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1. INTRODUCTION

Multi-chip white light-emitting diode (MCW-LEDs) have been favoured in illumination market
nowadays as their performance is much better than the standard lights like incandescent as well as fluorescent
light bulbs. MCW-LEDs own outstanding features that can be listed as compact size, high brightness, low
energy consumption and high durability even for outdoor use which probably lower the maintenance cost [1]-
[3]. Not to mention, MCW-LEDs are safe for human health and environments as they do not release high
heat during their operation time and do not have mercury in their packages. As a result, LEDs have been seen
as a promising replacement to traditional light bulbs in terms of energy-efficient lighting solutions, and they
may be widely employed in numerous parts of people's daily life such as industrial and commercial
illumination, household lighting, as well as street lighting. To evaluate the quality of a MCW-LED, lumen
efficiency and color uniformity or correlated color temperature (CCT) homogeneity are the two important
factors which have been excessively studied for improvements. By adding a proper amount of SiO, phosphor
powder into the light-emitting diode (LED) phosphor compound, the CCT deviation of the W-LED were
minimized effectively while maintaining its luminescence value [4]-[6]. Besides, in an attempt to enhance the
lumen output of W-LED packages, Ceos7 Tbo3zz MgAli1 O19:Ce,Tb phosphorus particles were applied and
achieved expected results [7]. Additionally, various studies on the color rendering indicator (CRI), a
parameter commonly used for chromaticity evaluation of W-LEDs, have been conducted to heighten its value
over 90. In previous researches of CRI enhancement, mixing or doping red phosphor material to the original
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phosphor composition of LED package to increase the red-light components in the generated light was one of
the most common methods [8], [9]. In the study of Won’s research team, LED packages performing high CRI
values were achieved by combining LED chips with the green and red phosphors of (Ba,Sr),SiO4:Eu?** and
CaAlSiN3:Eu?', respectively [10]. The colloidal quantum dot (QD) is another material using for
accomplishing high-CRI W-LEDs. Chen and his partners applied the QD/polymethylmethaccrylate (PMMA)
combination to their phosphor-converted LEDs and successfully increased the CRI greater than 90 [11]-[14].
Obviously, the similarity of these studies is that they all aimed at high CRI while neglecting the luminous
performance. Moreover, the WLED configurations used for analysis were the ones with single LED chip
having 2,500-7,500 K CCT. Thus, they are not practical when being applied to fabricate WLEDs with
multiple chips and higher CCTs such as 8,500 K. Europium-doped yttrium oxide (Y>Os3:Eu*") phosphor is a
luminescent material that has been largely applied to enhance the red-light components in white light
generation [15]. Y20s:Eu’* red phosphor is considered as one of the best red oxide phosphors because of its
high thermal conductivity, chemical stability and color purity, as well as good corrosion resistance [16]-[18].
Yet, as far as we known, the effects of Y203:Eu®* on the CRI and illuminating beam of the MCW-LED have
not been studied in depth. Therefore, the goal of our research is to analyze how Y>0s3:Eu’* influences these
two lighting properties of the MCW-LED using nine LED chips. The experiments are conducted on the two
different WLED configurations, the protective coating phosphor and in-cup phosphor configurations. The
research process in this article includes three stages, starting from developing the MCW-LED physical model
having 8500 K CCT with LightTools 8.1.0 program, continuing with adding the Y>Os:Eu** phosphors, and
finishing with analysis and discussion of Y,03:Eu’* effects on the CRI and luminescence properties of multi-
chip LEDs emit white light. It is noted that the experiments were carried out with different concentrations
and particle sizes of Y»03:Eu®". The results demonstrated that Y203:Eu*" can help WLED get higher CRI and
lumen output, depending on its applied concentration and particle sizes.

Our paper will contain four parts. Section 1 will explain why we choose the Y,Os3:Eu®" phosphor to
study. In section 2, the simulation of two MCW-LED models via LightTools program was presented.
Subsequently, CRI and luminous efficiency of MCW-LED using Y»03:Eu®" were analyzed and discussed in
section 3. Finally, all the noticeable points of the research were summed up and showed in section 4.

