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Abstract Mini light-emitting diodes (Mini-LEDs) show great application potential in high-end displays owing to their superior pixel density,
brightness, responsiveness, and efficiency. However, current packaging materials for Mini-LEDs are predominantly thermally cured, which is ener-
gy- and time-consuming and can adversely affect electronic components. In this study, a novel UV-curable silicone resin containing phenyl, disul-
fide, and acryloyl groups (SPASR) is developed from commercially available siloxanes. The resin exhibits a refractive index (ng) higher than 1.5, and
it can be cured within 30 s under UV irradiation. After curing, it exhibits an optical transparency exceeding 92%, a lap adhesion strength of up to
1.84 MPa, and good thermostability (T5¢,>265 °C). Notably, the volume shrinkage is less than 4.83%, attributed to the release of photopolymeriza-
tion stress via UV-induced disulfide metathesis during UV curing. Mini-LEDs encapsulated with this resin show luminescence properties compara-
ble to those of conventional thermally-cured sealants, and show excellent sealability wihtout visible penetration after being immersed in red ink
for 12 h. Consequently, these excellent properties make the SPASR resin an ideal candidate for microelectronic encapsulation, offering a more re-

liable and efficient solution for the electronics industry.
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INTRODUCTION

Mini light-emitting diodes (Mini-LEDs), as a next-generation dis-
play technology, are expected to be widely adopted in high-end
displays owing to their wide color gamut, high brightness, long
lifetime, low energy consumption, and lightweight.'=! To en-
sure reliable operation and longevity, LEDs must be encapsulat-
ed, with epoxy resins and silicones being the most popular ma-
terials, as they directly influence the luminous efficiency and
brightness.~) Epoxy resins, known for their robust mechanical
properties, strong adhesion, and chemical resistance, are widely
used for LEDs encapsulation.l''? However, they suffer from
aging, yellowing, and long thermal curing times, typically re-
quiring several hours at 100-150 °C."*! Silicones, with their
unique organic-inorganic hybrid structures, possess superior
thermostability, aging resistance, electrical insulation, optical
transparency, and hydrophobicity, and have been extensively
used in the electronics industry.l'*~'®! Nevertheless, they are al-
so challenged by their low refractive index and lengthy thermal
curing process.l"”'® The refractive index can be enhanced by in-
troducing high-refractive-index components, such as phenyl
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groups and sulfur atoms, to meet the LED encapsulation re-
quirements.®'°=2"l For instance, a Si—S polymer integrating
aromatic groups and sulfur atoms achieves a refractive index of
about 1.665 at 546 nm, whereas its thermal curing process is
time- and energy-consuming.’??

Currently, UV-curing technology enables the rapid transfor-
mation of liquid photosensitive resins into solid products,
offering distinct advantages such as high speed, environmen-
tal friendliness, energy efficiency, and high precision.[23-28] |t
has been widely applied in inks, coatings, adhesives, dental
materials, photoresists, and 3D printing. UV-curable silicones
combine the merits of the UV-curing technology with the in-
herent properties of silicones. To date, free-radical photopoly-
merization of acrylates, thiol-ene photoaddition reactions,
and cationic photopolymerization of epoxies have been
integrated with silicones for applications in biomedicines,
coatings, microelectronic encapsulation, and optical
devices.[1429.30]

