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This article focuses on enhancing the lighting efficiency of pc-WLEDs, a
new and advanced lighting solution that has received lots of attention. To
adapt to the demand of modern lighting, the lighting performance of pc-
WLEDs must be improved, especially the color homogeneity and luminous
flux, two of the most important quality indicators of pc-WLEDs. Through
experiments, this article proposes using the scattering enhancement particles
(SEPs) such as CaF2 and SiO2 with yellow phosphor Y3Als012:Ce3* in pc-
WLEDs configuration. The pc-WLEDs model is created by using the
LightTools program and set at 8500 K correlated color temperature, while
the experimental results yielded from this simulation will be verified by Mie-
scattering theory. The information from this article reveals the scattering
coefficients of SEPs at 455 nm and 595 nm wavelengths. Moreover, it is

SiO; confirmed that the employment of CaF- is effective in promoting the color
but may damage the luminous efficiency if the concentration is too high
while the SEP material, SiO2, exhibits high luminous efficiency at all
concentration.
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1. INTRODUCTION

The light-emitting diodes (LEDs) have been being applied in both indoor and outdoor occasions
recently [1]. The LEDs with outstanding characteristics, such as energy efficiency, cost effectiveness, high
endurance, and low waste emission rate, have earned it the reputation in the lighting industry and is expected
to replace older lighting solutions such as incandescent bulbs and discharge lamps [2]. The common white
LED, also known as phosphor-converted white LED (pc-WLED), is created by integrating colors, a process
that combines the blue light (InGaN) from the blue chips and the emitted yellow light that is converted from
the blue light by phosphor [3], [4]. Although the use of pc-WLEDs can still be spread to more advanced field,
the quality of pc-LEDs must be improved, particularly the light extraction proficiency [5]. Many studies were
conducted and proposed different ideas, and one of them is adjusting the packaging by comparing conformal,
using hemisphere glass, or employing the remote phosphor structure [6]. Others are the correlated color
temperature (CCT), which is a decisive factor to the light output of WLED, and the impact of phosphor
particles size and particle number [7], [8]. To study the aspects mentioned above, a process named Monte
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Carlo Ray was utilized to simulate the pc-LED model for the research of scattering effect, absorption
coefficient, conversion efficiency, packaging arrangement, and the index of refraction of the phosphor
material and polymer of the WLED design [9].

This simulated model was successfully applied with different types of phosphor (YAG, Silicate, and
green YAG) and able to measure all the parameters that affect the lighting quality of pc-LEDs, including the
light loss from backscattering happens during the phosphor emission process [10], [11]. The color uniformity
is one of the important indicators that can influence the quality of light yielded from the pc-LEDs; however,
it did not receive enough attention as it should in research [12]. The lack of color uniformity is usually cause
by central and directional blue source combined with phosphor particles having an isotropic scattering that
results in a phenomenon called the yellow ring, which impairs the color quality of pc-LEDs and causes
irritation for the eyes [13]. This is due to the blue lights at high CCT assemble in the ordinary direction while
the yellow lights gather in the peripheral direction, thus, creating the imbalance of light at these directions.
The angular CCT deviation (DCCTD) for non-optimized configuration can go up to 3000 K and even higher
in larger size applications used for lighting on a surface [14]. Many solutions to control the DCCTD were
proposed in recent researches from simple ideas such as adjusting the method of conformal coating, applying
specialized lens, and re-design the phosphor layer to a more advanced method of applying a patterned
sapphire substrate or a multi-layer phosphor package in which the phosphor films are arranged based on their
refractive indices [15]-[19]. The influences of these methods are not the same and should be regarded
alongside the changes in luminous flux and the CCT [20]. Comparing a low CCT pc-LEDs with higher
phosphor scattering to a high CCT pc-LEDs with lower scattered phosphor, the reduction of DCCTD is
harder to achieve and more desirable. Chen et al. [21] combining ZrO, Nano-particles to the phosphor layer
in order to accomplish the DCCTD decrease. Using nano-particles ZrO, in remote phosphor structure was
proved to also boost the backscattering effect of ZrO,, however, the phosphor reduction was not mentioned in
this finding. The increase in backscattering effect means the recycling of photon is also higher, therefore,
sometimes can be good for the improvement of lumen output. However, this result is achieved only by
comparing the luminous flux and then concluding on the impact of zirconia (ZrO-) without regarding to the
fluctuation of CCT during the experiment, therefore, it is difficult to determine the accuracy of the result.

