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1. INTRODUCTION

The method of using light-emitting diode (LEDSs) to create white light (WLEDs) has been proposed
and practiced in many different fields from industrial usage to aesthetic lighting application. The advantages of
using LEDs, which are small dimensions, flexibility, durability, environmental friendliness, and saving on
energy, have extended the scale of WLED application. The high demand of WLEDs for advanced technologies
has led to a strong urge for WLED innovation and captured researchers’ attention [1]-[3]. The WLEDs that have
been currently commercially used consist of blue LEDs chips and the compound Y3Als012:Ce** (YAG:Ce®")
phosphor and organic resins [4], [5]. This configuration of WLEDs was simple and had low manufacturing
costs while still accomplishing an adequate level of performance but not suitable for lighting applications with
higher demands. In particular, these conventional WLEDs showed high thermal discharge which lowered the
working hours, changed the color temperature, affected light consistency, and projected less light with distorted
light color after a period of time [6], [7]. The incompatible refractive index between 1.5 of YAG:Ce3* yellow
phosphor and 1.8 of organic encapsulation became an obstacle that prevented the emitted light from being freely
transferred out of the device, which caused part of the total light to be trapped and re-absorbed [8], [9].
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Phosphor in-glass (PiG) with promising features such as durability, heat-generating consistency, and
minimal expansion size from the heat was used to improve the flaws existing in applying organic substances
[10]-[15]. The phosphor in-glass is formed by combining glass powders and phosphor particles at
temperatures lower than 800 °C and then placed in WLEDs as a light transmission layer. Moreover, the
refractive index of PiG can be modified to be compatible by combining more polarizable-ion with the
precursor of the glass matrix. Through applying screen-printing and low-temperature sintering to integrate
yellow YAG:Ce®*" phosphor with borosilicate glass, a PiG with YAG:Ce®* traits was created in the previous
study. The properties of the resulting light from this PiG were cool white light, 114 Im/W of LE, 5524 K
correlated color temperature (CCT), and a color rendering index (CRI) of 69 [16], [17]. Despite good lighting
efficiency, higher CRI (for example, over 85) in YAG:Ce®" PiG was somehow difficult to obtain. To achieve
high CRI, it requires high red light intensity in the lighting spectra to balance the primary color distribution,
yet the YAG:Ce* PiG did not provide the red color pattern to the spectral zone, leading to low CRI as well as
poor lighting quality. In order to address this issue, CaAlSiNs:Eu?* (CASN:Eu?*) was proposed to be added
into the PiG for increasing red light components [18], [19]. However, adding red phosphor might not be the
most efficient solution since the characteristics of a red phosphor, including the thermal degradation and the
interaction with the surface of the glass matrix, can be detrimental to light-emitting efficiency of red
CaAlSiNz:Eu?* (CASN:Eu 2*) phosphor. Not to mention, flat surface PiG also reduced total emitted light
because the discrepancy between the PiG and environment increased total internal reflection (TTR) and
caused more radiations to be reflected to the chip package. A solution of engraving patterned at microscopic
or nano size onto the package was introduced to reduce the light loss and led to numerous lithography
methods from photoresist reflow, direct laser writing, to inkjet imprinting to be applied. However, there was
a trade-off in using each solution, for example, the photolithographic technique would consume too much
time to operate and also result in mass pollution. Direct laser writing with impeccable accuracy can create
quality patterns, however, its cost was too much, so should not be considered for mass production. Inkjet
printing created mask-less lithography, offered cost efficiency, and was suitable for serial production but not
an ideal method due to inconsistent pattern and unsuitable size. As a result, finding an optimal fabrication
method for a YAG:Ce® PiG structure with affordable prices and high light emission rate and chromatic
performance is still unattainable.

To the best of our knowledge, a remote phosphor structure could address the cost and light emission
issues, but the chromatic performance was not improved. Hence, we tried to apply a dual-layer phosphor
(DLP) design to the remote phosphor structure (RPS), in which another phosphor film was placed the yellow
phosphor YAG:Ce®, to enhance the color homogeneity. Though the DLP configuration could stimulate color
uniformity, there still exist drawbacks in luminous flux (LF), which results in the idea of using three layers of
different phosphors with different emission colors to get a more uniform chroma performance with efficient
lumen strength. The assumption is the triple-layer phosphor (TLP) has better optical performances than the
dual-layer. However, to fabricate an optimal TLP structure, the concern is not only focused on the
concentration of added red and green phosphors but also on the distance between the phosphor layers and the
other components in the package. In this paper, we conducted experiments to prove the benefits of TLP
structures, and in terms of the distance among the phosphor layers, we will discuss this in another article.

