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To enhance color quality of glass-based phosphor-converted white light-
emitting diodes (pc-WLEDs) with multi-layer remote phosphor layer
structures, two phosphors, green CdS:In and red ZnS:Te,Mn, are integrated
into the glass matrix and applied to the dual-layer and triple-layer WLED
packages. The attained results were examined with Mie-scattering theory and
Lambert-Beer law. The dual-layer showed significant enhancement in color
rendering index (CRI), in the range of approximate 80-90. Meanwhile, CRI in
the triple-layer was lower and stayed around 66. In terms of color quality
scale (CQS), a more overall color evaluating index, triple-layer structure helps
the glass-based WLED achieve higher value than the dual-layer. The triple-
layer is also beneficial to the luminous efficacy, according to the
experimented results. Thus, the triple-layer structure can be used to strengthen
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the benefit of the glass matrix used in WLED products.
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1. INTRODUCTION

In the illuminating field these days, white light-emitting diodes (WLEDs) have been considered as
an excellent light source that can replace conventional fluorescent and incandescent lights in various
illuminating fields, including general lightings, backlighting, and vehicle headlight. They have received such
significant recognition due to their small size, high durability, high lighting efficiency, and being energy-
saving and eco-green [1], [2]. According to researchers, not only does the luminous flux but the chromatic
quality including color rendering index (CRI) also have great effects on human’s psychology and physiology
[3]1, [4]. Therefore, the color performance plays an indispensable role in achieving users’ satisfaction. It is
noted that a WLED with high CRI value has a continuous broad-band spectrum but the common WLED
package, InGaN-based WLED using the mixture of yellow phosphor and resin, results in CRI just around 70.
Researchers proposed integrating multiple phosphors into the silicone matrix to enhance CRI for WLED, and
attained the resut above 85 [5], [6]. However, the thermal instability is one of the main problems that the
high-power WLED using resin-based phosphors confronts. The heat emitted from the LED chip during the
operation of a WLED device gradually damages the resin matrix, and from this the optical performance of
the device is negatively affected. Thus, it is essential for manufacturers to have an alternative material whose
matrix has high thermal stability to attain high performance. Several matrix materials were introduced with
high thermal stability and average optical efficiency for WLED mixed phosphor base, including the ceramics
matrix [7], [8] and glass matrix [9], [10]. These two matrixes are produced by applying recrystallizing
method at high temperature (above 1000°C), and this technique probably increases the cost of thermal-
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durable phosphor fabrication. Thus, they are not favorable to WLED manufacturers. According to a previous
study, directly integrating phosphor crystals into the glass matrix can lower the temperature of glass-based
phosphor process to 680°C, which is also beneficial to the manufacturing cost [11], [12]. In addition, this
glass-based phosphor has high thermal-stable efficiency. Along with figuring out a way to attain cost-
effective the glass-based phosphors, researches also aim at achieving high color rendering index (CRI) with
this glass matrix. In a study, they pointed out that the reduction of phosphor interdiffusion can greatly
enhance CRI value for glass-based phosphor WLEDs [13], [14]. Based on mentioned reports, we believe that
using glass-based phosphor structure can boost the color rendering index and luminescence performance for
pc-WLEDs. In this study, we aim to attain high color quality scale and luminous efficiency with multiple-
layer remote phosphor structure utilizing sodium glass-based phosphors. As far as we concerned, color
quality scale is more powerful than color rendering index in terms of evaluating color quality of a pc-WLED
device. The sodium-based glass has high thermal stability and transparency, so is advantageous to these
researched multiple glass-based phosphors WLEDs [15], [16]. Besides, the remote-phosphor structure is
well-known for excellent luminous efficiency, so this structure is applied to form the novel glass-based
WLED package. The phosphors dispersed into the sodium-based glass matrix are red ZnS:Te,Mn and green
CdS:In phosphors, in addition to the yellow YAG:Ce phosphor. These phosphors were integrated with
appropriate proportions. Several experiments were conducted on the dual-layer (DL) and triple-layer (TL)
remote glass-based phosphor structures. The comparison between these two packages is drawn and shows
considerable differences accompanying with significant enhancement in the adequacy of chromaticity and
lumen output.