Several UV-curable silicones have been developed for LED
encapsulation. For example, surface-functionalized zirconia
nanoparticles (ZrO,, about 14 nm) are composited with UV-
curable methacrylate-end-capped polydiphenylsiloxane as
LED encapsulants to optimize the light extraction efficiency
(LEE).2 The nanocomposites exhibit a tunable refractive in-
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dex (1.55-1.61), and 11.2% enhancement in LEE over com-
mercial silicone OE-7662, and robust environmental stability
with 94.1% LEE retention after sulfur vapor exposure for 4 h.
However, these nanocomposites require a long curing time
(30-40 min). Thiol-functionalized polyhedral oligomeric
silsesquioxane (SH-POSS) is mixed with a UV-curable silicone
elastomer (UVSE) as an encapsulant (SH-POSS/UVSE).2?) After
immersion in boiling red ink for 2 h, the encapsulated LEDs
exhibit no cracks or stains, indicating good adhesion and en-
capsulation. However, optical transmittance, refractive index,
and aging resistance have not been reported. A thiol-func-
tionalized silicone resin containing methyl or phenyl is also
used in a UV-curable elastomer for LED arrays, achieving over
90% transmittance in the 400—-800 nm wavelength range, but
the UV-curing process remains slow (3 min).33! Obviously, UV-
curable silicones show promise for Mini-LED encapsulation,
but their curing time, volume shrinkage, refractive index, and
aging resistance require further improvement to meet high-
performance demands.

Therefore, this study aims to develop a novel UV-curable
silicone resin with a high refractive index and low curing
shrinkage for Mini-LED encapsulation. For this purpose, bis-
(triethoxysilylpropyl) disulfide (Si75), which contains a disul-
fide bond, was selected because UV-induced disulfide
metathesis can release photopolymerization stress and re-
duce volume shrinkage during UV-curing.34.. Due to the abili-
ty of the phenyl groups to improve the refractive index and
compatibility with other components,35361 methylphenyl-
dimethoxysilane (MPDMS) containing phenyl groups was
chosen. 3-(Dimethoxymethylsilyl) propyl methacrylate (KH-
571), containing a UV-curable acrylate group, was used for UV
curing. Thus, this UV-curable silicone resin (SPASR) contained
phenyl, disulfide, and acryloyl groups. By varying their rela-
tive content, the molecular structure can be tailored to regu-
late the photopolymerization efficiency, refractive index
(ng>1.5), and volume shrinkage (<5%). Mini-LEDs encapsulat-
ed with this SPASR silicone resin retained over 80% of their
maximum luminance after 360 h of “double 85" (85 °C/85%
RH) hygrothermal aging. This UV-curable silicone offers signif-
icant energy and time savings, demonstrating its feasibility as
an encapsulant for electronics.

EXPERIMENTAL

Materials

Bis(triethoxysilylpropyl) disulfide (Si75), methylphenyldimetho-
xysilane (MPDMS), 3-[dimethoxy(methyl)silyl] propyl methacry-
late (KH-571), and hexamethyldisiloxane (MM) were provided by
Guangzhou Double Peach Fine Chemical Co., Ltd. Ethanol and
HCl (36 wt%) were provided by Guangzhou Chemical Reagent
Factory. The photoinitiator  2-hydroxy-2-methyl-phenyl-
propane-1-one (photoinitiator Darocur 1173) was provided by
Shanghai CUREASE CHEMICAL Co., Ltd. All chemicals were used
as received without further purification. The AB adhesive was
provided by Shenzhen Xinlun Co., Ltd.

Synthesis of UV-curable SPASR Silicone Resins

SPASR silicone resins were synthesized via hydrolysis- polycon-
densation of Si75, MPDMS, KH-571, and MM, as illustrated in
Fig. 1(a). First, KH-571, MPDMS, MM, HCl, and H,O were added to
a four-necked flask equipped with a mechanical stirrer, ther-

mometer, condenser pipe, and dropping funnel, respectively.
After reacting at 60 °C for 1 h, Si75 was gradually added, and the
mixture was maintained at 45 °C for 3 h. The resin phase was
separated, washed with 75 wt% ethanol to neutral pH, and
dried under vacuum (-0.1 MPa) at 50 °C for 30 min to yield
transparent liquid resins. The resulting resins with varying disul-
fide contents were named SPASR-Si75,-Ph,-KH571,, where x, y,
and z are the molar fractions of Si75, phenyl (Ph) and KH571, re-
spectively (Table S1 in the electronic supplementary informa-
tion, ESI).