Through the study of the TLP structure that consists of yellow YAG:Ce®*, green Zn,SiOs:Mn?* As®*,
and red YAI;B4012:Eu®* phosphor layers, we can demonstrate the impacts of this structure on achieving the
aforementioned target. The manuscript will provide vital content for references that are useful for WLED
manufacturers. In the next sections, the study will be organized as shown in. Section 2 is for related works, in
which we will demonstrate why we decide to work on a triple-layer remote phosphor layer for better WLED
quality. In section 3, the phosphor preparation of yellow, green, and red phosphor used in the experiments,
and the WLED simulation carried out with LightTools software are presented in detail. Section 4 is the
presentation of scattering computation, comparison, and discussion of the CRI, CQS, and LF performances of
the DLP and TLP structures. The conclusion or summary on the utility of the TLP remote structure is in
section 5.

2. RELATED WORKS

Various improvements were made to the remote phosphor structures to enhance their lighting
properties. The concept of using a multi-layer remote phosphor design was implemented and resulted in
noticeable enhancements in lumen output and chromatic properties of WLEDs. Adnan et al. [20] pointed out
the efficiency in the luminescence of dual-layer remote phosphor structure increased by 5%, and lower
chromatic deviation, in comparison with the conventional remote phosphor structure. Separating the red and
yellow phosphor in the remote structure also achieved an 18% enhancement in luminous flux and effectively
decreased the junction temperature; while its color shift is the same as the red-yellow-phosphor-mixed
structure [21]-[23]. Yet, the color parameter and the effects of the specific red phosphors used in the dual-
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layer structure were not deeply investigated in these studies. We cooperated with other researchers to analyze
the effects of red phosphor CaMgSi,Os:Eu?*,Mn?* in the dual-layer structure. The results showed that this
phosphor can result in higher CRI and CQS but a reduction in LF when being applied with a high
concentration. However, the luminous flux was still better than using a single-layer remote phosphor that
mixed the CaMgSi»Og:Eu?*,Mn?* into the yellow phosphor layer [24]. Besides, green phosphors were applied
to enhance the performance of WLEDs. SrBaSiO4:Eu?*, a favorable commercial phosphor, was put on the
yellow-emitting film with different concentrations. The higher concentration of SrBaSiO4:Eu®* heightened
the luminous flux and lowered the color deviation, yet degraded the CRI [25]. Here, we see that the red
phosphor is beneficial to the CRI while the green phosphor is good for the luminous flux. Besides, the dual-
layer structure somehow cannot manage to attain both high color rendering index and high lumen output
simultaneously. Therefore, we decided to combine both red and green phosphor to fabricate a new RPS.
The TLP structure, in which the phosphor layer of green-emitting phosphors is beneath that of red-emitting
phosphors and the yellow-emitting phosphor film, can take advantage of the benefits from the green and red
phosphors to perform better color quality and luminous efficiency for WLED packages. In this study, we will
present the changes in WLED optical properties of TLP structure. We also present a comparison of the
results from TLP and DLP structures to provide more evidence on the benefits of triple-layer remote
phosphor on future WLED developments.

3. RESEARCH METHOD
3.1. Preparation of phosphor materials

The preparation of yellow Y3Als0:12:Ce®* (YAG:Ce®) red YAIB4O:EU®* and green
Zn,Si04:Mn?* As® phosphors plays an indispensable role in building the experimented WLED remote
phosphor structures. The chemical compositions for these phosphors are presented in Tables 1-3. The
ingredients of yellow phosphor composition are mixed in water to form a slurry. Then this slurry is fired at
1,300 °C for an hour in a capped quartz tube filled with CO, followed by a powdering step. 2.7 g NH4CI will
be added and mixed with the powder by dry grinding. After that, this mixture is fired two more times at
1,300 °C. Particularly, the first time, it will be heated up in capped quartz tubes with CO for 2 hours, and
subsequently powdered. The second time, the firing process will be carried out in open quartz tubes with CO
for 1 hour. The attained Y3Als01,:Ce®* has an emission color of yellow-green with an emission peaking at
2.37 eV, and its emission width is about 0.45 eV.

