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1. INTRODUCTION

As the environmental issue has been a global concern, utilizing a lighting source that is eco-friendly
but still excellent in lighting efficiency is in high demand. To serve this purpose, lighting emitting diodes
(LEDs) has been applied to various illuminating devices as a replacement for incandescent bulbs and
fluorescent lamps which are inferior in optical performance and contain mercury [1]-[4]. To generate white
light, LED package is usually fabricated using phosphors to down-convert blue lights emitted from a LED
chip. One of the first and most common LED package in use is the YAG:Ce-based InGaN LED in which
YAG:Ce is the Y3Als012:Ce yellow phosphor applied for blue-light down conversion. This LED results in a
cold and low color-rendering-index white light as well as emits high correlated color temperature (CCT).
Thus, figuring out a way to improve the color rendering index (CRI) and lower the CCT for YAG:Ce-based
white LEDs (WLEDs) has drawn extensive attention from researchers. It is reported that the mixture of red
and yellow phosphors could promote the color adequacy but sharply degrade the luminescence efficiency
[5]-[8]. Accordingly, to achieve better color quality, the reduction in lumen output of white LED is
unavoidable, yet researchers had been working on how to minimize this luminous loss while heightening the
color quality simultaneously. The application of semiconductor nanocrystals or quantum dots (QDs) has been
introduced to modify the emission spectra for achieving a reduction in luminescence loss of traditional
WLEDs [9]-[13]. The advantage of using QDs is the tunable emission wavelength which is managed by their
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narrow emission spectra [14], [15], helping the high-power WLED achieve high color rendering index (CRI).
However, to fully take advantage of QDs, it must be mixed uniformly with the silicone polymer in the
fabricating procedure. In addition to that, the long chain and hydrophobic surface ligands on QDs could
disturb the forming process of polymer chains, degrade the stability of mechanical properties of the package,
and result in poor compatibility with silicone polymers having a very polar chain [16]. In an attempt to
resolve this problem along with supporting the CRI development of WLEDSs, Ziegler and his team introduced
an encapsulation of QDs blended with silica-based nanocomposites [17]-[19]. Silica-based composite is one
of nanocrystal based inorganic nanocomposites that researchers have been greatly interested in because their
physical and chemical features could be appropriate for being applied in many applications, including WLED
devices [20]-[22]. Various investigations have been carried out to uniformly mixing the silica with QDs. A
traditional approach for the incorporation of QDs in silica is to employ Stéber method to grow the silica shell
on semiconductor nanocrystals, after its ligand surface is exchanged for the hydrophilic surface [23].
Nevertheless, there is the limitation of the blended nanocrystals number in each nanocomposite particle [24],
so it is essential to add high-concentration SiO, multiple nanocrystals to synthesize phosphor material with
high luminescence [25]. Thus, another popular method called reverse microemulsion method was utilized for
synthesizing SiO2 nanocomposite particle [26], and was able to result in a smooth silica surface and a
uniform distribution of SiO, and silica materials. This result is attributed to the reduction in reverse micelle
formation and hydrolysis/condensation of the silica precursors by adding surfactants. Capturing this idea, we
added SiO, nanoparticles to the silicone composite of the remote phosphor structure of WLED and examined
its influences on the optical performances of WLEDSs. The organization of the study is as follows. In the next
section, section 2, the simulation of a SiOy/silicone packaging WLED is demonstrated, and then the
scattering analysis is carried out via a mathematic system that is built based on Mie-scattering theory.
Section 3 is about the attained results and discussion. Section 4 is the conclusion that summarized all the
findings presented in the whole study.

