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1. INTRODUCTION

With outstanding performance and remarkable features that improve the lighting efficiency,
durability, power-saving as well as the low waste-emission rate, the Light-emitting diodes (LEDs) has grown
passed many traditional lighting methods and become one of the most reliable light source for modern
solid-state lighting [1-4]. However, to keep the development going, there must be improvements in the way
that the white light in these LEDs is produced, which is integrating the blue light from a chip and yellow light
from yellowish phosphor, known as YAG:Ce [5, 6]. Although this method is cost-effective regard of is lumen
output, the chromatic quality is rather poor and often results in unwanted effect called “the yellow ring” that
damaged the color output [7-9]. Intensive studies have been conducted on the issues and many productive
solutions were proposed such as conformal configuration [10], rearrangement of phosphor material [11],
focal point plan [12], and stacking configuration [13-16]. In spite of the fact that these strategies were
affirmed to accomplish high CCT consistency, they additionally brought enormous creation challenges and
staggering expense for the large scale manufacturing, which would constrain their applications in Drove
bundling industry. In this manner, it is important to discover a strategy which acknowledges CCT consistency
as well as is carried out with minimal effort and basic manufacture. To reply to this expectation, the diffuser
restraint system which prioritize the focal point, simplicity, and effectiveness, that can improve the CCT
consistency is a considerable option. In an attempt to achieve similar point, the oxide that are forms
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between metals such as TiO,, ZrO, and SiO; have been utilized in several LED configuration to stabilize
the CTT [17-21]. Chen and his partners applied TiO, diffuser-loaded encapsulation to accomplish
the enhancement in CCT uniformity as well as the reduction in CCT variance of remote phosphor white
LEDs. Their research demonstrated the increases of angular color uniformity and luminous flux by 31.82%
and 8.65%, respectively, when TiO; diffuser is utilized. Another paper of Liang et al. considered TiO; as
a potential element to proposed UV/TiO, a treatment for hazardous organic pollutants, because it is a catalyst
that can give a constant oxidant source to water without having to be replenished. Besides, the team of Geng
and Xu has already practiced the application of SiO; by forming the composition QDs-SiO,-BNAs and used
it to create QDs-Si0,-BN nanoplate, which can eliminate thermal quenching, an effect induced by inadequate
heat conduction and the high heat retaining limit in QDs-SiO, material, and improve the stability of QDs in
LEDs. In addition to these aforementioned materials, researchers also interested in combining CaF, with
other phosphor patterns to enhance the performance of WLEDs, owing to the outstanding optical properties
and high thermal conductivity of this particle. Bhanvase’s team is one of those researchers, and in their 2018
paper, they exhibited the optical and structural properties of CaF»:Eu®" synthesized by using ultrasound
assisted method. According to their researches, the new synthesized CaF,:Eu** phosphor has excitation band
that agrees with the excitation range of LED; moreover, the Eu*" ions elements has the peak excitation
at 394 nm and exhibits 591 nm and 612 nm emission bands. Thus, they concluded that this CaF,:Eu®" can
be a good red emitting material. In 2019, continuing investigating the application of CaF,, Xie and
Wang and their partners proposed CaF,-YAG:Ce phosphor ceramic, which includes yellow-emitting YAG:Ce
particles mixed with a non-luminescent CaF, ceramic matrix. The results from their study showed that
CaF,-YAG:Ce phosphor ceramic increase the optical performance of WLEDs, specifically, the increased
luminous flux, CCT and CRI are 359.7 Im, 4021-7941 K and 70.1-82.7, respectively. The potential to boost
the effectiveness of these nanoparticles is high as they are compact and flexible which open directions for
alterations yet there are not many manuscripts on utilizing nanoparticles in a creative structure as most
research concentrate on how WLEDs react to the particles [22-24]. In the meantime, because of the lack of
concentrated speculations and complex specialized direction, choosing an optimal nanoparticles material to
effectively enhance the CCT is quite confusing and repetitive, especially for manufacturers.

