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1. INTRODUCTION

The use of light-emitting diodes (LEDs) as a promising generation solid-state illumination system
has been demonstrated and will likely be used as an alternative to traditional fluorescent and incandescent
lighting sources, by reason of they have remarkable characteristics such as durability, excellent performance,
budget savings, and environmental friendliness [1]-[4]. Freely distributing the Ce®*-doped Y3AlsO12
(YAG:Ce) with yellow emission over to blue-LED chips [5], [6] is one of the most familiar techniques of
white LED (WLED) manufacturing. However, the angle-associated hue heat obtained using this approach is
of not good condition, and the yellow-ring issue, which is detrimental to WLED lighting output, also happens
[71-[9]. Authors recommended a variety of solutions to these issues, including conformal-phosphor structure
[10], outer covering phosphor film adjustment [11], lens configuration [12], and WLED packet configuration
optimization [13], [14]. While these approaches have been shown to improve CCT homogeneity, their
manufacturing faces numerous challenges and they are often costly to be used in large scale manufacturing.
WLED producers should also formulate a process that is easier and less costly to fabricate while also
achieving high CCT homogeneity.
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Diffuser-loaded encapsulation is currently a hopeful approach for improving the color consistency
of WLEDs since it is able to meet the criteria of cost-saving and uncomplicated manufacture. WLED packets
with diffuser bases containing metal oxides diffusional particles including TiO2, SiO,, and ZrO, have been
evolved using this principle [15]-[18]. For instances, the ZrO, particle was incorporated with a diameter of
300 nm into the distant phosphor configuration, resulting in a decline in CCT difference by 580 K within
+70° viewing angle. Besides, the TiO, diffusers (320 nm) added to encapsulation or phosphor sheets resulted
in decreased CCT deviations when increasing the doping concentrations. The influence of these diffusional
particles on the CCT homogeneity of the WLED is obvious, but the influence of a diffusional substance or
varying integrating amounts of related particles are the subject of the above studies. The effects of various
diffuser material systems on WLED efficiency have not been analyzed in detail [5], [19], [20]. Furthermore,
since there are not sufficient experiments that provide comprehensive content and detailed guidelines on this
subject, pointing out the best nanoparticles to improve the color caliber of WLEDs takes a long period.

The scattered influences of ZnO nanostructures have recently been acknowledged and also
advantageous for WLED processing because it is inexpensive and simple to monitor morphologies and
synthesize [21]-[24]. Furthermore, by modifying and managing the reaction conditions including duration,
temperatures, precursor dosage, and so on, a variety of ZnO configurations can be obtained. ZnO has a
refractive index of 2.0, which indicates it is among GaN (n=2.5) and air (n=1), meaning that ZnO
nanostructures can be called a refractive index gradient layer. Besides, so many researchers have highlighted
the advantages of introducing ZnO to the GaN WLEDs to improve lighting extraction [25]-[27]. Though
these papers demonstrated an increase in lighting intensity, the improvement in uniformity of color
distribution of WLED models with diffusers of ZnO particles is barely discussed. Thus, in this paper, we will
discuss the effect of using ZnO particles on the lighting quality of the WLED products. Mie theory of
particle-scattering and the MATLAB measurement technique are used to investigate the scattering effects of
ZnO nanoparticles, as seen in section 2. The results show that the scattered strength of WLEDs is increased
due to the large scattered influence of ZnO nanoparticles. Furthermore, various ZnO concentrations may be
used to improve color homogeneity.

2. METHODS OF SCATTERING ANALYSIS

The ZnO nano-spheres scattering used in simulation are spherical. Here, Mie-scattering-based
formulas were utilized to analyze scattering fators of sphereical ZnO partciles [28], [29]. The scattering
simulation was then carried out with varying ZnO diameters using the MATLAB computing program and
illustrated in figures below.

