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Abstract. The hue output for remote phosphor layout is still a concern for researchers and
producers working on developing WLED devices since said layout proves inferior to the conformal
or in-cup phosphor package. However, the luminous efficiency in the layout showed significant
improvements. Thus, this study aims to achieve higher color quality accompanied by high lumen
output for remote phosphor structures by using additional phosphor layers. Specifically, the study
introduces the double-film and triple-film configurations in which the red and green phosphors
were added. The best structure for WLED applications is determined by comparing these structures.
The influences of each phosphor structure are investigated and examined on optical parameters of
WLEDs, which have different correlated hue temperatures between 5600 K and 8500 K. The optical
features are CRI, CQS, color deviation (CD), and photoluminescence (PL). The results demonstrate
that the triple-layer structure improved the color quality more effectively than the dual-layer
structure due to higher attained CRI and CQS and smaller DC figures. The hypothesis of Mie-
scattering indicates that the enhancement of scattering in the triple-layer is responsible for these
achievements. Thus, the findings of this study are reliable and valuable for manufacturers.

Keywords: Color quality; Color quality scale; Color rendering index; Luminous efficiency; Remote
phosphor structure; Triple-layer phosphor structure; WLEDs

1. Introduction

Light-emitting diodes (LEDs) have laid the concrete foundation for their widespread
usage in the solid-state lighting (SSL) industry (Sulistiyanto et al., 2014; Widiyati et al,,
2018). They can especially be served as an alternative solution to halogen, incandescent,
and fluorescent illuminating systems since they are safer and sturdier. Researchers also
pointed out that LEDs potentially have better energy conversion efficiency leading to less
heatrelease, longer lifetime, and more stable brightness performance (Nguyen etal., 2021a;
Luo et al,, 2020). A LED package was conventionally fabricated utilizing the synthetic of a
blue chip and a yellow phosphor material. Thus, the generated light of LED was comprised
of blue and yellow lights from these two elements (Anh et al,, 2017b). The freely dispersed
phosphor coating is one of the most simple and massively applied techniques for
manufacturing WLEDs. The mixture of phosphor particles and silicone was spread freely
above the bare blue chip.
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The advantages of using said method were adjustable phosphor layer thickness and low
cost, yet the disadvantage is the poor optical performance of the LED package. Therefore, it
is inappropriate to produce high-power WLEDs (Jiang et al., 2017; Yang et al., 2019b; Yuce
etal.,, 2019). The conformal phosphor coating was then introduced to improve the quality of
LEDs. Even though this method effectively enhanced the color uniformity due to its ability
to provide uniform color distribution, the backscattering in the package caused degradation
in light extraction efficiency (Yang et al, 2019a; Ding et al, 2018; Gao et al, 2018).
Additionally, these methods directly placed the phosphor layer onto the LED chip surface,
stimulating calefaction at the joint and reducing the phosphor's efficiency and the lifetime of
the LED device. Hence, researchers devised the idea of creating a gap or adding another film
between the main phosphor-silicone encapsulation and the LED chip to improve light
extraction and minimize heat generation (Anh etal., 2020; Zhang et al., 2016). This structure
was called the remote phosphor structure, and it fastly became a popular topic in various
studies of enhancements for WLEDs’ optical properties. A thermal-isolated encapsulation
was designed to increase the light output power by controlling heat generation during the
high operation time of a WLED (Li et al., 2016). The light extraction efficiency of the remote
phosphor package was improved using various approaches, including internal reflection
enhancement by employing the innerphosphor-coated polymer hemispherical shell lens,
downward-light reflection by the airgap embedded structure, and backscattered-light
reduction by the ring remote phosphor structure (Ge et al,, 2015). To create a high-grade
WLED, aside from the essential light extraction efficiency, another decisive factor is color
quality, including CRI and CQS. The study introduced the layout with two sheets to improve
chromatic adequacy and luminous efficiency. It was shown that by using the remote
phosphor structure with two phosphor layers, the WLED package could improve its lumen
output by 5% and color uniformity by offering a significant reduction in the angular color
deviation (Thon et al,, 2021). However, the performance of a dual-layer phosphor package
is usually determined by the phosphor layer that has been added. Notably, with a red
phosphor layer, CRI figures can be improved, but the luminous flux is degraded, and vice
versa in the case of using green phosphor. Besides, according to previous studies, the growth
in phosphor concentration led to a higher reabsorption loss in the package, which decreased
the luminous flux (Cheng etal., 2019; Anh et al., 2017a). Then, the concept of using one more
phosphor layer can be potential consideration. The triple-film distant phosphor
configuration was proposed with the participation of the yellow, green, and red phosphor
films. The first film is the yellow phosphor, which is closest to the LED chip, the second film
is the green phosphor, and the third film is the red phosphor. In this study, the authors
concentrate on the performance of triple-layer remote phosphor film on the illumination
effectiveness of the WLED. Phosphor concentrations are also adjusted to observe and
analyze changes in the packages of light extraction, emission spectra, color deviation, CR],
and CQS (Davis & Ohno, 2010). Furthermore, the comparison among the single-layer, two-
sheet, and three-sheet remote layouts is presented to prove that using the three-film remote
design is more beneficial to the quality of LED. The phosphors used to fabricate the phosphor
packages in the article are yellow phosphor YAG: Ce3+, red phosphor Ca0: Eu3+, and green
phosphor Zn2Si04:Mn2+. In addition, the authors apply the hypothesis of Mie scattering and
the law of Lambert-Beer to the measurements. Thus, the outcomes in this study are more
reliable and can assist manufacturers in determining the most suitable remote phosphor
package to accomplish their goals in high-power WLED production.

