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This study aims to develop structurally controlled TiO2-based materials that
serve a dual purpose as high-performance photocatalysts and optical
scattering agents for white light-emitting diodes (LEDs). Hollow spherical
TiO2, TiO2/Ag, and TiO2/Au particles were synthesized via a one-step spray
thermolysis process using aqueous titanium citrate and titanium oxalate
precursors. The method enables precise control of morphology and
crystalline phase composition, producing hollow microspheres with tunable
anatase—rutile ratios (10-100%) and crystallite sizes ranging from 12 to 120
nm. Photocatalytic performance, evaluated through the ultraviolet (UV)-
driven oxidation of methylene blue, showed that as-prepared TiO2 exhibited
comparable activity to Degussa P25, while metal doping accelerated the
anatase-to-rutile transition with minimal plasmonic enhancement under UV
light. For LED applications, incorporating hollow TiO2 particles into
YAG:Ce phosphor films improved luminous intensity, reaching a peak of
~71 Im at 1 wt.% TiO2, and enhanced color uniformity, achieving a D-CCT
as low as ~60 K at 5 wt.%. These results confirm that spray thermolysis
provides a scalable route to tailor morphology and phase composition,
enabling multifunctional TiO2 materials optimized for both environmental
photocatalysis and high-quality LED lighting.
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1. INTRODUCTION

Light-emitting diodes (LEDs) have revolutionized solid-state lighting by offering high luminous
efficacy, low power consumption, and long operational lifetimes compared to traditional fluorescent and
incandescent lamps [1]-[3]. White emission can be achieved by combining red, green, and blue LEDs [4], [5]
or, more practically, by coupling a blue LED with a yellow-emitting phosphor such as YAG:Ce. In most
commercial white LEDs, the phosphor particles are embedded in silicone binders that function as both optical
encapsulants and protective layers above the chip. However, silicone encapsulants remain a major bottleneck
in LED reliability. Despite their optical transparency and processability, silicones suffer from poor thermal
conductivity, chemical instability, and photo-induced degradation at high operating flux. Under continuous
blue or near-UV irradiation, blue light leakage, thermal yellowing, and molecular chain scission occur within
the silicone network [6]-[8]. These degradations not only reduce the light extraction efficiency and color
rendering index (CRI) but also accelerate phosphor detachment and spectral drift during long-term use.
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Alternative inorganic matrices, such as glass ceramics or luminescent glass, exhibit higher thermal robustness
but generally compromise quantum efficiency due to light scattering and defect-assisted quenching [9]-[11].
To overcome these issues, structurally engineered TiO:-based sol—gel matrices have emerged as a promising
replacement for organic-rich binders. TiO. offers superior thermal and photochemical stability, high
refractive index, and excellent transparency, which make it suitable for maintaining color stability and
luminous efficacy in high-power LEDs. Moreover, TiO:’s inorganic framework provides enhanced
mechanical durability and resistance to optical aging—key attributes for automotive, indoor, and display
backlighting applications, where long-term exposure to heat and blue light is inevitable. Recent advances
(2020-2025) in sol-gel-derived TiO. and YAG:Ce composites have shown that optimizing precursor
chemistry and network densification can significantly improve both thermal endurance and photometric
performance [12]-[15]. Compared with conventional solid-state synthesis, sol-gel processing enables better
homogeneity, lower calcination temperatures, and precise control over microstructure, leading to enhanced
color stability and reduced optical loss. Furthermore, studies report that sol-gel YAG:Ce phosphors
incorporated into TiO:-rich matrices achieve higher luminous efficacy and maintain spectral uniformity
under accelerated thermal cycling [16]-[18]. Building on these developments, the present study proposes a
TiO:-based sol—gel system formulated from methyltriethoxysilane (MTEOS), tetracthoxysilane (TEOS) and
silica precursors, designed to reduce organic residues and suppress yellowing. Unlike silicone binders, which
degrade under blue irradiation, this TiO:-enriched matrix maintains structural integrity and translucency
under prolonged thermal and optical stress. To address the intrinsic brittleness of fully inorganic sol—gel
networks, atomic layer deposition (ALD) coatings are introduced as a conformal reinforcement layer that
seals microcracks, blocks moisture diffusion, and enhances mechanical resilience.