2. EXPERIMENTAL DETAILS
2.1. MC-WLEDs simulation

The LightTools 9.0 commercial software was applied to carry out the simulation of the WLED using
SiOz-integrated remote phosphor structure which is presented in Figure 1. Figure 1 () is the photograph of
real LED packages while Figure 1 (b), (c) and (d) are the cross-sectional illustrations of simulated WLED
used in this study. The WLED package is comprised of 9 blue LED chips, silicone layer, yellow phosphor
Y3Als012 (YAG), and SiO; synthesized with silicone composite. Each blue LED chip having 24 mils square,
450 nm peak emission wavelength, and radiant flux of 95 mW at 120 mA driving current. In addition, the
yellow-phosphor particle size is set at around 12 um. The fabrication of the SiOa/silicone remote phosphor
configuration is carried out as the following order. First, the LED chips are bonded onto the plastic lead
frame; second, dispense the transparent silicone on the lead frame and cure them at 150°C for an hour. Third,
the yellow phosphor particles are mixed with silicone composite to create a slurry of phosphor suspension.
Then, spray this slurry on the initial transparent silicone to form the remote phosphor structure. Finally, SiO»
nanoparticles are integrated into silicone binder and a solvent with alkyl base. After that, the mixture is
mixed with or placed above the yellow phosphor composite to complete the desired SiOJ/silicone remote
phosphor packaging configuration, as presented in Figure 1 (c) and (d), respectively. It is noted that the
concentration of SiO- in the silicone composite is about 5% wt.

2.2. Scattering computation

Here, we applied Mie scattering theory and ray tracing method in measurements, so the achieved
results can be more precise. Mie theory is a famous tool for scattering computation of WLED optical
simulation and has been widely utilized in many commercial optical software, including Lighttools,
Tracepro, and ASAP. Usually, optical software considers the scattering of phosphor particles as Mie
scattering to perform a simulation of a WLED package, therefore, the revision of Mie scattering computation
probably contributes much to improving the performance of the software to give a more accurate simulation
of WLED packaging design. The computation of scattering coefficient usca(Z), anisotropy factor g(2), and
reduced scattering coefficient dsca(4) based on Mie theory can be expressed as [25], [26]:

Hea(A) = [ N()Cyy (A, 1)dr (1)
g(4) =27 [ p(6,4,1) f (r)cos d cos odr ?

Applying SiO nano-particles for improving optical properties of WLED conformal and ... (Phan Xuan Le)



19160 ISSN: 2302-9285

5sca = Hsea (1 - g) (3)

Figure 1. These figures are, (a) photograph of WLEDs sample, (b) the simulated WLEDs model,
(c) conformal structure, (d) in-cup structure

In which, N(r) indicates the distribution density of diffusional particles (mm?), Csa expresses the scattering
cross sections (mm?), p(6,A,r) is the phase function, A is the light wavelength (nm), r is radius of diffusional
particles (um), @ is the scattering angle (°C), and f(r) is the size distribution function of the diffusional
particles in the phosphor layer whose calculation can be expressed as follows:

f(r)=fu (N)+ () 4

N (r) = Ndif (r) + N phos(r)

= Ky Ly (N + o (0] ©)

As can be seen in (5), N(r) is comprised of Ngif(r) and Nphos(r), both of which are the diffusional particle
density and the phosphor particle density, respectively. fair(r) and fonos(r) indicate the size distribution function
data of the diffusional and phosphor particles, while Ky shows the number of the diffusor unit for one
diffusor concentration and can be computed by:

c=K, j M (r)dr (6)
Here, M(r) shows the mass distribution of the diffusive unit, demonstrated as:
4
M (r) = gﬂ'r [pdif fdif (r) +pphos fphos (r)] (7)

With pqir(r) and ppnos(r) display the density of diffusor and phosphor crystal.
According to the application of Mie theory, calculating Csa can be carried out as the following expression:

2 0
Coa =17 2 (20-1)(a,[ +[o,[") ®)
0

Bulletin of Electr Eng & Inf, Vol. 10, No. 4, August 2021 : 1914 — 1922



Bulletin of Electr Eng & Inf ISSN: 2302-9285 01917

In this Csca calculation, k=2z/4. Meanwhile, parameters a, and b, can be attained with below formulas:

w, (M), (X) —my, (mX)y, (X)

a,(x,m)=-% ,
¥V (mx)gn (X) —m WV (mX)éfn (X)

©)

b (X ) — ml//n (mx)l//n (X) —Va (mx)l//n (X)
m mV/n (mX)gn(X) V¥, (mx)énv(x)

(10)

Here, x=k.r, m is the refractive index, while y,,(x) and &, (x) are the Riccati-Bessel function.