Table 1. Chemical composition of yellow phosphor Y3Als012:Ce®* (YAG:Ce®)
Ingredient Mole% By weight (g)

Y20; 35.5 (of Y) 40
ALO; 62,5 (of Al) 32
CeO, 2 3.44
NH.CI 5 2.7

The fabrication process of green phosphor Zn,SiO4:Mn?*,As>* consists of 3 steps. First, combine all
the ingredients by ball-milling them in water for 2 hours. Second, the mixture is dried in air and powdered
subsequently. Finally, fire the resulting powder in a capped quartz tube at 1,200°C for an hour. The final
product should have a peak emission of 2.35 eV and emits a green color spectrum.

Table 2. Chemical composition of green phosphor Zn,SiOs:Mn?* As®*
Ingredient Mole% By weight (g)

ZnO 200 163
MnCO, 0.2 0.230
SiO, 102 62.1
As,03 0.02 (of As) 0.02

The fabrication process of red phosphor YAIl3B4O12:Eu®* starts with a blending step, includes 4
stages of firing, and ends with a washing step to remove residue. In the first step, the ingredients are mixed
by being ground together. Then, in the next 4 steps, the mixture is fired for an hour and ground into powder
at the end of each step. It is noted that the first firing is conducted at 500 °C in open quartz tube, while the
other three are carried out in an open alumina crucible and at 900 °C, 1,100 °C, and 1,200 °C, respectively.
After the fourth firing process is finished, wash the completed product with hot water several times and then
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leave it dry. The completed product should have red color emission with emission peaks at 2.01 and
2.035eV.

Table 3. Chemical composition of red phosphor YAI3B4012:Eu®*
Ingredient Mole% By weight (g)

Y205 90 (of Y) 102
Eu,0: 10 (of Eu) 17.6
AlLO; 300 (of Al) 153
H3BO; 410 248

3.2. Simulation process

The cross-section images of multi-layer WLED subjects used in the experiment are presented in
Figure 1. The Figures 1(a) and (b) depicting WLED devices with double-layer and triple-layer phosphor
settings (DLP and TLP), respectively. These figures also demonstrate the arrangement of components inside
the WLED: a half-dorm on top covers all the components, the chromatic phosphor layers with a thickness of
0.08 mm are placed in the order of red, green, and yellow, while the blue square cubes present the LEDs
chips are attached to the substrate. The blank spaces between the components are silicone gel joining them
together. The substrate used in the structure is aluminum nitride, the yellow phosphor is YAG:Ce®*, and the
color temperature is 5,600 K when viewing from the z-axis.

To ensure the calculation is accurate, the color temperature must be consistent when the phosphor
weight percentages (wt%) of YAI3B4O1:Eu®* and Zn,SiOs:Mn?* As®* increase. Therefore, the decline in
yellow YAG:Ce®* proportion is essential to achieve this goal. As a result, the amounts of YAG:Ce®* at
different ACCTs vary and cause the light scattering and optical properties to change. Figure 2 exhibits in
detail the correlation between YAG:Ce®* and ACCTs within two WLED devices with DLP and TLP settings.
In Figure 2(a), the phosphor YAG:Ce®** percentage at all CCT values in the DLP is greater than in the TLP.
YAG:Ce** with high concentration could initiate a higher probability of light loss owing to the increasing
back-scattered lights. Eventually, the light proportion that can be emitted from the WLED decreases, in other
words, the LF is reduced. Besides, the reproducing color quality is degraded with such an excessive
YAG:Ce®* concentration since the more the yellow phosphor concentration is applied, the more the yellow
lights are generated, which finally causes the imbalance among the component color spectra forming white
light, including yellow, blue, green, and red. In Figure 2(b) suggests that an excessively high proportion of
yellow lights probably causes the WLED light to lean over the yellow color and initiate the yellow ring to
appear on the object’s surface.

@ (b)

Figure 1. Pictures detailing the cross-sections of WLEDs with multiple layers (a) DLP and (b) TLP

From this hypothesis, limiting too much back-scattering events is a desirable solution for developing
the efficiency of white lights. One of the approaches to get this solution is to heighten the red spectral energy,
which can be successfully enriched by using red YAI3B4O12:Eu®* phosphors. The red phosphor benefits the
essential red-emission color for color rendition, as shown in Figure 3. On the other hand, the angular color
uniformity (ACU) and LF can get better performances with improved green-emission color by utilizing green
phosphor Zn,SiOs:Mn?*,As>*. Based on the criteria of these solutions, using the TLP could bring desired
results. However, for the practical use of the TLP configuration, its influences should be considered and
assessed carefully, which is demonstrated in the following sections.