Preparation and Curing of SPASR Silicone Resins
Silicone resins were prepared by mixing SPASR resins with the
photoinitiator 1173. The distance between the UV light and the
resin was set at 9 cm. Upon exposure to 365 nm UV light at an
intensity of 40 mW-cm™2 for 15 s, the silicone resins transformed
from liquid to solid (Fig. 1b).

Characterization

The nuclear magnetic resonance ("H-NMR) spectra of the SPASR
silicone resins were recorded on a Bruker AVANCE Il HD 400
MHz NMR spectrometer using CDCl; as the solvent. The
methacryloxy, phenyl, and disulfide group contents (mmol-g™")
were determined by 'H-NMR using 1,4-dioxane as the internal
standard and calculated according to Eq. (1).

2w
Content = —— x 1000 (1)

g X W% 88

where A is the peak area of the double bond, phenyl group, or
methylene group (—CH,—) adjacent to the disulfide bond, x is
the number of protons in the corresponding functional group, B
is the peak area of —CH,— of 1,4-dioxane, W; and W; are the
masses of 1,4-dioxane and the sample, respectively, 8 is the
number of protons in 1,4-dioxane, and 88 is its molecular
weight, g-mol™".

Raman spectra were recorded on a Micro Confocal Raman
spectrometer (LabRAM HR Evolution, HORIBA Jobin Yvon)
equipped with a 785 nm laser. Fourier transform infrared
spectroscopy (FTIR) was performed using an IS-50 Nicolet
FTIR spectrometer. The samples were coated on a KBr disc
and scanned 32 times at a resolution of 4 cm~' over 400—4000
cm~'. Photopolymerization conversion was determined by re-
al-time infrared spectroscopy (RT-IR). Each spectrum was an
average of four scans with a resolution of 8 cm~!, and the irra-
diation intensity at 365 nm was measured by UV-A Radiome-
ter (Photoelectric Instrument Factory of Beijing Normal Uni-
versity). The conversion (C, %) was calculated from the peak
area ratio of acrylates at 1640 cm~" to Si—CH; at 1257 cm™!
according to Eq. (2).

A A
C=1- (A16a0/A1257); % 100% @)

(A1640/A1257)0
where (Aq640/A1257)0 and (A1640/A1257); are the peak area ratios be-
fore and after UV curing, respectively.

Photorheological analyses were performed by a HAAKE
MARS 60 rheometer (Thermo Fisher) equipped with a special-
ly designed quartz-contained parallel plate. UV irradiation
was supplied by UVEC Ill-4 UV light and guided into the
rheometer chamber via a flexible light guide. The liquid sili-
cone resins were sandwiched between two plates at a fixed
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Fig. 1

gap of 0.2 mm, under a controlled stress mode with an oscilla-
tion frequency of 1 Hz. The normal force |Fn| was set to O N.
Samples were exposed to UV irradiation for 200 s. Volume
shrinkage ratio (¢, %) was calculated from the change in the
plate distance during polymerization according to Eq. (3).

Ho — H,
E=—2 " x100%
Ho

where H, and H; are the thicknesses of the silicone resin before
and after UV curing, respectively.

The transmittance of the UV-curable SPASR silicone resins
was recorded on a UV-visible spectrophotometer from 400
nm to 800 nm (UV2450, Shimadzu, Japan) with a sample
thickness of 120 ym. Dynamic mechanical analysis (DMA) was
performed on MetraviB DMA-50N with a dynamic displace-
ment of 10~ m and a frequency of 5 Hz, from —80 °C to 300 °C
at 10 °C:min~'. Thermogravimetric analysis (TGA) was per-
formed on a Perkin Elmer TGA 4000 spectrometer from 30 °C
to 800 °C at 10 °C:min~" under a 20 mL-min-" nitrogen flow.
Adhesion strength was estimated using lap-shear testing. Lig-
uid samples were coated onto clean glass, aluminum, or iron
plates (75 mm x 25 mmx 10 mm) with an overlap area of 25

@3)

(a) Synthesis route of SPASR silicone resins; (b) The crosslinking mechanism of UV-curable SPASR silicone resins.

