor structures
of white LEDs: (a) Dual-layer phosphor (DL)
and (b) triple-layer phosphor (TL).

Figure 2 presents that the TL structure has
lower concentration of YAG:Ce3* than the DL
structure does, at any ACCT. Given that both
structures have the same ACCTs, the higher
concentration of YAG:Ce?t implies the higher
chance of backscattering occurrences, and this
results in the degradation of lumen efficiency. In
addition to that, the rising YAG:Ce3* concen-
tration also causes the imbalance to the white
light color components (red, yellow, and green)
and thus reducing the chromatic homogene-
ity of the WLED. In other words, the height-
ened YAG:Ce®* concentration probably dimin-
ishes either luminous efficacy or color quality of
WLED devices.

To achieve the advancement in lumen output
and color uniformity for WLED packages with
remote phosphor structures, the backscattering
must be minimized with the enhancement in red
light components. In addition to the red lights,
the green lights play an important role in man-
aging the quality of chromaticity and luminous
flux. Thus, it has turned out that the triple-
layer remote phosphor configuration can become
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Fig. 2: The concentration of yellow YAG:Ce3t phos-
phor in each remote phosphor structure at each
different ACCT: (top) DL; (bottom) TL.
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Fig. 3: Emission spectra of phosphor configurations.

one of the most flexible and effective solutions.
Hence, this article will provide more vital results
of using TL structures through comparison and
spectral emission results to reinforce this state-
ment.

(© 2021 Journal of Advanced Engineering and Computation (JAEC)

3. Results and analysis
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Fig. 4: The concentration of yellow YAG:Ce3t phos-
phor in each remote phosphor structure at each
different ACCT: (top) DL; (bottom) TL.

The comparison between the DL and TL
structures in terms of CRI is demonstrated in
Fig. 4. As can be seen, DL structure yields bet-
ter CRI than TL structure at all ACCTs. Ad-
ditionally, the CRI tends to go upward along
with the increase of red phosphor concentration
and shows considerable improvement at the high
ACCT of 7700 K. The LaAl3B4O15:Eud™ red
phosphor layer in this DL structure benefits the
CRI as it increases the red photons in light com-
ponents. Managing CRI in WLED with high
ACCT (more than 7000 K) is still a complicated
and difficult task, which emphasizes the impor-
tance of this information to WLED manufactur-
ers. Meanwhile, in the case of TL structure, CRI
seems to be stable at all ACCTs. Thus, if the
goal of the manufacturer is attaining high-CRI
WLEDs, the DL structure can be chosen. On
the other hand, the CRI is an essential param-
eter used to examine the WLED color quality;
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however, it cannot fully evaluate all aspects of
a light source. According to many researchers
in the recent years, color quality scale (CQS) is
considered as a more thorough index in evalu-
ating the chromaticity of white lights. The rea-
son is that CQS includes three different factors
for color examination: color rendering index, the
preference of viewers, and the chromaticity co-
ordinate. The results of CQS in DL and TL
packages are illustrated in Fig. 5, from which
a general comparison is drawn. In contrast to
the CRI results, the CQS in TL structure is
much better than that in the DL. This can be
attributed to the ability of balancing the red,
yellow, and green light colors in the WLED of
the triple-layer remote phosphor structure.
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Fig. 5: Color quality scale of phosphor configurations

corresponding to ACCTs.

According to the discussion above, the TL
structure can be applied to mass-production
when the manufacturer aims to accomplish high
color quality for WLEDs. However, this find-
ing has raised a doubt about if the luminous
flux could maintain the same performance when
color quality is enhanced. The comparison be-
tween the luminous output of the DL and of
the TL is necessary to solve this question. This
paper uses a mathematic system to verify the
advancement in the lighting efficiency of these
structures. In particular, the equations used to
calculate the transmitted blue light and con-
verted yellow light in both remote phosphor
structures are demonstrated and the results are
explained and discussed afterwards.

In the case of DL model having A thickness for
each phosphor layer, its transmitted blue light
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and converted yellow light are:

PBy = PBye “B2le=am:h — pBe=2am:h (1)

P}/Q — %ﬂ 670&)/2}1 _ e*aBZh] efocyzh
By, — Ay,
+ lﬂ e*ayzh _ efozBQh]
2 ap, — Ay,
1 2P By

e—QO(yl h _ —20(31 h]

(2)

= - €
20(32 — Ay,

Meanwhile, for the TL configuration, each
phosphor film has a thickness of % and com-
putations of its transmitted blue light and con-
verted yellow light can be demonstrated as:

3 3 3
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h in the above equations indicates the thick-
ness of each phosphor film in the remote phos-
phor packages. Besides that, the subscripts “2”
and “3” present the DL and TL structures, re-
spectively. (3 shows the conversion coefficient
for blue light converting to yellow light, and
~ means the reflection coefficient of the yellow
light. PB; demonstrates the intensities of blue
light (PB) and yellow light (PY) which are the
light intensity from blue LED. ap; ay describes
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the fractions of the energy loss of blue and yel-
low lights during their propagation in the phos-
phor layer, respectively. In addition, PY’; in Eq.
(4) is the parameter indicating the yellow light
transmitted through two phosphor films.

