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Abstract - The light-emitting diodes (LEDs) have emerged as a
sustainable illumination solution in the lighting industry. However,
the commercial LEDs suffer from low chromatic rendition
performance. This work proposes a feasible approach to enhance
the quality of commercial LED packages via regulating scattering
factors. The TiO2 nano scattering particles are added into the
YAG:Ce* compound to enhance the internal scattering
performance, inducing the blue-light conversion and extraction. In
this work, TiOz concentration varies from 0 wt% to 20 wt%. Results
show that 5 wt% of TiOz is the right concentration to achieve the
optimal scattering performance for improvements in luminosity
and color rendition of the LED. If the TiO2 concentration is beyond
5 wit%, these two parameters decline owing to too intensive light
scattering. Meanwhile, 10 wt% is the most appropriate
concentration of TiOz to enhance the color uniformity of the LED.

Key words - Commercial LED; color rendering index; nano
scattering particles; lumen output; scattering performance

1. Introduction

Since the first introduction in 1962, light-emitting
diodes (LEDs) have emerged as a sustainable lighting
solution in the lighting industry [1-3]. LEDs demonstrate
several illumination benefits, including low-energy
consumption,  long-term  operation,  better  light
performance, and environmental-friendly technology [4-
6]. The LED model can be fabricated with various
approaches, but one of the most common techniques is the
use of phosphor to convert blue/ultraviolet radiation from
the LED chip. Commercial LEDs utilize this technique,
taking the yellow phosphor trivalent cerium-activated
yttrium aluminum garnet (Y AG:Ce®*) to transform the blue
LED chip radiation to achieve white light. Studies
demonstrate the high luminescence of this package, yet the
color rendition performance is inferior to traditional
lighting devices [7-9]. Thus, it is essential to figure out the
simple but efficient way to enhance the performance of the
commercial domestic LED packages, especially in
chromatic rendition.

Internal light scattering is a simple approach to
regulating the lighting output of the LED device [10-12].
There are various methods to achieve better scattering
performance for the LED package, for example, enhancing
the surface roughness, modifying phosphor composition for
more scattering centers, or coupling nano scattering particles
to enhance the scattering function of the phosphor
encapsulation [13, 14]. Among these methods, the last one
seems to be the most feasible way to carry out and manage.
The scattering can be controlled with varying concentration

Tom tit - Dén LED da va dang tro thanh mot giai phap chiéu
sang bén ving trong nganh chiéu sang. Tuy nhién, dén LED
thwong mai c6 hidu suét hién thi mau sic thip. Bai bao nay dé
xudt mot cach tiép can kha thi nhim néng cao chét luong cia
dén LED thuong mai théng qua viée didu chinh cac hé s6 tan
xa. Cu thé, hat tan xa nano TiO2 duoc thém vao 16p phét pho
YAG:Ce3* dé nang cao hi¢u suét tan xa, tr d6 cai thién su
chuyén dbi va chiét xuit anh sang xanh tir LED chip. Trong
nghién ciru nay, ndng d6 TiO2 thay dbi tir 0 wt% dén 20 wt%.
Két qua thu duge cho thdy 5 wt% la ndng d6 TiO2 phi hop dé
dat duogc hiéu qua tan xa tdt nht cho viéc cai thién quang thong
va bao toan chi s§ hoan mau cua dén LED. Néu ndng do TiO:
vuot qua 5 wt% thi hai thong sb nay sé suy giam do tin xa 4nh
sang qua manh. Trong khi d6, 10 wt% la ndng d6 TiO2 phi hop
nhat dé cai thién déng dang mau cia dén LED.

Tw khéa - Bén LED thuong mai; chi $6 hoan mau; hat tan xa
nano; d6 sang; hiéu suat tan xa

or particle size of the added nanoparticles [15, 16]. Among
widely investigated nanoparticles, TiO, nanoparticles offer
great scattering efficiency across the entire visible spectrum,
high stability, and versatile application capabilities [17, 18].
Moreover, to the best of our knowledge, TiO; is barely
investigated as a scattering enhancement factor for LED
lighting [19-22]. Therefore, in our work, the commercial
LED is produced with a commercial blue LED chip, yellow
phosphor YAG: Ce®, and TiO nanoparticles. The particle
size of TiO, was constant during our examination. The
doping concentration of TiO, was varied, by which we can
investigate the scattering effects on the lighting performance
of the LED package. Besides, the Mie-scattering theory was
applied for the scattering computation, demonstrated in
section 2. In Section 3, the obtained data are demonstrated
in the graphical diagram and discussed. Shortly, the TiO;
addition contributes to improving the lighting efficiency and
color rendition performance of domestic commercial LEDs.