In this article, we aim to achieve the reduction of DCCTD in high CCT devices by incorporating
calcium fluoride (CaF;) and silica (SiO2) particles into the phosphor packaging. The model used in the
experiments of this research is the most commonly used configuration, the pc-WLED with hemisphere
package. The results from the experiments and the model are both studied and presented regarding to the
CCT. Besides the color uniformity, the influence of using CaF, and SiO; in the phosphor layer at each CCT
in accordance with different concentrations and particle sizes is also one of the analyzed points. The research
results show that controlling the concentration and particle size of CaF, and SiO; can enhance both color
quality and lumen output.

2. ANALYZATION ON THE SCATTERING EFFECT

The scattering enhancement particles (SEPs) are the source of light scattering effect. According to
Mie-scattering theory, the presence of SEPs in conformal phosphor pc-WLED structure enables the scattering
effect, which will be measured by MATLAB [21]-[25]. The important values of scattering coefficient usca(4),
the anisotropy factor g(4), the reduced scattering coefficient dsca(4) and the scattering amplitude functions
S1(8) and Sy(6) are calculated using the (1) presented:

Hea(A) = [N(NC (A, 1)d (1)

In (1), N(r) represents the diffusional particles in each cubic millimeter that can also be defined as
diffusional density distribution, while Cs, indicates the scattering cross section (mm?2). The wavelength (nm)
is shown as 4, and SEPs particles radius (mm) is r.

In Figure 1 is the graph presenting the scattering coefficients of CaF, and SiO,. The results of Figure
1 suggest that the changes in scattering coefficients depend on the wavelength, which is expressed in the
wavelength band from 380 nm to 780 nm in both phosphors. Overall, the scattering coefficient put out by
CaF, phosphor are higher than that of SiO,, which explains for the better color quality achieved in phosphor
structure with phosphor CaF,. Having high scattering coefficient means there are more scattering processes
happened within the pc-WLEDs model before the light is ejected. The more scattering processes occur, the
better light rays are mixed, which lower the color deviation and lead to greater color quality. The luminous
flux, on the other hand, is a completely different parameter to the color homogeneity one, and it might not
benefit from high scattering coefficient. Developing pc-WLEDs based on these traits of color quality and
luminous flux is essential as these traits are applied for all devices with phosphor particles. The most
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common method to adjust the color quality and luminous flux is changing the concentration of phosphor, in
this case are the concentrations of CaF;and SiO2, along with studying the impacts of phosphor particles size.

The content of Figure 2 analyzes the pc-WLEDs simulated by LightTools 8.7 program. The
simulation of the pc-WLED is identical to the real WLEDs regarding all the components and parameters;
therefore, it is suitable to use in optical properties study. The structure of the pc-WLED can be describes as
follows: blue chips are placed at the bottom, the reflectors are on the sides, the mixture of yellow phosphor
and the SEPs covers the blue chip, and a silicone lens on top of the pc-WLED. The size of the simulation is
2.1 mm in depth, 8 mm inner with a 10 mm reflector. The components of the simulation are 9 blue chips, one
0.08 mm phosphor layer, and 0.5 um spherical SEPs particles with 1.54 and 1.44 refractive indexes for SiO2
and CaF2, respectively. In addition, the yellow phosphor grain has 7.25 um average radius and 1.83
refractive index at all wavelength in the visible spectrum. The silicone glue used to mix the phosphors has
fixed refractive index of 1.5. To maintain the CCT or ensure the lighting efficacy, the particles density
distribution can be changed.
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Figure 1. The scattering coefficient of SEPs at respective wavelength
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Figure 2. These figures are; (a) physical model of WLED sample, (b) WLEDs parameters, (c) illustration of
WLEDs model cross section, (d) the simulated WLEDs model
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3. RESULTS AND ANALYSIS

To execute the experiments in this research the CCT must be stable by balancing the weight
percentage of SEPs, the silicone, and the yellow phosphor. That means the concentration of yellow phosphor
and SEPs must change regarding each other, which can be monitored and calculated with the (2).

W +W,

silicone

+W,, =100% (2)

phosphor

In (2), Wghosphor, Witicone, and Wsep each represents the weight percentage of the yellow phosphor, the
silicon, and SEPs. This percentage composition equation of pc-WLEDs provides management over the
weight percentage components for keeping the CCT at 8500 K. The CCT deviation is an important index
because it affects the lighting performance of pc-WLEDs. If the CCT deviation is high, the light color at
different angles will be different, and thus, leading to the yellow ring phenomenon and impairing the lighting
performance of pc-WLEDs. Therefore, including CCT deviation in the study is important, and the CCT
deviation can be computed with the (3).