The lighting performance of a WLED device
is significantly enhanced with the application
of the triple-layer remote phosphor structure,
which is even higher than the light output of
the dual-layer model:

(PBs — PY3) — (PBy + PY3)

PBs 4+ PY;
—20&3 h —2043 h
€ 37 —e€ 2
> e*20{y3h _ 6720632}7, > O (6)

The scattering properties of phosphor layers are
studied through Mie-scattering theory [21], by
which the computation of scattering cross sec-
tion C,., for spherical particles is carried out.
The Lambert-Beer law is also utilized for the
calculation of light power:

(7)

In Eq. (7), the incident light power is indicated
by Iy, while L (mm) expresses the thickness of
the phosphor film. The extinction coefficient
Lext 1S calculated through the following equa-
tion: plext = N;Cext , with the parameters of N,
(mm~3) and Cey (mm?) are the number den-
sity distribution and the extinction cross-section
of phosphor particles, respectively. As the Eq.
(6) implied, the lumen efficiency of applying the
triple-layer remote phosphor structure is higher
than that of using the dual-layer package. In
Fig. 6, the graphs also present clearly that the
luminous flux emitted from the TL model is bet-
ter than the DL. The explanation for this re-
sult is the developed emission intensity in the
wavelength from 500-600 nm of the triple-layer
phosphor as a result of YAG:Ce3* concentra-
tion decreased to stabilize the ACCT. Therefore,
the amount of backscattering lights inside the
triple-layer remote phosphor WLED packages is
minimized, allowing the LED chip’s blue lights
to be easily transmitted through the YAG:Ce3+
phosphor layer to other phosphor films. It can
be said that the TL contributes greatly to a
more effective conversion of the blue light energy
from the blue chips, so in comparison with the

I'= Iy exp(—pexc L)

(© 2021 Journal of Advanced Engineering and Computation (JAEC)

dual-layer package, the triple-layer model can
generate greater intensity in white-light emis-
sion spectrum, resulting in the superior lumi-
nescence. Thus, the assumption about that the
TL structure can yield higher lumen output and
more homogeneous color for white lights has
been proved, which also proves that optical per-
formances including CQS and LE can be en-
hanced with TL structure.
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Fig. 6: Luminous output (LO) of phosphor configura-
tions corresponding to ACCTs: (top) DL; (bot-
tom) TL.

Besides the lumen output, the chromaticity
of the white light is also an important factor
of a high-quality WLED. Therefore, in many
studies, various methods are proposed with the
aim of enhancing the color uniformity of the
white light, for example, using scattering en-
hancement nano particles (SiOy, CaCOs,...),
or fabricating conformal phosphor configura-
tion. It was recorded that chromatic homo-
geneity enhanced with these techniques but the
luminous flux declined. On the other hand,
the discussion above has confirmed that the
triple-layer remote phosphor structure can ben-
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efit both of these optical properties for WLEDs.
The addition of two phosphor layers, red phos-
phor LaAl3B4O15:Eu?t and green phosphor
LiAlO2:Mn?*, increases the scattering proper-
ties of lights, the green and red light compo-
nents, to balance the color elements, resulting
in a more uniform chromaticity of white lights.
Moreover, the remote phosphor packaging con-
tributes significantly to backscattering reduction
in WLEDs, and as a result the lumen output is
better. However, to elevate the power transmis-
sion to the highest, the phosphor concentrations
must be adjusted properly, according to Eq. (7)
that based on the Beer’s law. Figure 7 is the
demonstration of the correlated color tempera-
ture deviation (D-CCT) from the remote phos-
phor configurations. Obviously, the TL struc-
ture is more beneficial to the color uniformity
than the DL structures.

The D-CCT of the TL is greatly reduced es-
pecially at high ACCT WLEDs above 7700 K.
The lower D-CCT leads to the better chromatic
homogeneity since the scattering events inside
the WLED packages are enhanced by the phos-
phor layers. The increase in the internal scatter-
ing however seems to decrease the luminous flux
but it is acceptable as the benefit of backscatter-
ing reduction from TL is enough to compensate
lumen decrease. Hence, we can assure that the
improvement in both color quality and lumen ef-
ficiency can be achieved with the TL structure.

174

4. Conclusions

The effects of the dual-layer and triple-layer
remote phosphor structures on the lighting
properties of WLEDs with 6600 K and 7700
K ACCTs are described and compared in
this research paper. The phosphor compo-
nents of the remote phosphor models are red
phosphor LaAlzB4O;2:Eu®t, green phosphor
LiAlO2:Mn?*, and yellow phosphor YAG:Ce3+.
The results of experiments are examined with
the Mie-scattering theory and the Beer’s law.
The outcomes demonstrate that the TL struc-
ture is more advantageous in improving the
color quality and the luminous efficiency of the
WLED than the DL configuration. All these
enhancements can be attributed to the pres-
ence of both green and red phosphor layers in
the packaging structure. The green phosphor
LiAlO5:Mn?* adds more green photons for bet-
ter color uniformity and emitted flux. Mean-
while, the red phosphor LaAl3B4O12:Eu?t in-
creases the red lights to improve the CRI and
CQS of white light. Though the TL is inferior in
the CRI but its CQS is much better, compared
to those of the DL structure. Moreover, the color
uniformity depends on the balance of three col-
ors (yellow, green, and red), so the triple-layer
becomes the more suitable structure for WLEDs
to achieve this goal. In addition to that, the
TL results in a significant decrease in backscat-
tering light, which increases the lumen output
even higher than the one in the DL. In short,
the TL can be simultaneously better the chro-
maticity and the luminescence for WLED. With
the information provided in this article, manu-
facturers can decide the remote phosphor pack-
age that matches their requirements for WLED
production.
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