2. Scattering computation and LED simulation
2.1. Scattering computation

The Mie-scattering function [23-26] of spherical
particles is applied to investigate the scattering factor of the
TiO; in the phosphor layer. The calculated scattering
factors include u,.(1) — scattering coefficients (SC) and
d,. — reduced scattering coefficients (RSC). The SC and
RSC are computed using the following equations:

.usc(/D = fN(r)Csc(/L T)dT (1)
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where A, r, and g represent the wavelength (nm), the
particle size of the TiO (um), and the anisotropy function,
respectively. N(r) and Cs represent the TiO; distribution
density and scattering cross section, correspondingly.

The anisotropy function g, N(r), and Cs are expressed as:

g=2m ff_llp(e,l, r)f(r)cosBdcosOdr 3)
N(r) = Ng(r) + Np(r) 4)
Coe = Z X520 — D(lan|? + 1b,]%) (5)

where in eq.(3), @ is the viewing angle, and p(0, 4, r) is the
phase function that is calculated with egs. (6) and (7). In
(4), Ny(r) and N,,(r) indicate the particle densities of the
scattering particle TiO, and phosphor particle YAG:Ce**,
respectively. In eq. (5), k = 27/, a,, and b,, are reckoned
with egs. (7) and (8).
4mx1/2(1S1(0) 12 +1S2(0)1%)

p(e' A' T') = szSC(ArT) (6)

with S, (8) and S, (8) denote angular scattering amplitudes:

5.(6) = z 2n+1 1a,(x,m)m,(cosd) +]
W Linm+ 1)L by(x, m)t,(cosh)
5.(6) = 2n+1 1a,(x,m)t,(cosd) +
z (n + 1)1 b,(x,m)m,(cosB)
_ 1Iln(mx)llln(i‘c) —mp (MX)Pn (%)
an (X, m) T PR & () - (m)ER () Y
bn (x’ m) — ml,bh(mx)llin(x)—ll)n(mx)lph(x) (8)

myp (Mx)&n (X)—n (M) &p ()
with x = k.r, m represents the refractive indices, y,, (x) and
&, (x) indicate Riccati-Bessel functions [27-29].
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Figure 1. Scattering factor of the phosphor compound with
varying TiOz concentration: (a) scattering coefficients (SC) and
(b) reduced scattering coefficients (RSC)

The SC and RSC of the phosphor compound are
demonstrated in Figure 1, in which Figure 1(a) is the SC
data and Figure 1(b) is the RSC data. Overall, the scattering
factor increases when we increase the concentration of
TiO2. When observing the scattering factors under the
visible wavelength from 380 nm to 780 nm, the SC value
under 780 nm wavelength (deep red) is the best while that
under 580 nm (yellow-green) is the lowest. Meanwhile, the
RSC value increases as the examined wavelength becomes
longer. These results demonstrate the potential of using
high TiO, concentration to induce the scattering
performance at different angles.

2.2. LED simulation

Using the LightTools 9.0 software [30], combined with
the Monte Carlo path-trace method, we simulated the LED
package in our work, as shown in Figure 2. Specifically,
Figure 2(a) is a photo of the actual LED. Figure 2(b) is a
schematic diagram of a cluster of nine LED chips. Figures
2(c) and 2(d) are the simulation models of the LED that we
studied. According to Mie-theory, the TiO, and phosphor
particles have spherical shapes, with an average radius of
about 3 um and 7.25 pm, respectively.

(© (d)
Figure 2. LED structure simulation: (a) Actual LED,
(b) Bonding diagram, (c) Hllustration of pc-WLEDs model,
(d) Simulation of LED using LightTools software
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Figure 3. YAG:Ce®* phosphor concentration with
varying TiO2 concentration



ISSN 1859-1531 - TAP CHi KHOA HOC VA CONG NGHE - DAl HOC DA NANG, VOL. 22, NO. 3, 2024 55

The investigation focuses on the changes in the optical
performance of the LED with different weight percentages
of TiO,, from 0-20 wt%. When increasing TiO;
concentration, the yellow-phosphor YAG:Ce** doping
amount must be reduced to keep the correlated color
temperature (CCT) stable while hindering the self-
absorption  phenomenon. This inversion in their
concentration can be observed in Figure 3.

3. Simulation results and discussion
3.1. Emission power and lumen intensity of LED

The emission power of the commercial LED with
different TiO2 concentrations is presented in Figure 4. In
general, we observe two distinguishing emission bands: a
narrow band in the blue region with a peak at 450 nm, and
a broader band in the green-red region (500-595 nm) with
a sharp peak at 545 nm and a shoulder peak at 575 nm. In
comparison with the reference value (at 0 wt% of TiOy),
we notice that with 5 wt% of TiO,, the intensity of the two
emission bands slightly increases. However, continuing to
increase the TiO, amount results in a significant decline in
both emission band’s intensity. In addition, another
emission peak at about 525 nm emerges as the TiO;
concentration reaches 15-20 wt%.