Accordingly, the relative refractive indices of diffusor and phosphor, indicated by mgir and mpnos, respectively,
in the silicone are possibly obtained via; mg;; = ndif/nsu and myp,s = n”h"s/nsil . Then the phase function

can be expressed as:

_Anp(0,4,r)
p(H, i, r) - kZCsca (ﬂ“! r) (11)
where 8 (6, ,1), S1(6) and Sy(6) are the angular scattering amplitudes calculated as:
1

B, 4,r)= E[l S, (O) +1S,(0) '] (12)

= 2n+1 | a,(x,m)xz,(cosé)

S =

! HZ:;‘ n(n+1) Lbn (x,m)z, (cos 6)} (13)

_Zw: 2n+1 | a,(x,m)z,(coso)
27 Zn(n+1)| +b (x,m)z, (cos O) (14)

There are various studies on the optical characteristics of WLED with YAG:Ce crystal and the
results show that o is diverse in a wide range, which can be attributed to the difference in doped Ce
concentrations, methods of growing crystal in the package, and tools used for measurements. In the case of
blue lights, the range for o variation is from 3 mm™' to 8 mm™'. Meanwhile, in the case of using YAG:Ce
ceramics consisting of small crystal particles, the absorption ability of lights is considerably improved, and a
range can be heightened to be more than 15 mm~!. This enhancement in light absorption of YAG:Ce ceramic
is the result of various light reflections in the packaging material. In this research, the phosphor crystal is
considered to provide high a, so the range of o is from 8 mm™ to 20 mm™' to analyze the scattering
coefficients usca. Figure 2 presents the calculated result of usca based on (1). The scattering coefficient is
directly proportional to concentration of the phosphor, which means usca increases when increasing the
phosphor contents. This indicates that the phosphor concentration significantly affects the color quality of
generated white lights.

According to the measurement platform, the emitted blue and converted yellow lights from the LED
chip have Lambertian radiation patterns. The lenses used in packaging WLED model is made of BK7 glass
from Schott. Inside the two integrating spheres, a diffusional white material with 11.1% absorption and
89.9% scattering properties is sprayed onto the spheres’ inner surfaces to collect the transmitted and reflected
lights. The ray tracing of the configuration is carried out with Monte Carlo method, while the phosphor
material is treated as the Mie scattering material. The Henyey-Greenstein function is utilized to present the
approximation of the generated angular scattering because the ray tracing is unable to calculate the direction
of light scattering of the phosphor, as shown in Figure 3. The results attained using Mie theory was applied
first, and then verified with the ray tracing ones. However, the results from ray tracing demonstrated that
differences existed when they were compared with the measurement ones. In ray-tracing results, the
transmittance was higher and the blue-light absorption was lower than that in measurement results. These
variations can be explained by the lower uans and usca and the higher g(4), in comparison with the true values.
Thus, applying these mentioned approaches in simulations is to accomplish more accurate optical constants
by locking one of the three constants while modifying the two others to be near to the measurement results.
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Figure 2. Scattering coefficients of SiO; particles

0.99

098 T

0.97

0.96

095

g (Average Cosine of Phase Function )

0.94

0.93
380 411 439 470 500 531 561 592 623 653 684 714 745 776
Wavelength (nm)