As the search continues, nanostructure containing ZnO came across as a preferable solution above
considering how easy it is to operate, manufacture and monitor [25, 26]. The nanostructure containing ZnO
with the refractive index of (n= 2.0) can act as a slope refractive record layer between GaN and air with
refractive indices respectively being (n = 2.5) and (n = 1), providing that other elements that follow such as
thermal performance, duration, and antecedent focus are accounted for. The finding in recent research that
prove the use of ZnO in enhancing the effective of light extraction process in LEDs devices through
experiments integrating ZnO in specialized nanostructure has inspired many innovative applications.
Yet many possibilities are still neglected for ZnO utilization in improving other lighting criteria with Drove
bundling beside the light output, specifically the effects of different ZnO particles structure on light power
and CCT consistency. With that being said, the focus of research should be moved to these area for new
discovery of ZnO nanostructure potential to improve light energy and CCT. Hence, acknowledging
the remaining issues, this paper will present the effect of ZnO on the performance of WLEDs based on
an analysis of ZnO morphologies, which has not been done in any aforementioned studies. Particularly,
the impacts of the particle size and concentration of ZnO are investigated and demonstrated through
mathematic system and figures. The attain results will provide a basis for selecting suitable ZnO’s parameters
that serve the demands of improving lumen efficacy and color homogeneity of WLED. Through
measurement of scattering events in the WLED, the effect of size and concentration of ZnO is clarified.
Research results are valuable reference for the application of ZnO.

2. RESEARCH METHOD
2.1. Physical and optoelectronic characterization

From Figure 1(a), we can observe the physical model of WLED with ZnO traits that is used in all
the experiments presented in this research. The schematic image of WLED cross-section in Figure 1(b)
demonstrates how arrangement of the component inside the device. The constructing process of this WLED
model is conducted in the following sequence: first, a blue chip with GaN traits which emits at 450 nm and
has the appraised intensity of 1 W at a 350 mA current was put in the business lead-outline bundle.
Then, a composition of YAG:Ce yellow phosphor (D half, 13 + 2 um) and silicone glue is form in
12 minutes with a vacuum homogenizer running at 1360 rpm and 0.2 MPa (the weight proportion between
the yellow phosphor and the silicone is 3:8). The composition is diffused on the surrounding of the blue chip
and dried at 120°C for 3 hours to form a phosphor coating layer. A glass hemisphere is put above
the compound to protect it from contamination and impact. The final step would be curing the ZnO
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nanoparticles by blending vacuumed environment and degassed before inserting them into the phosphor
structure. The final mixture should be left till dried in room temperature at approximately 25°C. The field
emission scanning electron microscope (FE-SEM, Merlin) is the tool to draft the surface structure of ZnO.
The UV-Vis spectrometer (UV-Vis, Agilent Cary 5000) is used for the calculation of the transmission
efficiency in films with ZnO. The Electro-optical values in flims and WLEDs with ZnO were achieved using
a specialized system (Multi Spectrums T-950/930). The conducting process of measuring the mentioned
value are carried out in the same condition which is in the air and under consistent thermal condition (25°C).

Silicone lens

ZqO

(b)

Figure 1. (a) Photograph of 9W WLED device and
(b) schematic cross-sectional view of ZnO-doped WLED devices

2.2. Mie-scattering analysis

To calculate the scattered quantum-dot-converted elements (QDCESs), we can utilized the equation
from Monte Carlo model [27] and apply the same way to measure the phosphor conversion in WLED.
The equation below expressed the scattering coefficient and scattering phase function, which can be
described as Msca and Psca () respectively:

c
Usca = %f f(D) Csea(D,A)dD 1)