The emission peak at 450 nm can be attributed to the
blue LED emission while the other peaks could be from the
phosphor compound doping TiO [31]. The appearance of
a new peak indicates that the increasing TiO, concentration
enhances the blue-light conversion of the phosphor
compound. However, though the higher scattering
performance is beneficial to blue-light utilization, it
reduces the emitted light energy. When light travels
through many scattering events, the energy absorption by
phosphor increases, resulting in the observed lower
emission intensity [32]. Consequently, the lumen output of
the LED degrades.

The lumen of the LED package is depicted in Figure 5.
A slight increase in lumen output is noticed when we use 5
wt% of TiO, in the phosphor compound. At higher
concentrations, the lumen intensity declines notably. Such
results are in alignment with the discussed data on the
LED’s emission power.
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Figure 4. Emission power of the LED with
varying TiOz concentration
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Figure 5. Lumen output of the LED with
varying TiOz concentration

3.2. Color uniformity and color rendition

The scattering performance can affect the color
uniformity of the white light emitted by the LED. To
achieve higher color uniformity, the chroma deviation (or
delta CCT) should be minimized, which can be done by
enhancing the scattering performance [33]. Figure 6 shows
the chroma deviation of the LED with different TiO;
concentrations, and Figure 7 shows the corresponding
angular-CCT values.

We can see a significant fluctuation in the CCT ranges
with increasing TiO, concentration, due to the absorption
and scattering effects of the phosphor materials. Within the
viewing angle from 70° to -70°, the highest CCT range is
noted with 5 wt% of TiO.. Meanwhilen the most stable
CCT range is achievable with 10 wt% of TiO,. This implies
that using TiO, concentration at 10 wt% can accomplish
the highest color-distribution uniformity. To confirm this,
we take into consideration the color deviation. Compared
with the reference sample without doping TiO3, the 5wt%
sample shows the increasing and highest D-CCT level. On
the other hand, with the 10 wt% TiO,-doped sample, the
D-CCT bottoms out at below 50 K, much lower than the
reference level. Therefore, we can confirm that 10 wt%
TiO, concentration is the optimal condition to achieve the
best color uniformity for the commercial LED light.
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Figure 6. CCT ranges of the LED with
varying TiO2 concentration
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Figure 7. Color deviation (D-CCT) of the LED with

varying TiO2 concentration

We have also evaluated the rendering efficiency of the
LED light with the TiO2-embedded phosphor compound.
Two parameters to measure the rendering efficiency for the
assessment include the color rendering index (CRI) and the
color quality scale (CQS). The CQS can be seen as a more
comprehensive metric than the CRI, as it considers various
factors such as hue preservation, chroma enhancement,
gamut area index, and gamut shape index. The CQS can
provide a more detailed and accurate assessment of the
color performance of a light source, which is useful for
optimization in different applications [34-36].
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Figure 9. CQS levels of the LED with varying TiO2
concentration

Figure 8 shows the CRI values while Figure 9 depicts
the CQS values of the LED light with different TiO;
concentrations. The results were obtained by employing
LightTools software to simulate the CRI and CQS trends
when adjusting the TiO, amounts from 0 wt% to 20 wt%.
It is possible to observe a slight increase in both CQS and
CRI levels when the concentration of TiO; increases from
0 wt% to 5 wt%. However, the higher concentration
numbers of TiO; initiate the decline in CRI and CQS. Such
declines become more significant when the TiO, amount
further increases. This can be attributed to the lack of blue
color intensity while the yellow-green color range is
dominant. Such imbalance in color is induced by the
intensive scattering, leading to a high conversion of blue to
yellow-green, with high TiO, concentration. Thus, if we
need to improve the luminosity and color reproduction
performance, 5 wt% of TiO; is a suitable concentration
since the scattering strength is not too intensive to diminish
the incident light transmission power. Meanwhile, if we
focus on achieving better color uniformity, 10 wt% of TiO;
is recommended.

4. Conclusion

This paper has presented a novel method to improve
the quality of commercial LED packages by controlling
the scattering factors. TiO, nano scattering particles
are embedded into the YAG:Ce3* compound to increase
the internal scattering performance, which enhances the
blue-light conversion and extraction. We have measured
the luminosity and color rendition of the LED with
different TiO; concentrations ranging from 0 wt% to
20 wt%. From the results, we have found that 5 wt% of
TiO, is the optimal concentration to achieve the
improvements in CRI and CQS, as well as the lumen
output of the LED. In addition, 10 wt% is the best TiO,
amount to achieve the lowest color deviation or the most
enhanced color uniformity distribution. However, beyond
such levels, the lumen and color rendition decrease due to
excessive light scattering.
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