2. RESEARCH METHOD
2.1. Preparation of phosphor materials

We have to prepare the green CdS:In and red ZnS:Te,Mn phosphor materials to before blending
them with the glass matrix. Their preparation processes must be carried out following an exact order. The
composition of green CdS:In includes 99 mole% CdS and 1 mole% In.O3 with the weight of 1 g and 7.95 mg,
respectively. The dry CdS and In powders are first placed in a quartz ampoule and then mixed vigorously
with a Vortex mixer. After that, the quartz ampoule is sealed under vacuum, about 1 x 10 torr, and then
annealed at 900°C for 10 hours [17], [18]. After 10 hours, open the ampoule and take the mixture out for
grinding into fine powder with a mortar and pestle. Next, the compound powder is placed in the quartz
ampoule which is sealed and annealed under the same condition as the previous stage. As soon as the
annealing time is finished, open the ampoule and one more time grind the compound into powder. It is noted
that the attained compound must be in uniform light green color; if the compound has green light color but
not uniform, it can be 10-hour annealed for the third time in a vacuum-sealed ampoule at 900°C. The
successfully attained green CdS:In phosphor has the greenish-yellow body color, and green emission that
peaks at about 519 nm. Besides, green CdS:In phosphor is excited by all UV and by visible blue light. The
preparation process of red ZnS:Te,Mn phosphor is less complicated than that of the green CdS:In particles.
First, the composition of 94 mole% ZnS, 3 mole% ZnTe, 3 mole% MnO, and 10 mole% S is mixed and
ground. The attained compound is going through a pre-sintering stage at 800°C in N, for about 2 hours. After
this stage, the compound is turned into powders and then ground again [19]. The next sintering process of
this compound is carried out at 1200°C in N2 gas and lasts for 3 hours. The final ZnS:Te,Mn particles has red
emission color with the peak emission at of 650 nm. In addition to that, in terms of excitation efficiency by
UV, red ZnS:Te,Mn is excited by 280-380 nm UV and 450-540 nm blue green light.

2.2. Simulation process

The composition of sodium mother glass includes SiO; (60 mol%), Na,COs (25 mol%), Al,Os3
(9 mol%), and CaO (6 mol%). These ingredients were blended uniformly, then the mixture was melted at
1300°C, and finally cooled to the room temperature. Afterwards, the attained cullet glass was turned into
powders by grinding and then screened to have a size of under 125um. Red ZnS:Te,Mn and green CdS: In
phosphor particles with a size of 10um were mixed into glass powders to create glass phosphor precursor.
After that, the precursor was sintered at the temperature of 680°C for 30 minutes, before going through an
annealing process at 350°C for about 3 hours. The phosphor-glass product was cooled to the room
temperature [20], [21]. To form the multiple-layer glass-based remote phosphor structure, the cooled
phosphor glass was cut into thin disks with a thickness of 0.08 mm, and a diameter of 15 mm. The red
phosphor-glass disk was placed above the yellow phosphor layer in the dual-layer remote phosphor structure.
In the triple-layer remote phosphor structure, the green glass-based phosphor film appeared in between the
red glass-based phosphor and yellow phosphor classes, with the red phosphor at the top and the yellow
phosphor at the bottom. The concentration of red phosphor in the glass matrix is changeable to observe the
effects of yellow phosphor fluctuation on the WLED optical properties. The photoluminescence and
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absorption spectrum of the glass-based phosphors, emitted by bare blue chips, were analyzed to attain the
internal quantum yield. To measure the luminescence spectra of glass-phosphor WLED packages, we used a
charge-coupled device detector configured on an integrating sphere calibrated with a Photo Research, Inc.
PR-650 SpectraScan Colorimeter, see Figure 1. The chromatic evaluating parameters, including color
rendering index (CRI), color coordinates, correlated color temperature (CCT), and lumen output values of
pc-WLED packages using glass-based phosphors were investigated with the emission spectra and at the same
driving current.

(@) (b)

Figure 1. lllustration of white LED multi-layer phosphorous structures, (a) Dual-layer
phosphorus (DL), (b) triple-layer phosphorus (TL)

