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Abstract. This research delves into the promis-
ing applications of silicon dioxide (SiO2)
nanoparticles related to their ability to en-
hance the conversion efficiency for luminescent
materials through modifications in scattering
effects. In addition, the study uses the semi-
spherical lens packaging structure in preparing
the light-emitting diodes (LED) models, owing
to its advantages in achieving higher light
extraction and minimal total internal reflection
loss. The core objective of this paper is to
augment existing knowledge by incorporating
SiO2 nanoparticles uniformly into the silicone
encapsulation of phosphor-converted white
LEDs employing a semi-spherical lens (SSL)
structure. The investigation includes the ex-
amination of the scattering coefficients through
SiO2-only samples with varying diameters of
the nanoparticles, offering insights into the in-
trinsic properties of SiO2 in the context of LED
encapsulation. Subsequently, the study explores
the nuanced impact of SiO2/phosphor layers
on crucial LED performance metrics, including
luminous efficacy, color rendering factor, and
angular Correlated Color Temperature. SiO2

particle sizes ranging from 1 to 10 microns are

considered, revealing that SiO2 with specific
radii contributes to discernible improvements in
targeted LED lighting properties. These findings
propel the exploration of SiO2-enhanced LED
technologies, introducing novel dimensions
for optimizing efficiency and tailoring LED
solutions to meet diverse lighting requirements,
such as the combination of SiO2 and quantum
dots or other phosphor materials for better
optical properties in WLEDs or SiO2 integra-
tion in WLEDs for better thermal regulation
approaches.
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1. Introduction

In the dynamic landscape of solid-state light-
ing technology, the quest for high-brightness and
highly efficient LEDs has gained considerable
momentum [1–3]. The widespread application
of lighting technology in displays, illumination,
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and communication devices, has fueled inten-
sive research in this domain [4]. Contemporary
white LEDs typically employ a semiconductor
chip emitting in the ultraviolet or blue wave-
length range coupled with phosphors deposited
in various configurations [5]. Despite their good
photometric parameters, present LED-based de-
vices face challenges, notably in luminous effi-
cacy and light directionality due to the isotropic
and incoherent nature of LED radiation [6–9].

Efforts to enhance device efficiency revolve
around extracting wave-guided light trapped
within LEDs and electroluminescent flat mul-
tilayer device structures [10]. Previous stud-
ies have explored surface modifications to im-
prove light extraction and modify angular light
intensity and/or spectrum [11–13]. Addition-
ally, in the realm of phosphor-converted white
LEDs, incorporating nanoparticles into the sil-
icone encapsulant has demonstrated efficacy in
improving efficiency [14, 15]. Noteworthy stud-
ies highlight the positive impact of ZrO2 and
TiO2 nanoparticles on luminous efficacy. How-
ever, limitations related to the scattering ability
of phosphors restraining light-extraction capa-
bilities of nanoparticles have been identified.

Among various scattering-enhancement
nanoparticles, SiO2 emerges as a significantly
promising material with versatile applications
in diverse fields, including biotechnology, agri-
culture, and optics. For example, SiO2 with
different sizes was reported to enhance the con-
version efficiency of solar cells via the changes
in scattering effects [16]. Since SiO2 possesses
particularly small thermal conductivity, below
its counterparts, it does not conduct heat profi-
ciently, and as such, benefits applications that
require heat to be regulated. It can dissipate
heat generated throughout device operation,
sustaining the proficiency as well as durability
for devices. Besides, while previous research
has primarily focused on planar packaging
structures, this study considers using the SSL
packaging structure. The SSL structure, known
for its advantages in higher light extraction and
negligible total internal reflection loss, presents
a promising approach for advancements in LED
technology [17–19].

This paper endeavors to contribute to the
existing knowledge by uniformly incorporating
SiO2 nanoparticles into the silicone encapsula-
tion of phosphor-converted white LEDs with an
SSL structure. The investigation delves into the
scattering coefficients of the encapsulation with
only-SiO2 samples. Subsequently, the study ex-
plores the impact of SiO2/phosphor layers on
luminous efficacy, color rendering factor, and
angular Correlated Color Temperature (CCT)
of the LEDs, considering varying SiO2 parti-
cle sizes (1-10 microns). The findings reveal
that SiO2 with suitable radii contributes to im-
provements in specific LED lighting properties,
such as possible SiO2 combination with other
phosphor materials for better optical properties
or better thermal regulation approaches using
SiO2.