The ZnO spheres’ scattering properties, including scatter factor (usca(4)), diffusing process functions
(S1and Sy), decreased scatter factor (dsca(2)), and scatter cross-section (Csca), are all shown in this chapter. As
previously stated, the illumination scatter influences when ZnO nanoparticles are introduced is calculated
using Mie theory and the MATLAB device [16]-[18]. The following formulas are used to calculate ZnO
scattering:

ﬂsca(/l) = fN(r)Csca(/L T')dT' (1)
g =2 [ [ pO.47)f()cosOdcosbdr )
Osca = tsca(1—g) 3)
S1 = zn:1 nz(;:i) [a, (x, m)m, (cosB) + b, (x,m)t,(cosh)] (@)
S, = anl nz(z:r_i) [a,(x,m)T,(cosO) + b, (x, m)m,(cosh)] (5)

where N(r) represents the diffuser density distribution, and r indicates the particle’s radius (nm). g() denotes
the anisotropy factor, and p(6, A,r) shows the phase function with 1 represents the wavelength of excited light,
and @ represents the scatter angle. f(r) means the ZnO’s size distributional density in the phosphor sheet. x
and m represent the size parameters and refractive indexes. a, and by represent the even and odd expansion
coefficients, respectively. 7t,(C0S6) and tn(Cc0SE) represent the angular-dependence factors.
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As the 450 nm and 550 nm wavelengths are the two main light regions for generating white light,
we monitored the scattering properties of the ZnO at 450 nm and 550 nm and demonstrated in the following
figures. In Figures 1 and 2, the scattering coefficients and phase functions are illustrated, in which the
diameters of ZnO particles are varied from 0.1 to 1 um. The increasing in ZnO diameters lead to the larger
scattering productivity, suggesting that the incident-light absorbing probability is likely to be improved.
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Figure 1. usca(2) with various particle sizes of ZnO Figure 2. Phase functions with various particle
spheres sizes of ZnO spheres

Owing to the reflection process, the ZnO particle sizes can have a significant impact on scatter
strength. The reduced scattering with various ZnO particle sizes is subsequently illustrated in Figure 3, and
the scatter cross section in the same examination conditions is graphed in Figure 4. Similar to the scatter
coeffucients and phase function, the larger ZnO diameter shows the stimulated scatter influence. It is evident
from this that using large sizes of ZnO will homogenize the scatter strength distribution, but the
backscattering influences can be greater if using along with high concentration in the phosphor film.

From the results shown in Figure 5, the scattering of light at 450 nm is always superior to that of
550 nm as can be shown. This proves that ZnO is suitable for use with improved LED color quality.
Additionally, the bigger ZnO sphere diameter exhibits the larger scattering angle, which means the scattering
probability of the light at LED packge’s edges can be improved. Thus, the mixing of light rays is better for a
higher overall uniformity of light-emission distribution. Conversely, the smaller ZnO sphere size leads to the
narrower dispersion angle, which is probably advantageous for the strong and focus light emission.
Therefore, the choice of balance between size and concentration becomes extremely important when
applying ZnO.
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Figure 3. Decreased scattering coefficient with various Figure 4. Scattering cross-section with various
particle sizes of ZnO spheres particle sizes of ZnO spheres
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Figure 5. Angular scattering amplitudes with various particle sizes of ZnO spheres

3. COMPUTATION AND DISCUSSION

So as to check the measured outcomes of the influence of ZnO-doping films on WLEDs, the
LightTools 8.1.0 program is used. The ZnO dopants with different concentrations are examined in order to
include the most comprehensive study that can assist producers in using ZnO particles to improve their
WLEDs. The diagrams of WLEDs used in this study as seen in Figure 6. The physically modelled WLED
using multi-chip cluster can be seen in Figure 6(a) with specifications in Figure 6(b). Each component of a
WLED product is carefully calibrated to ensure that the tested template is similar to the actual product. The
LED reflector has a 2.1 mm depth, an 8-mm inside diameter, and a 10 mm outside diameter. The thickness of
the ZnO/phosphor sheet covering the LED chips is 0.08 mm, as shown in Figure 6(c). Figure 6(d) is model
provided by the LightTools simulation software [30], [31].