The concentration of yellow phosphor YAG:Ce®* is varied following the change in concentrations of
red phosphor in the glass-based phosphor layer to achieve the stability in average CCTs. Besides,
concentrations of yellow phosphors are different at each distinguish CCT, which causes diverse internal
scattering occurrences of WLED structures to happen and leads to the variations in lighting performance
results. As presented in Figure 2, the phosphor concentration of YAG:Ce®* in dual-layer WLED structure was
higher than in triple-layer structure at any average CCT. Given that average CCTs of DL and TL structures
are the same, the higher concentration of YAG:Ce3* results in the increase of backscattering lights and then
reduces the lumen efficiency. What is more, the color balance will be destroyed as the yellow phosphor
concentration increases, which greatly damages the chromaticity of generated white lights. Therefore, the
enhancement in color quality and luminous flux can be achieved provided that backscattering effects are
reduced. This requirement can be attained by adding red-light components to the white-light generating
process. In addition to the backscattering reduction, the improvement in lumen output can be fulfilled with
the addition of green-light elements. As can be seen in Figure 3, the TL configuaration has the emission
spectra significantly improved and better than that of DL configuration. Thus, it is possible to assume that the
triple-layer glass-based phosphor structure can be used to attain the high color quality, lumen efficiency, and
thermal stability for WLED products. We will discuss this assumption in detail in the next section.
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Figure 2. The concentration of yellow YAG:Ce®" phosphor in each remote phosphor structure, (a) DL,

(b) TL
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Figure 3. Emission spectra of phosphor configurations

3. RESULTS AND DISCUSSIONS

In Figure 4, CRI values of dual-layer and triple-layer simulation models were demonstrated. It is
easy to see that the CRI of DL structure is superior to that of the TL one, and it increases with the rise of red
phosphor concentration. Especially, the DL obtained the CRI peak, about 85, at 8500K CCT. This means the
DL structure can gain high CRI for high-CCT WLED packages, which is one of difficult task for WLED
using remote phosphor structure. Red ZnS:Te,Mn particles in glass-phosphor layer of the DL structure adds
more red lights to the white-light generating process, leading to the increase in CRI. The TL structure showed
stable CRI value, which remains at average level of about 66.
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Figure 4. Color rendering indexes of phosphor configurations corresponding to ACCTs, (a) DL, (b) TL

Recently, aside high color rendering index, researchers have aimed at excellent color quality scale
(CQS). They stated that color quality scale is superior than CRI because CRI is one of three elements
comprising CQS. The other two factors are viewers' preference and chromaticity coordinate. Thus, a WLED
having high CQS value means it has high color quality. Figure 5 showed the CQS value obtained in two-
layered and three-layered structures. The TL structure presented better CQS than the DL model as the
chromatic balance among three basic color components of white-lights: red, green, and yellow was formed.
At this point, three-layered packaging design is more suitable to be applied in WLED packages for higher
color adequacy.

The TL structure can effectively boost the color quality, but there is no assurance that the luminous
flux will be elevated simultaneously because it is noted that if the chromatic homogeneity increases, the
lumen output will decrease. Therefore, to confirm the benefits of the TL to the luminous flux, we carried out
a mathematic system of transmitted blue light and converted yellow light in the triple-layer structure and
presented below as the following. The transmitted blue light and converted yellow light in dual-layer
structure with each phosphor layer having the thickness of h, the calculation is expressed as [22], [23]:

PB, = PBye~*B2"e 62" = pPB e~ ?%B2" (1)
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Figure 5. Color quality scale of the corresponding ACCTs phosphor configurations

The TL with phosphor layer thickness of %h, these mentioned blue light and yellow light can be computed
by:

— —ap, 2 —ap, At —ap, i _ —2ag.h (3)
PB; = PBy.e "P23.e "P23.,e "F23 = PBj.e 3
' 1 B3PBog —ay, 2t —ap . _ay 2P 1{33P30e_“3323_h —av. 2R —an. 2t
PY'; =-———[e "33 —e "B33]e V33 + - ——— [e V33 — e “B33
2 ap3;—Qygy 2 ap3;—Qy, (4)
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Where h presents the phosphor layer’s thickness, “2” and “3” are the subscripts describing the dual-layer and
triple-layer phosphor configurations, respectively. g is the conversion coefficient for the blue light that
converts to the yellow light, and y is the reflection coefficient of the yellow light. PB demonstrates the
intensity of blue lights, and PY shows the intensity of yellow lights. PBo describes the light intensity from the
blue LED chip which includes both blue and yellow light intensities. ag and ay present the fractions of the
energy loss of blue and yellow lights during their propagation in the phosphor layer respectively. Besides,
PY’3in (4) is the yellow transmitted light through two phosphor layers.