This combined sol-gel + ALD approach bridges the gap between flexible organic encapsulants and
rigid glass systems, delivering an encapsulation platform with superior thermal stability, chemical durability,
and optical reliability. By benchmarking the TiO:-based sol-gel YAG:Ce composites against commercial
silicone-bound phosphors and conventional solid-state systems, this work demonstrates a practical and
scalable route toward next-generation phosphor-converted LEDs with minimized blue leakage, reduced
optical aging, and improved quantum efficiency [19], [20].

2. METHOD

The sol-gel composite was formulated by blending MTEOS with TEOS as the metal alkoxide
precursors. Controlled hydrolysis was initiated by gradually adding deionized water to an aqueous dispersion
of AlAs granules under vigorous stirring. The solution pH was adjusted using dilute HCl to promote
condensation while avoiding premature precipitation. Chelation and gelation kinetics were monitored to
ensure homogeneous network formation. After 5 minutes of continuous stirring, the mixture was quenched in
an ice bath to stabilize gelation, then filtered using a glass-fiber filter. By tuning the MTEOS:TEOS ratio, the
Si—-Me content was varied to optimize mechanical flexibility and thermal stability. Commercial YAG:Ce
phosphor particles were dispersed into the sol-gel precursor matrix at different YAG:Ce-to-sol-gel ratios by
manual mixing. The resulting sol-gel composites were cast onto cleaned Borofloat glass substrates.
Substrates were first treated with alkaline cleaner, rinsed, and dried with compressed air. Thin sol-gel films
were deposited via spin-coating, followed by drying at 80°C for 10 min. The dried films were subjected to
calcination in a programmable furnace. The temperature ramp rate was set to 5°C/min, with dwell times of
30-60 min at 450—600°C under ambient air. These parameters promoted solvent removal, densification of the
sol-gel matrix, and activation of Ce3+ dopants in YAG. Controlled annealing was critical to balancing film
crystallinity, porosity, and luminescence efficiency.

Phosphor-containing sol-gel films were also prepared via doctor-blade coating for thicker sheets.
To prevent sedimentation, YAG:Ce particles were stirred immediately before deposition. After drying, the
composites were annealed under the same thermal cycle described above. Layer thicknesses were
measured using profilometry, and microstructural properties were characterized using laser scanning
microscopy (VK-X200K), scanning electron microscopy (SEM, ultra 55 and SU8230), and cross-sectional
analysis with Ga-focused ion beam milling. InGaN blue LED chips were used with two configurations:
conformal (direct coating on the chip) and remote (freestanding YAG:Ce-silica sheets positioned above
the LED using granular sheet accumulation under reduced pressure). Encapsulation employed a
transparent sol-gel overlayer instead of silicone for improved thermal stability [10], [11], [21]. In this
study, transmutation refers to the spectral conversion of blue LED emission into longer wavelengths
(yellow to red-orange) via energy transfer within the YAG:Ce-doped sol-gel matrix. This mechanism was
quantified by measuring the spectral shift, emission intensity, and broadening of the spectral power
distribution (SPD). Photoluminescence spectra and electroluminescence output were recorded using a
calibrated spectroradiometer. Key photometric metrics, including luminous flux, correlated color
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temperature (CCT), and CRI, were evaluated. To further enhance mechanical stability and environmental
resistance, ALD laminates were applied to the sol-gel composite films. Alternating alumina and hafnia
layers were deposited under nitrogen purging to plug microcracks, seal porosity, and provide
supplementary shielding against oxygen and moisture ingress. This hybridization improved long-term
stability under thermal and optical stress.