] .-¢';

| Lead frame: 4.7 mm Jentech Size-S
LLD chip: V4311

Die attach: Sumitomo [2958A
Gold Wire: 1.0 mil

Phosphor: ITC NYAG4 EL

(a) (b)

Silicone kns YAGCe™*
Zn0

(c) (d)

Figure 6. The diagrams of WLEDs: (a) picture of a WLED sample, (b) WLED specifications,
(c) 2D illustration of a WLED, and (d) the simulated WLED by LightTools
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The quantities and shapes of ZnO nanoparticles have a significant influence on inner diffusing, as
previously observed. This chapter will look at how the optic output of WLEDSs varies when ZnQO is used as a
diffuser film. The aim of the studies is to look into the scatter effects of ZnO in the phosphor film on the
dispensation of CCT, illumination strength, and lighting quality [32], [33]. In a typical WLED packet, the
ZnO dosage of the encapsulating film is comparable to that of the yellow phosphor. The angle dependent
CCT homogeneity can be determined by the maximal CCT minus the minimal CCT, while the lighting
intensity homogeneity can be shown as the highest value of lighting intensity minus the least one, due to the
outcomes of earlier studies. Aside from that, as seen in Figure 7, the angle range used to assess angle-
dependence CCT uniformity and luminescent strength is +£70°. As can be interpreted from the figure’s data,
the deviating CCT levels (delta-CCT) declines when increasing the ZnO concentrations. The lowest delta-
CCT is noticed when ZnO wt.% is ~18. Though higher concentration of ZnO, for example 46 wt%, gives
larger delta CCT, the value is lower than that of the package with <18 wt% ZnO dopants.

Figure 8 shows the illumination flux as a function of ZnO nanoparticle concentration. The
conventional WLED product without ZnO had a comparatively high luminescent intensity, but it had low
efficiency. The illumination flux can be increased by using ZnO-doped layers. Nevertheless, as the ZnO’s
concentration raises, the illumination flux decreases as the transference decreases, as a result of increasing
ZnO concentration. The concentrations of ZnO in the phosphor layer greatly impacts the scattering
performance. With low doping concentrations, the number of ZnO grains is insufficient to have an influence
on lighting rays, making it difficult to discern between the effects of various morphologies. When the
concentration of scatter particles drops below a specific threshold, the scattering factor can be described in
terms of particle cloud properties. According to the general principle of dispersion, the light energy dispersed
per spatial unit volume is proportional to the single-particle scattering energy. Even so, as the dosage of ZnO
particles rises, the scattered energy dispensation is becoming more homogeneous, but the backscattering can
become greater, inducing the re-absorption effects. As a consequence, the scattered light is absorbed, causing
the total lighting extraction efficiency to decrease [34], [35].
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Figure 7. CCT deviations with various integrating amounts of ZnO spheres
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4. CONCLUSION

The study discusses the scattering properties of ZnO on the color homogeneity of the WLED. The
color uniformity of the light output has been one of the critical concerns for high-power WLED devices. The
ZnO with good scattering characteristics can be utilized as a scattering agent to induce the angular scattering
performance of the conventional yellow YAG:Ce phosphor layer. The Mie-based scattering investigation for
the ZnO spheres was performed with the varying particle’s radius, aiming to determine the particle size for
further examinations of ZnO influences. The obtained data showed that increasing the particle size of ZnO
exhibited a stronger scattering performance, validating the ability of ZnO to stimulate the angular scattering
of the phosphor layer. The appropriate ZnO diameter was selected at ~1 pm to be integrated into the
phosphor layer. As the particle size was fixed, the concentration of ZnO was adjusted to obtain the research
goal of improving angular color uniformity. The deviation of CCT was considered, which showed a
noticeable decrease with increasing ZnO concentration, implying that the color homogeneity was enhanced.
Specifically, the delta-CCT levels decreased when increasing the ZnO concentrations and bottomed out with
18 wt% of ZnO in the phosphor film. However, when increasing the ZnO concentration over a certain point,
which is ~20 wt% in our examinations, the transmitting performance is reduced, resulting in a drop in
luminescent performance. The reasonable concentrations for ZnO nanoparticles can be 18 wt% for the
improvement of CCT uniformity and flux intensity. Such results demonstrated that using 1-um ZnO at high
concentrations of about 18-20 wt.% can contribute to achieving color uniformity with a minimum flux
decline. Yet, the results are based on non-complex device simulation and with one phosphor material.
Besides, another critical light property of the WLED — the color rendition — is not included in this study.
Therefore, examining the performance of a more complex WLED structure with ZnO as a primary scattering
particle or considering the effect of the ZnO diffuser layer on the color reproduction efficiency of the WLED
can be appealing topics for future studies.
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