The lighting performance achieved with TL structure is greatly heightened, even higher than with DL model:

(PB3—PY3)—(PBy+PYy) _ e 2%B3l _ o=20Bph

(PB+PY5) e 2ay3h _ ,—2ap,h

>0 (6)

Mie-scattering theory is used to study the scattering events inside remote-phosphor WLEDs and support the
computation of scattering cross section Cy, for spherical particles. Additionally, Lambert-Beer law is utilized
to compute the transmitted light power [24], [25]:

I=1y exp(-peal) (7
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In (7), Iy presents the incident light power; L is used to indicate the thickness of a phosphor layer
(mm), while u.. describes the extinction coefficient. In addition, the expression for calculating u.. can be
demonstrated as follows: gew=N;.Cex, in which N, (mm™) and C. (mm?) indicate the number density
distribution and the extinction cross-section of phosphor particles, respectively.

Based on (6), it can be said that triple-layer glass-based remote phosphor structure probably results
in better luminous efficiency than the dual-layer structure. This result was also presented in Figure 6. So, we
can assure that the triple-layer module can perfectly improve the color and luminous performances at the
same time. This impressive advancement of TL structure can be attributed to the higher emission spectrum in
500 nm-600 nm wavelength band, which can be seen in Figure 3. The greater emission intensity is the result
of the significant reduction of yellow phosphor concentration to maintain the CCT for triple-layer WLEDs.
When the yellow phosphor contents were largely reduced, the TL can diminish the backscattering events,
help the transmission through the other phosphor layers of the light emitted from blue chips become more
easier, which means that the blue-chip emitting light can be converted more effectively. Thus, TL structure
can achieve better luminous efficacy than DL configuration. The color uniformity is one of the most
important factors to the color quality of WLED devices. The common way to enhance the color uniformity is
to improve the scattering of lights inside the LED package. Thus, scattering enhancing particles (SEPs),
including SiO;, CaCOs, etc., were applied to fabricate remote phosphor configuration. Though the color
uniformity was improved, the luminous flux showed considerable degradation. However, the triple-layer
structure can minimize the disadvantage in lumen output of the WLED. The benefits of using red ZnS:Te,Mn
and green CdS:In phosphor in TL design are boosted scattering ability and increased proportions of green and
red light components inside the WLED, resulting in better quality of white light. Besides, the remote
phosphor structure is beneficial to the luminous flux as it effectively reduces the backscattering effect which
is the primary factor causing the luminous efficiency to decline. However, according to (7), to manage to
accomplish the best power transmission, the phosphor must be added with a suitable concentration, which
will be investigated in our other future works.
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Figure 6. Luminous output (LO) of phosphor configurations corresponding to ACCTs, (a) DL, (b) TL

In Figure 7, the deviations in correlated color temperature (D-CCT) of DL and TL structures were
illustrated. The D-CCT value in TL configuration is lower than in DL model. This D-CCT difference is more
obvious when they were applied to WLED with high average CCT, for example 8500 K CCT. The lower the
D-CCT value the better the color homogeneity, due to the scattering enhancement when there are more
phosphor layers applied. As mentioned before, the increase of scattering events leads to the reduction of
luminous flux. However, the advantages of reducing backscattering effects are more than this reduction in
luminous flux. Moreover, the lumen efficiency of the TL is better than the DL structure. Therefore, the triple-
layer structure can be used to fabricate WLED with high color quality and improved lumen efficacy.
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Figure 7. Correlated color temperature deviation (D-CCT) of remote phosphor configurations corresponding
to ACCTs

4. CONCLUSION

In this paper, we developed WLED models using multi-layer remote phosphor with the phosphor
layer formed by integrating red and green phosphor particles into the glass matrix. The glass-based phosphor
can help the WLED attain high thermal stability while the remote structure can enhance the lumen efficiency.
The two experimented remote phosphor modules are the dual-layer structure using a red phosphor/glass
layer, and the triple-layer using both green and red phosphor-glass layers, in addition to the original yellow
phosphor YAG:Ce®* layer. The results showed that the dual-layer is superior in color rendering index but
inferior in color quality scale, in comparison with the triple-layer structure. Besides better CQS, the triple-
layer structure has greater reduction in color deviation due to the enhanced scattering ability. Not only is the
color quality promoted but also the lumen efficiency is better when using the triple-layer structure, which can
be attributed greatly to the considerable backscattering minimization. In short, the triple-layer remote
phosphor with glass-based phosphor layers can be utilized in WLED production for a high-power pc-WLED
generation with high thermal durability, better color adequacy, great lumen efficacy, and can be applied
widely in not only outdoor but also indoor lightings.
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