2. RESEARCH METHOD

The simulation of the WLED package used for the investigation on the effects of red phosphor
Y203:Eu®" was carried out based on the LightTools program, from which the simulated model is similar to
the actual WLED package. The employed MCW-LED model is covered by flat silicone, as described in
Figure 1. Besides, Figure 1 presented the information for an MCW-LED model got from Siliconware
Precision Industries Co., Ltd., Taiwan [19], [20]. The experiments will be carried out on two different
structures of LED packages and with various Y,Os3:Eu®* concentrations and particle sizes. The conformal
phosphor layout (CPP) as well as the in-cup phosphor layout (IPP) were simulated and demonstrated in
Figure 2. The introduced CCT for these two packages is 8500 K. To meet the package’s specifications, the
CCT must be maintained at a stable level. This means that the concentration of YAG:Ce*" yellow phosphors
should be reduced when Y>03:Eu*" concentration increases.

CPP and IPP use the same reflectors, silicone lens and nine blue chips. The parameter of the
reflector would be 2.07x8%9.85 mm (deepness x inner radius x outer radius). Every blue-color chip is
1.14x0.15 mm, emits 1.16 W radiant flux, and has the wavelength that peaks at 453 nm. Figure 2(a) presents
the CPP with a 0.08-mm phosphor film coated conformally on the chips. Meanwhile, Figure 2(b) shows the
IPP with the phosphor layer dispersed in the silicone lens and covering the LED chips. The phosphor layer in
IPP is 2.07 mm thick and comprised of yellow YAG:Ce phosphors, red Y,03:Eu** powders and the silicone
matrix. The indicators of refraction of the silicone gel, YAG:Ce and Y.0s3:Eu*" phosphors are 1.50, 1.83 and
1.93, respectively. Besides, the phosphor particle size is 7.25 um, which is identical to the real size of a
phosphor particle.

Lead frame: 4. 7mm Jentech Size-S
LED chip: V45H

Die attach: Sumitome 129554
Gold Wire: 1.0 mil

Phosphor: ITC NYAG4_EL

Figure 1. The 8,500 K MCW-LED and its specifications provided by the Siliconware Precision
Industries Co., Ltd., Taiwan
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Silicone lens  Y203:Eu3+ Silicone lens Y203:Eu3+
Gold wire | Reflector 5 f

Silicon substrate ~ LED chip

(a) (b)

Silicon substrate LED chip

Figure 2. The two phosphor layouts in the MCW-LED device, (a) conformal phosphor layout (CPP) and
(b) in-cup phosphor layout (IPP)

3. RESULTS AND ANALYSIS

The CRI and luminescence performances of MCW-LEDs with Y20s3:Eu®" based on the results of
WLED simulation were examined and presented in this section. To examine the improvement of CRI, it is
essential to keep average CCT of both CPP and IPP at 8,500 K while changing the concentration and particle
sizes of Y»03:Eu’* red phosphor. In both packages, the particle size of red phosphor ranges from 1 pm to 8
pm. Figure 3 presented the calculated CRI values of both CPP and IPP. Figure 3(a) showed that in the case of
CPP configurations, the CRI went up continuously when the concentration of Y203:Eu®" increased from 0%
to approximate 10% wt., regardless of the phosphor particle size. Besides, at Y>03:Eu’* concentration varied
from 8% to 16 % wt. the highest value of CRI which is over 86 can be observed at the particle size of 1 pm.
The CRI of IPP displayed the same movement (Figure 3(b)). Particularly, with the concentration range of
0%-0.24%, the CRI showed a continuous growth at any phosphor diameter. As the concentration of the
phosphor emits red light constantly increases 2.4%-0.32%, the CRI of IPP can reach its peak of 84 when 1
pum particle size is chosen. However, the decrease in CRI can be observed in either CPP or IPP cases, when
Y:03:Eu*" concentration and particle size exceeded a certain level, which is also demonstrated in Figure 3.
The excessive red phosphor content means the red color is over-dominant and causes the degradation of CRI
in both structures.
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Figure 3. CRI under the median 8,500-K CCT as a function of Y>03:Eu’" parameters in (a) CPP and (b) IPP

The emission spectra observed with different particle sizes (from 1 pum to 8 um) and concentrations
of Y203:Eu’* were demonstrated in Figure 4. Particularly, that of the CPP with 8% and 12% wt. Y2Os3:Eu®*
were displayed in turn in Figure 4(a) as well as (b). Meanwhile, Figures 4 (c¢) and (d) illustrated the results
from the IPP using 0.16% and 0.24% wt. Y»O3:Eu’*, respectively. Obviously, after the red phosphor
Y:03:Eu?" was added to the phosphor packages, the red-light spectral region in both conformal and in-cup
structures increased, which is probably attributed to the enhancement of CRI.