2. Research Method

2.1. WLED Modeling
By applying the commercial software of LightTools 9.0, researchers can successfully
carry out the simulation modeling of four remote-phosphor-layer structures: a single film
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remote phosphor, two dual-film distant phosphor packages with red and green phosphors,
and a triple-film one, respectively, as shown in Figure 1 (c) - (f). The enhancement of the
chromaticity can be accomplished with the increase of the red spectra by using red
phosphor CaO: Eu3*. Meanwhile, green elements in the white-light spectral power band can
be boosted with Zn;Si04:Mn?* green phosphors to acquire higher and more stable luminous
efficacy for the WLED.

Lead frame: 4.7 mm Jentech Size-S
LED chip: V45H
Die attach: Sumitomo 1295SA
Gold Wire: 1.0 mil

Phosphor: ITC NYAG4_EL
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Figure 1 The schematic illustrations of (a) The real WLED, (b) the devices’ information, (c)
Single-film remote configuration (Y), (d) Dual-film remote configuration with red phosphor

Ca0: Eu3* (YR), (e) Dual-film remote configuration with green phosphor Zn;SiO4:Mn?2* (YG),
(f) Triple-layer remote configuration (YGR)

(

Figure 1 (a) demonstrates that the WLED sample used in this modeling process is the
multi-chip WLED in which nine blue chips are attached to the lead frame. The chip
properties, in this case, are 1.16W radiant power and 453 nm peak wavelength. Figure 1 (b)
shows detailed information about the WLED sample. Figure 1 (c) illustrates that the yellow
phosphor YAG: Ce3* layer (Y) was used in the single-film distant phosphor
configuration. Figure 1 (d) shows dual-film using yellow phosphor and additional red
phosphor CaCOz:Eu3* (YR), while Figure 1 (e) displays yellow and green Zn:SiO4:Mn2*
phosphor layers (YG). Figure 1 (f) depicts a diagram of the triple-layer structure simulation
using green and red phosphor layers (YGR). The green phosphor is the intermediate layer,
and the red phosphor is the top sheet.

The optical analysis was carried out on these four structures at five different correlated
color temperatures (CCTs) of 5600 K, 6600 K, 7000 K, 7700 K, and 8500 K, with different
concentrations of red and green phosphors. As the concentrations change, the YAG: Ce3*
concentration needs adjustment to ensure the stability of the CCTs, leading to variations in
phosphor concentration and scattering ability of each package.

2.2. Preparing Red and Green Phosphor Materials

Phosphor preparation is extremely important to a successful WLED simulation. Tables
1 and 2 show the compositions of the red CaO3:Eu3+ and green Zn»SiO4:Mn?* (Agarwal et
al., 2017). The process of preparing these phosphors can be carried out as follows.
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Table 1 Constituents for red phosphor CaO3:Eu3+

Ingredient Mole (%) By weight (g)
CaCOs 100 100
CaF: 1.5 1.2
Eu20s3 1.2 (of Eu) 2.1