The scattering coefficient is the possibility that a scattering event occurs. The elements contribute to this
value which presented above are ¢/m for the thickness of QDs particles; ¢ describes the QD concentration
(mg/cm?®); D is the magnitude of particle in nm; A is the measurement of wavelength in nm; f(D) is
the distribution function of QD particle in size; m depicts QD’s mass (mg) in the QDCE, which can be
calculated by integrating over f(D); Csca(D, 1) is the QD’s scattering cross-section, respectively, and can be
calculated by:

Poca(D,1) _ [ Poea(D,2)d6

Pinc (/1) B Pinc (/1) (2)

Csca (D, /1) =

In which, P;,,.(4) is the source incident radiation (W/m?); P,., (D, A)is the scattering energy (W), when light
transmits through the QD; P,.,(6,D, 1) is the scattering power (W). The phase function of scattering that
depicts the distribution of scattered energy meets the normalization conditions and can be observed in
simplified form below:

J F(D)psca(8,D,2)/Pecy(D, ) Csa (D, 1)dD
J (D) Cscq(D,1)aD

p6,2) = @)

3. RESULTS AND ANALYSIS

To assess the effects of ZnO particles size on the scattering efficiency of WLED, we must consider
different magnitude of ZnO particles with each distinct scattering feature. For example, the scattering
cross-section of the ZnO particles, C,.,(D, 1) with the size varies from 400 nm, 500 nm to 600 nm,
are shown in Figure 2(a-c). As the ZnO size increases, Cg.,(D,A) also increases, resulting in stronger
scattering ability. Light tends to transmit straight to larger particles, which is beneficial to luminous flux.
In contrast, light scatters in all directions with small particles. This is conducive to color uniformity but not
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conducive to luminous flux. Dependent values C,.,(D,4) and wavelength values C.,(D,A) decrease as
the wavelength increases. Moreover, it is noticed that within the 380 nm wavelength, the maximum value
Cscq(D, A) can be achieved with all particle sizes. The scattering phase distributions are also measured

responding to the size of ZnO particles of 400 nm, 500 nm, and 600 nm to determine the influences on
scattering intensity.
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Figure 2. Scattering and cross-sections of ZnO particles with various sizes:
(a) 400 nm, (b) 500 nm, (c) 600 nm

Similar t0 Cs.q (D, 1), Ugea(A) the value increases when the ZnO particle size increases.
This further confirmed the scattering ability of ZnO particles increased. However, the larger the wavelength
is, the smaller p,., (1) becomes. The maximum value is accomplished at 380 nm, which is suitable for
the application of ZnO particles to improve light quality. It is possible to explain this phenomenon to

sca(D ), tsca(A), like this:
We need to increase the scattering ability in the layers of phosphor so that the emitted light are mixed
more times to make the white light emit color copper.
Scattering value peaks at 380 nm, then gradually decreasing, and eventually reaching the smallest value at
780 nm. Meanwhile, the wavelength of the LED chip is 453 nm, which means that ZnO is suitable for
advanced scattering in phosphor layers.

The results of Figure 2 confirm that the larger the ZnO particle size, the greater the scattering
capacity. To determine which ZnO size is suitable for application, p(6, 4) should be considered. p(6,1)
shows the angle of scattering intensity, thus selecting suitable ZnO particle size depends on scattering and
scattering ability. For large-sized particles, lights will be transmitted straight through them, leading to
the benefited lumen. With a smaller particle size, the light is dispersed in many directions, meaning that
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the scattering angle is large, and the energy of light is reduced by back scattering to the LED chip, resulting
in lower lumen output. However, due to this multiple light scattering, blue and yellow rays are mixed more
times before emitting from the phosphor layer to form white light.

Blue rays can be scattered more often with small ZnO particles. And these blue rays are sent to more
LED chip sides. At this point, there is a combination of blue rays and "yellow ring" to form white light.
The result are a reduction in the "yellow ring" effect and an improvement in color uniformity. The value
p(6, 1) is clearly shown in Figure 3. The larger the ZnO particle size, the greater the intensity of scattering
but the smaller the scattering angle. These findings clearly demonstrate the significant effects of ZnO particle
sizes on two crucial optical properties of WLEDs, color uniformity and luminous flux. Thus, this helps
manufacturers figure out the suitable size of ZnO particles when applied them in production.