2. Experimental

The yellow phosphor Y AG : Ce3+ was prepared
as follows. The solution consisting of starting
materials Y2O3, α-Al2O3, and CeO2 were pro-
duced by mixing the ingredients in nitric acid.
Then, this mixture was heated at 105 0C to
produce a precursor. The precursor was sub-
sequently burned at 1500 0C for three hours in
a reducing air environment [20, 21]. The SiO2

nanoparticles with various radii, bought from
Aladdin Co., were mixed with Y AG : Ce3+

(YAG:Ce) phosphor and silicone. For the prepa-
ration of the LED model (shown in Fig. 1), the
SSL structure was selected, featuring a polycar-
bonate lens with a diameter of 12 mm and a
height of 6 mm (Figs. 1a and 1b). A cluster of
nine square blue chips, integral to this structure
(Fig. 1c), adopts a horizontal configuration with
dimensions of 1.14 × 0.1 mm, emitting light with
a wavelength centered at 453 nm. To achieve
a homogenous structure, a prepared slurry is in-
jected into the lens to fill the gap. Subsequently,
the devices undergo curing in an oven set at 60
0C for 2 hours, finalizing the manufacturing pro-
cess. Optical performance evaluations are con-
ducted utilizing an integrating sphere system to
comprehensively assess the characteristics of the
SSL-structured LEDs [22].
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Fig. 1: White LED modelling: (a) Prepared LED pack-
age, (b) Simulation of WLEDs using LightTools,
and (c) Simulation of wire-bonded chip cluster.

3. Results and discussion

The scattering efficiency of light with the SiO2

films featuring different SiO2 particle radii is
presented in Fig. 2. Fig. 2a is the data collected
with 1-5 microns SiO2 particles while Fig. 2b
the particle radius ranges from 6 microns to 10
microns. In all figures, the scattering factor in-
creasing with larger SiO2 radius, especially with
in the ultraviolet and blue radiation wavelengths
(380-480nm). Besides, the scattering enhance-
ment among 1-5 microns of SiO2 radius is fairly
greater than that among larger radii.

The greater scattering coefficients will support
the blue light absorption and conversion of the
luminescent-converter film (LCF). As a result,
the intensity of optical power of different light
bands varies, as depicted in Fig. 3. As can
be interpreted from the figure, the blue emis-
sion band (455 nm) is lower than that of the
yellow-red band (525-600 nm). Moreover, in-

creasing the particle size of SiO2 seems to have
no significant impact on the overall intensity of
the optical power of the as-prepared LED pack-
age. The differences in optical strength between
two light emission band can be attributed to the
scattering effects of the SiO2 nanoparticles. In
the presence of SiO2 nanoparticles, more inci-
dent lights are scattered and traverse around the
nanoparticles, leading to the greater probability
of light absorbed and conversed by the phosphor
around the SiO2. Thus, the greater peak cen-
tered at ∼575 nm is probably originated from
the yellow phosphor Y AG : Ce3+, indicating the
noticeable conversion efficiency by the phosphor
via the mean of scattering by SiO2 nanoparti-
cles [23].

The improve conversion factor can contribute
to heightening the lumen efficiency of the LED.
In Fig. 4, the lumen output of the LED pack-
age is demonstrated with different SiO2 parti-
cle radii within 1-10 microns. It shows that
the highest lumen intensity of ∼74 lm is ob-
tained when SiO2 radius reaches 3 microns. Be-
yond that particle size, the lumen output slightly
decreases but is quite stable around 73.3 lm,
greater than the value recorded with 1-2 microns
of SiO2 diameters.

Considering that the concentrations of the
phosphor and the SiO2 are fixed, increasing
the diameter of SiO2 nano-spheres can reduce
the void numbers between the phosphor and
the SiO2, increasing the interaction between the
nanoparticles and the blue light. Therefore, the
blue light will propagate in a longer path and
be absorbed more effectively by the phosphor,
leading to the greater intensity of the lumines-
cent light power. On the other hand, the smaller
SiO2 particles will result in the greater presence
of voids in the film, and the blue-light scattering
is weaker, causing the lower blue-light utiliza-
tion efficiency by the phosphor. Besides, when
the SiO2 particle size increases beyond a cer-
tain number, which is 3 microns in this paper,
the power of lumen output decreases as a re-
sult of increasing substrate-absorbed blue light
by back-scattering [24–26]. The scattering en-
hancement by SiO2 addition can result in the
lower CCT levels as the blue light intensity by
LED chip declines. The obtained CCT range
for the prepared LED with different SiO2 radii
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Fig. 2: The scattering efficiency with different SiO2

radii: (a) 1-3 microns and (b) 6-10 microns.