Figure 3. The phase function of SiO; particles

3. RESULTS AND DISCUSSION

The definition of angular-dependent CCT uniformity can be demonstrated as CCT max—CCTmin.
Figure 4 shows the CCT deviation of remote phosphor structures with different weights of SiO; particles. As
can be seen, when the weight of SiO is 10 mg cm?, the CCT deviation reaches the lowest values, which
means the color uniformity is significantly enhanced. Specifically, the CCT deviation in the SiO, remote
phosphor package decreases from 1000 K to 420 K, from -70° to 70° of viewing angles. This 58%
improvement of CCT deviation of SiO, phosphor package, in comparison with that of conventional phosphor
structure, is due to the great scattering ability of SiO, that boosts the blue-light extraction at a large angle,
allowing the blue and yellow light to be mixed effectively and distributed uniformly. When the weight of
SiO; passes 10 mg cm?, the color uniformity would be affected, but is still higher than that of the non-SiO,
structure. In addition, not only does the chromaticity of white light improve but also the luminous efficiency
when the nanoparticle SiO; is added to the phosphor configuration.

The luminous flux of SiO2-doped remote phosphor structure with different weights of SiO; is shown
in Figure 5. Accordingly, 10 mg cm of SiO, nanoparticles is optimal for the lumen output of WLED,
specifically, the luminous performance increases 2.25%, compared to the result of non-SiO; package. The
reason is when SiO, nanoparticles are integrated into the silicone layer, they can minimize the refractive-
index differences at the interface between the air and the phosphor layer. The SiOy/silicone layer has a
refractive index of 1.5, and that parameter of the phosphor layer and the air is 1.8 and 1, respectively.
Therefore, a refractive index gradient between the air and phosphor layer can be created using the
SiOy/silicone layer, which leads to higher emitted luminous flux.
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Figure 5. Luminous fluxes of SiO; particles with different diameters, (a) conformal structure, (b) in-cup
geometry

Next, to understand the effects of SiO, on the optical properties of a WLED with phosphor
dispensing structure, this study continues demonstrating transmission—absorption and haze experiments.
Based on these experiments, the characteristics of SiO,—phosphor—silicone mixture can be revealed. By
comparison with the absorption percentage in the non-SiO; dispensing phosphor structure, that in SiO2-doped
dispensing phosphor structure showed a noticiable increase, from about 32% to approximately 42%, at 460
mn wavelength. This indicated that there were more yellow lights converted, leading to promoted luminous
efficiency. Besides, after integrating SiO, nanoparticle into the silicone layer and placing this composite in
the remote phosphor package, different concentrations of SiO, probably resulted in the change in obtained
optical performance. Additionally, the refractive indices (RI) of silicone, SiO», and phosphor are 1.4, 2.23,

and 1.8, respectively. Therefore, the calculation of RI of the phosphor layer doping SiO, nanoparticle is
expressed as:

RI=ViRI1+VoRI+V3RI5 (15)

in which, V1, V, and V3 indicate the concentration of each material in the mixture. The concentrations of
SiO2 mixed in the phosphor/silicon layer are 1% wt. and 3% wt., respectively, so the corresponding Rls of
the phosphor layer are 1.428 and 1.445. The influences of the phosphor layer with each RI were investigated
via a TFCalc32 simulation. The light extractions in SiO,-doped phosphor dispensing structure and non-SiO-
phosphor structure were quite the same as their refractive indices were relatively similar. Therefore, it can be
said that the enhancement in luminous output of SiO2 dispensing configuration depends on SiO; scattering
ability. Mie-scattering theory was applied to examine the influence of SiO, scattering with different
concentrations. For this scattering experiment, we presented only SiO» nanoparticles, the phosphor is not
included, to simplify the model. SiO, nanoparticles, having refractive index of 2.23 and a size of 300 nm,

Applying SiO nano-particles for improving optical properties of WLED conformal and ... (Phan Xuan Le)