Table 2 Constituents for red phosphor Zn;SiO4:Mn?*

Ingredient Mole (%) By weight (g)
ZnO 194 158
Si02 110 66
MnCOs3 6 6.9

The red phosphor Ca0O3:Eu3* preparation is started by mixing all materials within water
or methanol to form a slurry. After thoroughly mixing, leave the slurry to be dried in air
conditioning and pulverize the substance to get a powder form. It will be put into specific
containers for burning three times, and after each firing stage finishes, it will be re-
powdered. It is noted that the condition of each combustion phase is different. Particularly,
the first one is carried out with the powder placed in closed quartz pipes filled with Np,
under a temperature of 12000C, and lasts for two hours. In the second combustion, an open
capped quartz boat is used, the N; loaded with H20 is put inside the boat, and the
temperature remains 12000C for 1 hour. The product is quenched to room temperature as
quickly as possible before being powdered. The last combustion stage is carried out for
approximately 20 minutes with stagnant air flowing into the open capped quartz boat at
12000C. The product is quenched to room temperature again before being ground into
powder. The powder is then stored in a tightly sealed container that is kept dry. The optical
features of this Ca0O3:Eu3* are emitting red emission and mainline emission peak at 2.0.15
eV. In terms of the green phosphor Zn;Si04:Mn?*, the mixing process of all the ingredients
is carried out by ball-milling in the water for approximately 2 hours. After that, the mixture
is then air dried and turned into a powder. It will be heated twice within open quartz
containers, under a temperature of 12000C, within 1 hour. Yet, the first time, the forming
gas is filled into the containers, while the airflow is used the second time. After the first
combustion, it is very important to powderize the product before starting the second
combustion. The characteristics of the green phosphor Zn,Si04:Mn?* are green radiation
color, 2.35 eV radiation peak and 0.18 eV radiation width.
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Figure 2 The phosphor YAG: Ce3* content within dissimilar remote phosphor structures
and color ACCTs
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Figure 3 Discharge spectra for each distant phosphor configuration at distinct ACCTs

To better understand the influence of phosphor concentrations on the lighting
properties of the distant phosphor packages, the changes in YAG: Ce3* phosphor
concentration in each distant configuration following dissimilar CCTs are investigated and
demonstrated in Figure 2. Can be seen easily, at all CCTs, the yellow phosphor concentration
shows its maximum level in single-layer Y configuration and minimum level in triple-layer
YGR configuration, while the figures in dual-layer YR and YG are relatively the same. In
general, given that all structures were designed with a similar CCT value, the structure with
the higher concentration of yellow YAG: Ce3* will have a lower luminous flux because the
phosphor packages have more backscattering events. In addition, the greater concentration
of yellow phosphor means a color distribution imbalance and lower color uniformity. Thus,
it appears that the YGR can yield the highest luminescence and chromaticity performance
for WLED packages.

According to the general concepts, the higher chromatic homogeneity and color
rendering index (CRI) could be achieved with the red-spectral enrichment in the spectral
range of the generated white lighting. Regarding luminescence, adding the green spectral
region probably offers an effective control. Therefore, it is essential to investigate the
radiation spectra of each remote phosphor structure at specific CCTs to examine their
influences on the hue standard and illuminating efficiency of WLEDs. Figure 3 illustrates
the measured results of emission spectra at the CCT of 5600 K, 6600 K, 7000 K, 7700 K, and
8500 K.

The radiation spectra of the Y structure are the lowest, meaning the hue standard and
lumen productivity of the single-layer structure are inferior to those of the others. In
contrast, regardless of CCTs, the triple-layer remote phosphor (YGR) is superior as it emits
the maximum spectral strength in the visible light wavelength band (380 nm - 780 nm).
Besides, between the two dual-layer structures, in the green wavelength range between
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500 nm and 570 nm, the YG has greater emission intensity than the YR, which indicates that
the YG can yield better luminous flux. Meanwhile, in the wavelength of red color, 650 nm -
750 nm, the YR gives greater values. Thus YR is more beneficial to the color quality,
especially the CRI of a WLED. To verify these findings, the calculations based on Mie’s
hypothesis and Beer’s law, which are useful and effective tools, are particularly
demonstrated in the following section.