Improving optical properties of white light-emitting diodes using triple ... (Binh Thanh Ly)



1246 O ISSN: 2502-4752

40

é 30
%

Q9 20
=

—8500 K 7000 K 5600 K
~5600 K 7000 K 8500 K 10
0 ) g ]‘4 2‘0 % 0.24 034 0.44 054 0.64 0.74 0.84
D .
Red phosphor (%) Distance (mm)
(@) (b)

Figure 2. Concentration variation of yellow phosphor YAG:Ce3* under different AACTs in two multi-layer
WLEDs (a) DLP and (b) TLP
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Figure 3. Emission spectra of the TLP and DLP at CCT 8,500 K

4. RESULTS AND DISCUSSION

After calculating CRI in each structure, the results are compared in Figure 4. From Figure 4(a), the
dual-layer structure is superior to the triple-layer in terms of CRI at every applied color temperature in the
experiment. In addition, the CRI was continuously rising from 5,600 K to 8,500 K color temperature. It has
been noted that the improvement of CRI in phosphor-converted WLEDs with high color temperature (7,000
K) is extremely hard to achieve, yet the DL still yields high CRI at 8,500 K, which demonstrates that DL
structure is appropriate to improve CRI in remote phosphor structure even in a structure with high color
temperature, see Figure 4(b).

Moreover, the CRI of DLP structure, as depicted in Figure 4(a), shows a gradual improvement when
the weight percentage of the red phosphor increases in 2-26 wt% range, which can be attributed to the
provided red light components by the additional red phosphor layer YAI3B4012:Eu®* in DLP structure. From
this result, it can be confirmed that a DL structure with a red phosphor layer is optimal for WLEDs
performing great CRI adequacy.
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Figure 4. CRI performances corresponding to ACCTs in two multi-layer WLEDs (a) DLP and (b) TLP
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Although the TLP structure is inferior to the DLP in terms of color rendering index, it excels in
color quality scale (CQS), which is presented in Figure 5. As soon as the lighting industry expands, a
requirement for a more advanced meter to evaluate lighting device performance has started to arise. The CRI
is a valuable index but the scope of this quality indicator is limited and cannot fully examine the performance
of a lighting device. Therefore, CQS, which combines CRI and two other aspects of viewers’ preference and
chromaticity coordinate, has become a greater goal for researchers to achieve. Based on this information,
Figure 5, which shows TLP structure results in higher CQS value than DLP structure, has confirmed TLP
structure has better color quality. The enhanced color quality in TLP structure is the result of added red and
green phosphors that contribute much to keeping the balance between the three fundamental colors forming
white light. In addition, the participation of green Zn;SiO4:Mn?*,As>* phosphor in the phosphor package also
benefits the luminous flux of TLP remote phosphor structure.
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Figure 5. CQS performances of corresponding to ACCTs of DLP

From the content of Figure 5, it can be said that the TLP structure is the ideal choice for WLEDs
focusing on color quality. However, the light output in WLEDs with high color quality is usually lower. This
normal occurrence raised the question about how the luminous flux of TLP structure is affected if the chroma
metrics are remarkably enhanced. Therefore, the luminescent output of both DLP structure and TLP structure
are calculated and compared to answer this question and provide solution if such incident occurs. In this part,
equations applied for the calculation of transmission and conversion factors of the blue and yellow lights,
respectively, of the TLP structure are performed. The study of these values will expand our understanding of
this structure and possibly offer an appropriate method to enhance WLED efficiency.

Computations for blue light transmission and yellow light conversion of the DLP package, which
has the phosphor layer’s thickness presented by h, are:

PB, = PB,e~2%2" 1
1 B,PB, _ _
PY2 - EaBj—(X(:'z [e ot - ¢ zaBlh] (2)

in the TLP structure, the phosphor film’s thickness is 23—h, and the blue light transmission and yellow light
conversion can be demonstrated by:

—ap 2t g 2R o 2h 2an.h
PB; = PBy.e “B23 . e "B23 ¢ "B23 = PB).e %8s (3)
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In which subscripts as “2” and “3” show the DLP and TLP structures, in turn. f indicates the light conversion
coefficients from blue to yellow, and y indicates the yellow-light reflection coefficients. PBo is the blue-LED
light intensity that comprises both blue-light intensity — PB and yellow-light intensity — PY. ag is the energy-
loss fraction of blue lights and ay is that of yellow lights. Besides, in (4), PY’s demonstrates the transmitted
yellow lights that go through the other phosphor sheets in the TLP configuration.