19200 ISSN: 2302-9285

were added into the silicone with 1% wt. and 3% wt. concentrations, respectively. 1% wt. SiO» concentration
in the silicone composite showed the haze intensity of approximate 100% in the wavelength range below 500
nm, while when the wavelength was above 500 nm, the haze intensity gradually declined, as can be seen in
Figure 6. By comparison, we can see that the scattering influences of SiO, from the simulated results are
compatible with the ones from the experimental outcomes. With higher concentration of SiO added to the
silicon, the haze intensity in the wavelength range of 300-700 nm showed a relatively similar trend as the one
with lower SiO; content. The scattering effects of SiO2 on the optical performance of WLED are discussed
more based on the results of SiO, angular-dependent scattering intensity analysis conducted utilizing the full-
field finite-difference time-domain (FDTD) simulation. SiO2 concentration added into the silicone in this
study is about 5% wt., and the refractive index of SiOx/silicone is 1.5. The result of this study demonstrated
that 400 nm particle sizes of SiO results in higher scattering intensity in the visible wavelength of incident
blue and yellow lights, 450 nm and 560 nm, compared to the results of other sizes. Higher scattering intensity
means higher color uniformity, yet it is essential to consider the transmission of blue and yellow lights in the
normal light path. After conducted experiments and measurements of SiOz/silicone layer, it can be realized a
constant increase in absorption ability as the concentration of SiO; grows. In the case of 300 nm particle size
of SiOy, the absorption can make up from 5% to 15% of light, and this could extent as the SiO, diameter
becomes larger. Thus, it is impossible to continuously increase the size of SiO; particles without any
limitation.
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Figure 6. The reduced scattering coefficient of SiO; particles at different sizes and wavelength
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Figure 7. The scattering cross section of SiO; particles at different sizes and wavelength

The measurement of angular-dependent relative intensity for blue light and yellow light is carried
out to demonstrate the scattering effects of SiO, nanoparticles on the emission spectra of the in-cup phosphor
structure. The variation of blue light angle in the SiO, remote phosphor structure is larger than that in the
traditional structure without using SiO». This leads to the reduction in blue light transmitting in the normal
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direction, which shows that the scattering ability of SiO, contributes greatly to minimizing the angular-
dependent CCT deviation to enhance the color quality. Meanwhile, the distribution of yellow lights in the
non-SiO; and SiO.-doped phosphor structures is nearly identical. The wavelength-dependent haze ratio can
explain these results. Given that the weight of SiO; is 10 mg cm, the haze of yellow lights at the wavelength
of 600 nm is 30%, while that of the 450 nm blue light is 35%. It is noted that, the higher the haze ratio, the
stronger the scattering of lights, which indicates that the scattering of yellow lights is inferior to the blue-light
scattering. This benefits the color distribution and lessens the CCT deviation of the remote phosphor structure
doping SiO; nanoparticles. According to the haze measurement results illustrated in Figure 5, it is easy to see
the diffused component in the wavelength of yellow lights is lower than in the blue-light wavelength, which
confirms the idea that the CCT deviation significantly depends on the diversity of blue-light angle in the
remote phosphor WLED package. In addition to that, through the measurement of the blue-light weight-
dependent relative intensity with various SiO, weight at the viewing angle of 70°, the optimal weight of SiO,
that can yield the highest blue-light intensity at large angles is recognized at 10 mg cm2.

4. CONCLUSION

In this research paper, the effects of SiO, nanoparticles on the optical performance of remote
phosphor structures were analyzed and demonstrated. The Mie-scattering theory and haze measurements
were employed to calculate and examine the scattering of SiO2 particles. From the attained results, the SiO;
doped structure can enhance the color uniformity by 58%, and luminous efficiency by 2.25% at a driving
current of 120 mA, compared to the optical performance of the conventional structure without SiOa.
Moreover, through experimental results, 10 mg cm is recognized as the optimal weight of SiO, for higher
chromatic adequacy and better lumen output of WLED. Hence, SiO, can be used to empower the remote
phosphor structure to achieve both qualified color uniformity and luminous efficacy for WLED devices.
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