3. Results and Discussion

Figure 4 clearly shows the CRI of each remote phosphor configuration. The YR
apparently provided the highest CRI at all five CCTs. Meanwhile, the YG resulted in the
lowest CRI. This noticeable CRI improvement of the YR structure can be attributed to the
red phosphor CaOs:Eu3* function promoting the red spectral intensity, which is
advantageous to the CRI. In addition, the YR has increased the CRI of either the low CCT or
the high CCT WLED packages. Since the CRI enhancement in high CCT WLED (for example,
8500 K) confronts tremendous difficulties, this result has become significantly important
to the application of dual-film distant phosphor configurations for further development of
WLED devices. As mentioned above, the color quality will be analyzed via two parameters:
the CRI (which has already been presented) and CQS. Figure 5 shows the CQS functions for
all four structures. Though the CRI of the triple-layer YGR is lower than the YR, its CQS has
the highest value. The color quality scale has been investigated recently. Researchers have
pointed out that CQS is more powerful than the CRI as it evaluates the color performance
based on three different parameters of CRI, human visual preference and the color
coordinate. That the YGR can yield the highest CQS correlates with the uniform color
distribution for three primary colors: blue, red, and green. In addition, the higher CQS leads
to better chromaticity for the acquired light in white. Hence, the three-sheet YGR layout has
turned out to be the most potential to enhance the color quality of the WLED packages. On
the other hand, the Y structure has the lowest CQS as its spectral band lacks both green and
red elements, leading to poor uniformity in color performance. However, the advantage of
the single-layer over the other structures is its simpler and easier fabrication, which helps
to reduce production costs significantly.
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Figure 4 Hue rendering index values of Figure 5 Hue standard scale of each remote
each remote phosphor structure at phosphor structure at different ACCTs
different ACCTs

Based on the findings above, the YGR is an excellent option to enhance the color quality
of WLED since its CRI and CQS are higher than the original one (the single Y structure). As
previous studies mentioned that the enhancing hue standard is accompanied by decreased
lumen productivity. Therefore, the question is whether the YGR suffers the same
phenomenon or whether it is possible to improve color uniformity and luminescence
simultaneously.
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The similitude of the illuminating beam among the triple-film, dual-film, and single-
film structures should be drawn to figure out the answer. We presented the mathematic
model based on the theory of Mie scattering (Li et al., 2010; Liu et al.,, 2010; Irawan et al.,
2017) for the task of assessing the transferred blue lights as well as transformed yellow
lights for the single-film, two-film, and triple-film models. The computed outcomes prove
the effectiveness of using more phosphor layers in a WLED remote structure for higher
lighting efficiency. In the single-film structure with the phosphor film’s thickness of 2h, the
computation of transformed yellow light and the transferred blue light can be defined as:

PB, = PB, X e~2@s1h (1)
PY, = lw(e—mnh — e—2a31h) (2)
2ag, —ayy

Meanwhile, in the dual-film configuration, the phosphor layer is h thick, and the
transformed yellow illumination, as well as the transferred blue illumination, can be
calculated as follows:

PB, = PB, X e~2aszh (3)
PY, = lw(e—wyzh — e—ZaBzh) (4)
20p; = Qyy

The enhancement in optical efficacy of the dual-sheet layout will be obvious when
compared to the effectiveness of the single-film layout, as follows:

(PB2+PY)=(PB1+PY1)
PBy+PY;

0 (5)

Then, for comparison among the dual-film and triple-film performance, the calculation
of the transferred blue illumination and transformed yellow illumination can be performed
as the following expressions. For the double-layer configuration which has the phosphor
film has a 2h thickness, the blue illumination transferred as well as transformed yellow
illumination will be:

PB, = PBye ®82lte~%8:t = PR e~2¢B,1 (6)

1 PB — _ _ 1 PB _ —
pY, =1 B2PBy e~arh _ g aBzh]e ay,h 41 B2PBg [e ay,h _ aBzh]
2ap,—ay, 2ap,—ay,
(7)
1 PB —
_1_Pa2PBo e 20y h

—Zaglh]
2ap,-ay

—e
2

Those lights from the three-sheet layout having % the breadth for one phosphor layer
can be calculated as follows:

Cgn2h o 2h o 2h an h (8)
PB; = PBy.e "B23, e “B23 ¢ "B23 = PB,.e “%B3
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As shown by the following equations, the triple-layer structure can provide better
lighting performance than the dual-layer structure.

(PB3—PY3)—(PBo+PY,) _ e 2B3lt_ o=20Byh

(PBZ+PYZ) e—ZaY3h _ e—ZaBzh > 0 (11)

Here, in the equations from (1) to (11), h is the breadth of one phosphor’s sheet from
each remote phosphor configuration. The subscripts “1”, “2”, and “3” define the single-film,
dual-film, and triple-film structures, respectively.  indicates the transformation factor of
the blue illumination transformed into yellow illumination. y presents the reflection factor
for the yellow illumination. @B and aY describe the power lost proportions for blue and
yellow light throughout their spreading within the phosphor film. PB and PY show the blue
illumination strength and yellow illumination strength. PBO (containing PB and PY)
indicates the illumination strength from the LED chip. Besides, PY’3 from Equation (4)
presents the yellow illumination transferred via the red and green phosphor layers. The
Mie hypothesis would also be employed to analyze the dispersal proficiency for the
phosphor materials and assess the dispersal cross-section Csca of the phosphor spheres
(Nguyen et al.,, 2021b). Additionally, we utilized the law of Lambert-Beer to assess the
transferred optical energy as follows:

I = lo exp(-uextL) (12)

Io signifies the incident power, while L and pext are the thickness of phosphor films and
the extinction factor, in turn. uext is assessed via pext = Nr. Cext, in which Nr signifies the
number density allocation for granules (mm-3), and Cext (mm2) signifies the extinction
crosssection for the spherical phosphors.