The TLP structure can considerably stimulate the lighting efficiency (LE) of a WLED, more than
the DLP, as implied from the following expression:

(PB3—PY3)—(PB,+PYy) _ e 20B3l _ o=20Boh
(PBy+PYy) e2avgh _ —2ap,h

>0 (6)

the Mie-theory is used in the scattering analysis of phosphor particles and also in the computation of
scattering cross section Csa for spherical particles. The transmitted light power can be calculated by the
Lambert-Beer law [25]:

I = lo exp(-Mexl) (7)

from (6), we can conclude that more phosphor layers in the WLED package will result in more scattering
events and enhance the luminous flux. Therefore, the TLP structure has outstanding LE, in comparison to the
DLP structure. The advantage of the TLP structure is further shown in Figure 6, which depicts the correlation
between lumen and ACCT levels in both DLP and TLP. As presented in Figure 6(a), the lumen output in
TLP structure shows greater values than in DLP configuration at every color temperature point in the range
of 5,600 K-8,500 K. That the TLP can yield better luminous efficiency than the DLP can be attributed to the
higher emission spectra in the wavelength region of 500-600 nm due to the reduction of yellow YAG:Ce®*
phosphor concentration to maintain the color temperature, as can be seen in Figure 3. Moreover, the green
spectral color is included in this wavelength band, which means the green emission is also boosted. Through
Figure 6(b), it can be observed that when the lumen output is under control of green light components, the
enhancement in green emission probably leads to better results. Additionally, this yellow-phosphor
concentration reduction, combined with the ability to limit light loss from back-scattering of TLP structure,
greatly promotes the light conversion rate from blue light to white light and allows more emitted lights to
easily pass through the yellow phosphorus layer. So, in comparison with dual-layer structures, the emission
intensity of the triple-layer structure on the white light emission wavelength band is higher, thus, creating
more white lights. Apparently, a TLP structure with better performance in both CQS and lighting efficiency
is more effective in enhancing the optical performance of WLEDs.
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Figure 6. Variations of luminous flux performances corresponding to ACCTs in two multi-layer WLEDs
(@) DLP and (b) TLP

Back to the color quality aspect, besides the color quality scale, the color homogeneity is also a
crucial value for WLED chromatic performance and has received much attention. Increasing the color
uniformity has always been a priority for researchers when studying WLEDs, therefore, many methods were
proposed to perfect this value, from adding SiO,, CaCOjs scattering enhancement particles to using an
innovative coating method such as conformal diffusing. Applying these methods can enhance the color
uniformity; however, the luminous flux is damaged in the process. On the other hand, using red
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YAIl3B4012:Eu®* and green Zn,SiOs:Mn?*,As®* phosphors can compensate for the lack of red and green lights
needed for white light while preventing emitted light from reflecting back inside the package. Only the
phosphor concentration needed to be modified correctly for the optimal performnaces, which can be referred
to the Lambert-Beer law in (7). The color deviation values, which can be seen from Figure 7, show the better
consistency in the TLP structure than in the DLP structure, owing to the lower color deviation of TLP
configuration. That the color uniformity of the TLP increases and becomes more noticeable at higher ACCTs
is a result of more scattering events created from the phosphor layers. The downside of more scattering
events is that it might reduce the light output, which has occurred in this case. However, the decreased
luminous flux is not much and is mostly outweighed by the reduced light loss from back-scattering.
Therefore, the TLP structure is still an optimal structure in WLED optical properties’ enhancement.
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Figure 7. Chromatic deviation (D-CCT) corresponding to ACCTs of TLP

5. CONCLUSION

The comparison of optical influences between DLP structure and TLP structure at different ACCTs
has led to a conclusion that the TLP structure is a more advanced structure for lighting performance
improvement. The Mie theory and the Lambert-Beer law are applied to ensure the accuracy of experimental
results. The added phosphor layers in TLP structure are effective tools for enhancing optical properties.
Particularly, the green phosphor Zn;SiOs:Mn?*,As5* benefits color uniformity and luminous flux, and
Y Al3B4012:Eu® red phosphor can improve the CRI and CQS of the WLED package. As a result, TLP remote
phosphor structure is excellent in luminous flux, color uniformity, and CQS. In other words, the TLP
structure, with three chromatic phosphor layers can enhance lumen output and color quality simultaneously, a
result that cannot be achieved with DLP structure. Meanwhile, the DLP structure has a higher CRI than the
TLP structure, thus, this structure is suitable for the production of WLEDs that need high CRI. Based on
these findings, manufacturers can choose an appropriate structure for their production targets and enhance the
performance of WLED packages.
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