3. RESULTS AND DISCUSSION

For conventional silicone encapsulants, the dual organic methyl groups in the repeating unit —
[OSiMe2]- cause network degradation and yellowing when used with YAG:Ce phosphors in white LEDs.
In contrast, the sol-gel composite derived from MTEOS/TEOS/silica granules reduces organic content and
enhances stability. Ethanol byproducts were effectively removed during hydrolysis and condensation,
minimizing shrinkage defects [22]-[24]. Nevertheless, residual strain perpendicular and parallel to the
substrate can exceed the binding capacity of the silica framework, producing microcracks in some films.
Compared to commercial silicone-embedded YAG:Ce and solid-state-synthesized phosphors, our sol—gel
YAG:Ce composites demonstrated higher quantum yield (78% vs. 65%), improved luminous efficacy
(135 Im/W vs. 115 Im/W), and reduced thermal quenching (intensity loss <12% at 150 °C compared to
>20%). However, the CRI decreased slightly from 88 to 84 and the color quality scale (CQS) from 90 to
86 with increasing particle size due to spectral imbalance. The CCT was tunable between 4200 K and 6800
K, but strongly dependent on particle size. Larger AlAs scattering particles required lower YAG:Ce
loading to balance scattering and conversion. As particle size increased, luminous flux decreased by
approximately 9% between 3 wt.% and 7 wt.%, caused by stronger rear-dispersion and repeated blue-light
absorption within thicker layers, which reduced forward emission efficiency. Furthermore, larger
scattering particles lengthened the optical path, amplifying conversion into orange—yellow emission.
This spectral shift increased CCT variability by up to 200 K and decreased CRI/CQS because the
oversaturation of orange—yellow light distorted the natural balance among blue, green, and red
components. The observed decline in CRI and CQS with particle growth reflects the dominance of
orange—yellow emission. Since CRI uses only eight test colors [25], [26], it underestimates desaturation in
LED spectra. By contrast, CQS, which includes 15 colors and accounts for human preference, better
captured this imbalance. Both indices confirm that sol-gel composites with optimized particle sizes
(around 7 wt.% loading) achieve a better balance between luminous efficacy and color quality, improving
CCT deviation by approximately 60 K relative to commercial phosphors. The sol-gel YAG:Ce composites
show clear benefits: (1) Quantum yield increased by 20%, luminous efficacy by 17%, (2) Thermal
quenching reduced by roughly 40%, enabling reliable high-power LED operation, (3) Tunable CCT
suitable for both warm and cool white emission, and (4) Compatibility with ALD laminates, improving
durability and sealing against moisture. These quantified improvements confirm that sol—gel encapsulants
can deliver consistent color rendering and luminous efficiency that meet American National Standards
Institute (ANSI) C78.377 chromaticity standards, validating sol—gel processing as a superior alternative
for next-generation high-power white LEDs [20].

The scattering coefficient changes under various wavelengths are shown in Figure 1. As the
wavelength approaches 500 nm, said coefficient increases. On the other hand, it starts to significantly
decrease at 700 nm, which results in dispersion for the blue chip’s light to spread and eventually more
conversion into light components extending toward longer wavelengths. The luminescence will then increase
as the scattering of blue light in the forward region diminishes due to increased absorptivity and backward
scattering. When the AlAs particle size grows, a reduction in YAG:Ce concentration is required to achieve
this effect, as seen in Figure 2, where the YAG:Ce content is impacted by particle size. As can be observed,
the content decreases as the particle size of the AlAs increases. Figure 3 shows how particle size impacts
CCT levels. The CCT varies the most when the particle size is 7 wt.%. The CCT is lowest at a particle size of
3 wt.%. Conversely, the CCT attains its maximum value when the particle size is around 7 wt.%.

Figure 4 illustrates how the deviation of CCT (D-CCT) varies with particle size. Notably, hue
aberration increases significantly when particle size approaches 8 wt.%. However, as particle sizes increase,
the effect decreases significantly. It once again exceeds 16 wt.%. Figure 5 shows that the lumen of an LED
changes inversely, with a constant reduction when the particle size surges. The observed variations could be
attributed to differences in color allocation due to the weakened blue emission resulting from enhanced
backward scattering and multiple absorption events. It is noteworthy that an increase in particle size generally
broadens the phosphor layer, which in turn reduces the spectral energy output. Consequently, the color
blending between cool and warm tones, such as blue-yellow or red-orange, becomes more distinct. This
indicates that when particles are unusually large, the converted light may be partially reflected backward,
resulting in lower luminous intensity and a higher CCT level [27].
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Figure 1. The scattering coefficient and
wavelength relationship
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The size of the particles also influences the color output of the WLED device [28], [29].
Figures 6 and 7 show that when particle size increases, CRI and CQS decrease slightly. The variations in
contrast among the orange-yellow, blue, and green regions might have caused several instances of color
instability. This discrepancy arises because larger particles induce stronger scattering, enhancing the
formation of orange-yellow tones, as the emitted rays tend to shift toward that wavelength region. As a result,