According to Equations (5) and (11), using the triple-film YGR to increase the luminous
flux of the WLED package is more efficient than using the dual- and single-film designs. This
is illustrated in Figure 6, where the YGR structure produces the most lumens regardless of
color temperature. Meanwhile, the Y configuration had the lowest luminous value. Besides,
the dual-layer applying green phosphor Zn;SiO4:Mn?* layer (YG) shows a noticeable control
over the luminous efficiency as its luminescence is lower than the YGR. The increase of
green power in the 500 nm - 570 nm region of white-light spectra could demonstrate this
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luminescent improvement, as shown in Figure 3. As can be seen, the green spectral region
in YGR has a higher intensity than that in YG, YR, and Y; therefore, the luminous flux of YGR
is better than the others. Furthermore, as shown in Figure 2, the YAG:Ce3* content from the
YGR is the lowest, which is not only effective in maintaining the stable CCT but also essential
to initiating considerable scattered-light reduction, along with better blue-light
transmission and energy conversion. Therefore, the light trapped and circulated inside the
package is effectively reduced, increasing the light extraction efficiency of the WLED
structure. As a result, YGR has the most excellent luminous efficacy.
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Triple-layer structure YGR can be the most suitable solution to achieve considerable
improvements in CQS and lumen output of WLED. Nevertheless, we should consider the
color copper to verify this structure's effectiveness in bettering the color quality of WLEDs.
Various methods were proposed for higher color copper, including using SEPs such as SiO:
and CaCOsz or conformal coating structure, but the luminous output was degraded
considerably. In the case of using the YGR structure, there are advantages to both color
homogeneity and luminescence. Particularly, the green phosphor Zn;Si04:Mn?* and red
phosphor CaO: Eu3* can add green light components and red light ones, thereby increasing
scattering property and distributing color components more uniformly. In addition, the
remote phosphor structure minimized a large proportion of light reflected by the LED chip,
resulting in higher light transmission that benefits the luminous output. Nevertheless, it is
advisable to adjust the phosphor sheets’ content for the task of obtaining the maximal level
of power transference, as demonstrated by Equation (12), which applies the Lambert-Beer
law.

The authors investigated the color deviation (CD) in each structure to have more
concrete proof of the ability of the YGR layout to increase hue output for a WLED lamp.
Figure 7 portrays the CD measurement results for each remote phosphor model. It can be
seen that the level of DC in YGR is the lowest in all CCTs. The enhancement in scattering
properties of the YGR structure may be the driving force behind this development in color
quality. It can be explained that more phosphor layers cause more light scattering, which
leads to better light mixing before generating white light. Thus, the light becomes more
homogenous. Even so, the increase in diffusing time means a decrease in illuminating
intensity. Yet, this reduction is a minor and acceptable drawback as it is possible to augment
the hue output. The lumen also remains at a high level when using the YGR structure. Thus,
manufacturers can improve the quality of their WLED products by using this triple-film
distant phosphor configuration.
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4. Conclusions

The comparison of lighting performance among the triple-layer (YGR), dual-layer (YG
and YR), and single-layer (Y) are provided in this article to figure out the most suitable
remote phosphor structure for further WLED developments. WLED models are simulated
using green Zn:Si04:Mn?* and red CaO:Eu3*. Mie's hypothesis and Beer's law would be
utilized to investigate and validate the measured outcomes. The findings indicate that the
YR is advantageous to the CRI of the WLED as the red phosphor helps to increase the red
components in the white-light spectral region. At the same time, the YG is suitable for the
luminous flux due to the rise in the green spectral intensity. Despite ranking second in terms
of CRI, the YGR has the highest value in CQS and luminous efficacy regardless of CCTs.
Moreover, the color deviation in YGR is the smallest, implying that the color uniformity in
YGR is the highest. Therefore, YGR is the superior remote structure that can be used for
higher quality WLED creation.
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