Besides the CRI, the lighting yield of the protective coating and in-cup phosphor structures when
using red phosphor Y,03:Eu*" with different concentrations and diameters was examined and shown in
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Figure 5. Figures 5(a) and (b) are the attained figures for conformal structure while that of the in-cup package
can be observed in Figures 5(c) and (d). Figures 5(a)-(d) all declared that as the lower concentration of
Y203:Eu®" was applied, the extinction coefficient decreased, leading to a higher luminous output. It can be
also said that the luminous efficacy rises with the increase of Y»0s:Eu*" size owing to the extinction-
coefficient reduction.
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Figure 4. Emission spectra in several phosphors under different Y>03:Eu®" contents (a) 8%, (b) 12% (for CPP
layout), (c) 0.16%, and (d) 0.24% (for IPP layout)

Mie-scattering theory was utilized to investigate the connection between the Y203:Eu’* particle size
and the lighting productivity of MCW-LEDs, by which the attained results can be verified [21], [22]. The
Lambert-Beer law was also utilized to calculate lighting attenuation:

= oexp(— ) )

where [ and Iy are the transmitted and incident light power, respectively. ue shows the extinction factor, and
L presents the path lengthiness. Besides, the extinction coefficient u.. could be calculated by gex=N. Cexs With
N being the amount of granules for each cubic millimeter, and Ce. being the extinction cross section for
granules of phosphor. By using Mie theory [23]-[25], Cex can be expressed as:

:¥ >, (2 +DRe( + ) 2

x=2ma/A will be the size of the phosphor sphere; a, and b, will be the development factors having even and
odd symmetries, respectively, and are demonstrated as:

_ () O=- () 'O

¢ )= ) O- ()0 3)
_ () O- (o

¢ )= Y O- (O )

here, a shows the particle radius, indicates the comparative diffusing wavelength, m presents the indicator
of refraction of diffusing granules. ( ) and () are the functions of Riccati-Bessel.

The analysis of extinction coefficient in CPP and IPP are carried out at the emission peak
wavelength of YAG:Ce yellow phosphor (555 nm) and the blue LED chip (453 nm). The luminescence
results of CPP in Figures 5(a) and (b) were compared with the ones of IPP in Figures 5(c) and (d). From the
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comparison, it can be concluded that high luminous efficiency can be obtained at lower concentration and
with larger particle size of Y203:Eu®" because in these cases, the extinction coefficient values were reduced.
These results are the valuable information that can be useful in investigating the influences of Y203:Eu’
diameters and concentrations on the MCW-LEDs luminous performance.
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Figure 5. The lumen output along with the calculated extinction coefficient under different Y,Os3:Eu®*
contents (a) 8%, (b) 12% (for CPP layout), (c) 0.16%, and (d) 0.24% (for IPP layout)

4. CONCLUSION

The article presented the impacts of the particles of phosphor Y>03:Eu®" emits red light upon the
CRI and the luminescent properties of both conformal and in-cup phosphor MCW-LEDs as a function of
Y:05:Eu*" concentrations and particle sizes. The improvement of CRI was observed in two phosphor
structures when the red Y2Os:Eu’* phosphor in the packages; specifically, the highest CRI of the conformal
structure is 86 when using approximate 10% Y203:Eu’* with the particle size of 1 pm, while the in-cup
structure can yield the best CRI of 84 at 0.24 % concentration and 1 pm particle size of Y203:Eu**. On the
other hand, CRI decreases when the particle magnitude of Y»Os:Eu®" increases. Regarding the lumen
efficiency, the results indicated that it can be enhanced by using Y»O3:Eu** with a lower concentration and a
larger particle size because in both cases the extinction coefficient was reduced significantly. These results
can prove that Y>O3:Eu’** red phosphor is an appropriate phosphor material for fabricating MCW-LEDs with
high CRI and luminous performance, which greatly supports the further development of MCW-LEDs
manufacturing.
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