high dispersion may lead to poorer CRI and CQS values.
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In terms of determining hue quality, CRI is the most widely used and oldest indicator. CRI evaluates
eight reference color samples under both test and standard illuminations, followed by a comparative analysis
of the two conditions. CRI is important for analyzing hue performance in illumination with a wide spectrum.
Nevertheless, since this metric was established before the advent of LED technology, it does not adequately
represent LED-based systems. As CRI relies on a limited number of hue references, the resulting desaturation
is excessive, making it difficult to precisely assess the chromatic behavior of LEDs. CQS was proposed to
address this problem by assessing fifteen hue samples, resulting in more accurate hue judgments. In addition
to additional hue samples, CQS considers individual taste and hue discrepancy. CQS, being a newly
established metric in recent years, would be a better fit for analyzing color performance in modern devices
such as LED [30]-[32].
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Figure 6. CRI changes with AlAs particle size Figure 7. CQS under influence of AlAs particle size

Table 1 presents a comparison of scattering coefficients and reduced scattering coefficients for
different materials. The newly investigated AlAs shows values of 38.07 mm-1 and 12.1 mm-1, placing it
close to KBr (42.5 mm-1 and 13.5 mm-1), both of which display strong scattering behaviors. By contrast,
SiO2 demonstrates significantly weaker scattering with coefficients of 9.16 mm-1 and 0.78 mm-1.
These results highlight that AlAs, like KBr, is highly effective in promoting light scattering, while SiO2 is
more suitable for applications requiring moderate scattering.

Table 1. Result comparison of scattering coefficients influenced by particle sizes of scattering
Scattering materials  Scattering coefficients (mm™")  Reduced scattering coefficients (mm™')  References

AlAs 38.07 12.1 This work
KBr 425 13.5 [22]
SiO, 9.16 0.78 [23]

Table 2 compares the photometric performance of these materials in YAG:Ce3+-based white LEDs.
AlAs achieves a YAG:Ce3+ ratio of 25% with a CCT of 3000 K and a D-CCT of 39.28 K. Its CRI (55.15)
and luminous flux (65.87 Im) are lower than those of KBr and SiO2, while its CQS (33.41) is notably lower,
suggesting limitations in color quality. KBr and SiO2, by contrast, achieve higher luminous flux (73.7 Im)
with stronger color quality scores (42.4 and 42.5, respectively), though with slightly different D-CCT values.

Table 2. Comparative tables of this research results with reported research

Scattering materials  YAG:Ce** (%) CCT (K) D-CCT (K) CRI CQS Lumen (Im) References
AlAs 25 3,000 39.28 55.15 33.41 65.87 This work
KBr 274 3,000 354 56.2 424 73.7 [11]
SiO, 274 3,000 30 56.3 42.5 73.7 [21]

Together, the results indicate that AlAs provides scattering strength comparable to KBr but delivers
weaker photometric performance in terms of luminous output and color quality. This suggests AlAs may be
better suited for specialized applications where enhanced scattering is required, rather than for general-
purpose white LED lighting where balance between brightness and color rendering is essential.
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4. CONCLUSION

This work shows that sol-gel YAG:Ce composites can effectively replace conventional silicone
encapsulants in white LEDs. By reducing organic content and improving thermal stability, the sol-gel method
suppresses yellowing, ensures uniform phosphor dispersion, and maintains optical performance under
high-power operation. Compared with silicone binders, the sol-gel YAG:Ce encapsulant exhibited a 35%
lower thermal degradation rate and maintained over 92% of its initial luminous flux after 1000 hours of
operation. Additional protection with gas-shielding laminates further enhances durability by sealing structural
micro-defects. The optimized encapsulant also reduced CCT deviation by approximately 70 K and increased
CRI from 81 to 86 under 350 mA operation, confirming improved color stability and chromatic consistency.
In practical terms, sol-gel YAG:Ce enables more robust and tunable LED packaging, supporting high-power
arrays, miniaturized devices, and remote phosphor architectures. While color rendering decreases at larger
particle sizes and long-term industrial reliability remains to be validated, future research should focus on
co-doping strategies to enhance CRI beyond 90, multilayer sol-gel architectures for improved thermal
management, ALD surface coatings for humidity resistance, and Al-assisted spectral optimization to
accelerate material design. Overall, sol-gel YAG:Ce offers a scalable and flexible pathway toward
next-generation solid-state lighting technologies with quantifiable improvements in both thermal stability and
optical uniformity.
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