(©)

Figure 3. Scattering phase distributions of ZnO particles with various sizes:
(a) 400 nm, (b) 500 nm, and (c) 600 nm

However, to investigate the lumen emitted, the size information is not enough. The emitted lumen
is also influenced by the concentration of ZnO in the phosphor layer, as presented in Figure 4.
As the concentration of ZnO increases, the passing lumen tends to decrease significantly at any size.
As the ZnO concentration increases, the scattering capacity also increases, and the energy for this large
scattering reduces the energy of light emitted. Therefore, choosing the right size and concentration of ZnO
becomes very important in production. Based on the result of Figure 4, ZnO concentration of about 10% can
be selected at any size to achieve the highest lumen. However, the goal of the study is not only the lumen
emitted, but also the color uniformity, so we continue to consider the results in Figure 5 which depicts
the reponse of ACCT in WLED to different size and concentration of ZnO.

With 14% ZnO, though ACCT does not reach the lowest level, it decreases significantly. Moreover,
ACCT has the lowest value with 500 nm ZnO at 14% concentration. In addition, it is easy to realize that
ACCT tends to decrease with the increasing concentration of ZnO. This can be explained by excessive
scattering in the phosphor layer, from which the amount of scattered blue light becomes redundant, especially
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with smaller size of ZnO particles. To achieve color uniformity, which means that ACCT must be low, there
must be a balance between the intensity of blue and yellow. Calibration of the size and ZnO concentration
also aims at this. When the golden light prevailed, the "yellow ring" phenomenon appeared, the white light
emitted was warm white light. At this time, the scattering of blue light is next feature to improve. Therefore,
based on ZnO particle scattering survey through values Cy.o(D, 1), psce(1) and p(6,21), as well as
the investigation in the concentration of ZnO, we can fully select the suitable ZnO particle parameters for
application. If the manufacturer's request is a lumen emitted, 10% ZnO can be added to the phosphor layer
regardless of particles’ sizes. If the manufacturers aim to achieve the color uniformity, it is possible to choose
14% ZnO. And, if the manufacturer's goal is the enhancement in both lumen and color copper, 14% ZnO is
the most suitable option.

760

= 500 nm 600 nm

720

680

640

Luminous flux (Im)

600

560

ZnO wt. (%)

Figure 4. Lumen output of WLED as a function of the size and concentration of ZnO particles
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Figure 5. ACCT of WLED as a function of the size and concentration of ZnO particles

4. CONCLUSION

The paper successfully presents the effects of ZnO particles in two aspects of WLED, color uniformity
and lumen output. In this study, we apply the mixture of ZnO and YAG:Ce in which the 400-600 nm ZnO were
added to YAG:Ce to increase the scattering in phosphor layer. Increased scattering is an idea to improve color
uniformity. However, it is necessary to select roofing to prevent excessive lumen emission. Through value
Coca(D,A), Useq(A) and p(0, A1) analysis, the paper analyzed the scattering of ZnO particles by size clearly.
Moreover, ZnO concentration is also mentioned so that producers have an overview of ZnO application.
In other words, this article analyzed the two important factors of ZnO application which are the size and
concentration through mathematic system and experiments. The proposed results show that lumen output of
WLED can achieve the highest value with 10% ZnO. Meanwhile, with 14% concentration and 500 nm particle
size of ZnO, ACCT reaches the lowest level. Depending on the production needs, manufacturers can choose
the most suitable concentration of ZnO. However, with both the required lumen and ACCT required, 14% ZnO
is suitable for applied ZnO sizes. With the useful information provided in this paper, we believe that
manufacturer can improve their WLED products by selecting suitable ZnO particles’ parameters.
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