Fig. 3: The optical power of the luminescent-converter
film on increasing SiO2 particle sizes.

is around 2977-3050 K, which is considered as
warm white light. The variation of CCT range
among different SiO2 radii is depicted in Fig. 5,
in which the data for 1-5 microns is in Fig. 5a

Fig. 4: The power of lumen output from LEDs with dif-
ferent SiO2 radii.

and 6-10 microns is in Fig. 5b. With increas-
ing particle size of SiO2, the variance between
angular CCT values become less severe, owing
to the scattering effects. The color deviation or
delta-CCT with different SiO2 radii is shown in
Fig. 6. A noticeable fluctuation of delta-CCT
level is observed. The most notable increase of
delta-CCT is noted with 2-micron SiO2 parti-
cles. Further increasing SiO2 diameters leads
to the lower delta CCT but still larger than the
value obtained with 1-micron SiO2. However,
the lowest color deviation is collected when the
SiO2 nanoparticle size reaches 8 microns, indi-
cating the best color distribution uniformity of
the white LED output. With the enhancement
in scattering factor by larger SiO2 size, the blue-
light direction is adjusted to the larger angle,
allowing it to reach the phosphor particles in
the edge of the layer, supporting the light dis-
tribution at the margin of the package. Thus,
the color difference between the side and direct
viewing angles is significantly reduce, resulting
in greater color uniformity.

Subsequently, the colour rendering perfor-
mance is considered to further assess the effect
of SiO2 particle size on the LED output quality.
The colour rendering index CRI and colour qual-
ity scale CQS are evaluated. The CRI factor is
demonstrated in Fig. 7 and the CQS is depicted
in Fig. 8. In general, findings show that the
SiO2 can support the colour rendering improve-
ment. In particular, the CRI and CQS show
different trends. The CRI fluctuates among the
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SiO2 radii, peaking at 56.26 with 4-micron SiO2

radius and bottoming out at 56.16 with 6-micron
SiO2 radius. Meanwhile, the CQS values shows
a gradual increase and reach a peak with 5-
micron SiO2 radius before showing a small de-
cline as the SiO2 radius continuously increases.
In this case, determining which particle size of
SiO2 is optimal could be based on the CQS
rather than the CRI. It is because the CQS is a
parameter developed to overcome the drawbacks
of CRI. The CRI has limited colour samples to
evaluate and does not consider colour satura-
tion. The CQS, on the other hand, assesses a
larger amount of colour samples and also colour
saturation of the tested white light sources. Ad-
ditionally, the CQS covers the rendering index,
the human visual orientation, and the colour co-
ordinates. Therefore, the evaluation made with
CQS can be more accuracy. Thus, increasing the
SiO2 radius potentially enhances the colour re-
production efficiency, and the optimal SiO2 ra-
dius for the greatest enhancement in chromatic
rendition in this work should be 5 microns.

4. Conclusion

In conclusion, this research sheds light on
the multifaceted applications of silicon dioxide
(SiO2) nanoparticles, particularly their capac-
ity to enhance the conversion efficiency of lu-
minescent materials by scattering effects. The
utilization of the semi-spherical lens packaging
structure (SSL) in the preparation of LED mod-
els proves to be a strategic choice, leveraging
its inherent advantages in achieving higher light
extraction and minimizing total internal reflec-
tion loss. The luminous efficacy, color render-
ing factor, and angular CCT of the white LED
are examined with different SiO2 radii, ranging
from 1 to 10 microns. The increasing SiO2 par-
ticle sizes leads to the enhancement in scatter-
ing of blue light, showing the higher blue-light
utilization efficiency. The optical power shifts
to the yellow emission band as the blue light is
effectively absorbed and converted by the phos-
phor, attributed to the scattering improvement
by SiO2. The increase in SiO2 radius does ben-
efits the chromatic performance and lumen out-
put of the LED. Suitable SiO2 sizes should be

Fig. 5: Angular CCTs with different SiO2 radii: (a) 1-3
microns and (b) 6-10 microns.

chosen based on the priority of the light fea-
tures. 4-5 microns are the optimal SiO2 radii
for high color rendition performance. 3 microns
of v yields the highest lumen output. 8 mi-
crons of SiO2 diameter results in the lowest color
variation, meaning the highest color-distribution
uniformity. The demonstrated enhancements in
LED performance underscore the potential of
SiO2 nanoparticles as a valuable component in
advancing the efficiency and customization of
LED lighting technologies for further innovation
in the field.
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