ACCT=CCT pvax~CCT min) 3)

In which, CCT ax is the highest CCT at 0° viewing angle while CCT in) demonstrates the lowest
CCT at the viewing angle of 90°. The changes in these optical properties in pc-WLEDs are caused by the
dissimilar particles emission spectra within the configuration. Trying to match the emitted blue light
spectrum with the spectra of other light sources to minimize the CCT deviation is an effective way to address
the issue. Observing the CCT deviation recorded from phosphor structure with CaF; and SiO; in Figure 3, we
can see that CaF, achieves the lowest index in deviation of angular amplitude than the other suggested SEP
does at wavelength range of 400 nm and 800 nm, which suggests that CaF, is the more effective SEP to
control the color deviation. The increase in emitted blue light to a sufficient amount is good for the color
homogeneity of pc-WLEDs as the redundant yellow lights that causes the yellow ring will be absorbed.
However, the blue light must not be redundant or insufficient because it will worsen the CCT deviation. CaF;
angular scattering amplitude is also high at 455 nm and 595 nm wavelength, which is similar to other SEP. In
Figure 3, the CaF; and SiO, have almost triple the amount of 455 nm and 595 nm angular scattering
amplitudes, compared to other wavelengths. This means adding SEPs to pc-WLEDs benefits color
homogeneity and luminous, which can be verified by the 1800 K CCT deviation reduction when comparing
pc-WLEDs without SEPs at 2670 K to pc-WLEDs with SEPs. On the contrary, the concentration of CaF, and
SiO; particles on their own will cause an increase in CCT deviation.
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Figure 3. Comparison of the CCT deviations between the pc-LEDs using (a) CaF, and (b) SiO-

Figure 4 presents the luminous flux of pc-WLEDs with the addition of CaF,and SiO, SEPs particles.
The results of Figure 4 cover the ranges of SEPs concentrations and particle sizes from 0% to 50% and from
100 nm to 1000 nm, respectively. Regarding the luminous flux results of CaF, expressed in Figure 4(a), the
luminous flux increases with concentration of CaF; in the range from 0% to 20%. However, it begins to
decline once the concentration of CaF, passes 20% and grows higher. The SiO, luminous flux presented in
Figure 4(b) shows that this SEP is favorable for the development of the light output as the achieved luminous
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flux increases with its concentration and particles size. These results confirm the importance of the particles
size in reducing the light loss caused by backscattering effect, therefore, managing this element is also
advisable. To study the amount of light energy loss from the excessive SEP concentration in CaF,, we can use
the Lambert-Beer law and the Mie-scattering theory following the equation presented.
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Figure 4. Comparison of luminous flux of pcLEDs adding (a) CaF. and (b) SiO;

The Mie-theory is employed to estimate the scattered phosphor particles. Therefore, the scattering
cross section Csca in spherical particles can be calculated using the following equation with the parameter of
transmitted light power calculated with the Lamber-Beer law:

1=1o exp(-HexL) 4)

The incident light power is lp, and L presents the phosphor film’s thickness (mm). [ex iS known as
the extinction coefficient, and calculated from the equation: Mex=Nr.Cext, Where Ny indicates the particles’
number density distribution (mm=3). Cex (Mmm?) demonstrates the extinction cross-section of phosphor
particles. From the results of (4), which regards the lighting efficiency of pc-WLEDs, it can be assumed that
with the SEPs concentration gradually increases, the luminous flux slowly falls off. This is due to the
increased light scattering processes and the high SEPs concentration amplifies the light loss from
backscattering effect, therefore, the emission energy is damaged.

4. CONCLUSION

With the aim to improve the lighting quality of pc-WLEDs configuration, the research of this article
focus on the changes that SEPs, specifically CaF, and SiO2, bring to color uniformity and luminous flux.
After going through experiments and being verified by Mie-scattering theory together with the Monte Carlo
simulation, the results confirm that the addition of SEPs is good for pc-WLED enhancement, and each type
of SEPs has a different benefit. Because the effect of each SEPs is distinct and the efficiency relies on the
concentration of phosphor, an optimal setting, which is in connection with the type of SEPs and the exact
concentration for each application, is essential for further developments of pc-WLEDs. In this research, we
have found that adding CaF, and SiO, can provide the control over the CCT deviation, an index that impacts
the fluctuation of CCT. By managing the concentration of CaF, phosphor, the CCT deviation can decrease to
the lowest value while avoid damaging the luminous flux due to the excessive phosphor concentration. SiO»
is the phosphor material that can guarantee the growth of luminous flux regardless of the concentration.
These findings are valuable for the manufacturing of pc-WLEDs with unique optical properties and can be
served as a practical direction for further studies.
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