mm X 12.5 mm and a thickness of approximately 0.20 mm.
The specimens were UV-cured under 365 nm UV light at room
temperature and tested on an STD5000 universal tester at a
speed of 10 mm:min-' according to Chinese standard GB/T
7124-2008. The shear strength is expressed as the average of
the five samples. The fractured surfaces were observed by
scanning electron microscopy (SEM, Hitachi S-4800) after
spraying with gold. The water contact angle was measured
using a CA-100 contact-angle meter. The thermal aging test
was performed at 100 °C for 168 h in a hot-air oven. Moisture
tolerance was tested by immersing adhesive specimens in
water at room temperature for 168 h. “Double 85" test (85 °C
and 85% RH) was carried out for 360 h in a KTH215B tempera-
ture and humidity chamber (Kefuna, Shenzhen, China). The
UV-curable SPASR silicone resin was used to encapsulate the
Mini-LED panel equipped with F10C-EA chips from BOE HC
Semitek Corporation. The electroluminescence spectra and
CIE coordinates of the encapsulated Mini-LEDs were mea-
sured with a PR-745 SpectraScan Spectroradiometer (Photo
Research, America), powered by a WY-305 high-precision cur-
rent source at 50 PA. The dielectric loss and dielectric con-
stant were measured on a KEYSIGHT E4980A precision LCR
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meter from 20 Hz to 2 MHz.

RESULTS AND DISCUSSION

Characterization of SPASR Silicone Resins

The chemical structures of the SPASR silicone resins are ana-
lyzed by FTIR, Raman, and "H-NMR. The IR spectra (Fig. 2A) show
broad absorption bands at 1723 and 1634 cm™', corresponding
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methacryloxy groups, respectively. The band at 1592 cm™ is the
stretching vibration of the phenyl groups. The absorption band
at 1000-1150 cm™ is the stretching vibration of the Si—O—Si
skeleton. The bands at 736 and 700 cm™' correspond to the
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Fig. 2  (A) FTIR spectra of SPASR-Si75(3-Phqg-KH571¢4 SPASR-Si75y-Phgg-KH57144 and SPASR-Si75,3-Phy-KH571,,; (B) Raman
spectrum of SPASR-Si75q3-Phqg-KH571, 4 (C) "H-NMR spectrum and chemical structure of SPASR-Si7543-Phgg-KH57144; (D) Viscosity-
shear rate curves of SPASR silicone resins; (E) The ngy of SPASR silicone resins.
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cm™ is associated with the benzene ring vibration.*” The 'H-
NMR spectrum (Fig. 2C) displays the following signals: 5.98 ppm,
5.41 ppm (2H, s, 5H", —C=CH,), 3.95 ppm (2H, 5, 5H9, —CH,—),
1.11 ppm (2H, s, 6HY, —CH,—), 0.49 ppm (2H, s, SHS, —CH,—),
2.56 ppm (2H, s, 8HX, —CH,—), 1.80 ppm (2H, s, 5H, —CH,—),
5.17 ppm (2H, s, —Si—OH), 0.03 ppm (3H, s, —CH,). 7.24 ppm,
(2H, s, 6H', Ar—H) 7.49 ppm (2H, s, 6H, Ar—H). Fig. 2(D) shows
that SPASR-Si75(4-Phyg-KH571,, has the highest viscosity,
which is attributed to the six hydrolyzable Si—O—R groups in
Si75 that can increase crosslinking. Thus, varying the Si75 con-
tent allows control over viscosity. Although a high phenyl con-
tent generally reduces the polymerization degree and thus the
viscosity, SPASR-Si75y3-Phy-KH571y, which lacks phenyl
groups, exhibits a lower viscosity than SPASR-Si754-Phgg-
KH57144. This result is attributed to the reduced steric hin-
drance and intermolecular friction in the absence of phenyl

groups because phenyl groups enhance intermolecular interac-
tions.*"! Fig. S1 (in ESI) indicates that higher methacryloxy and
phenyl contents reduce the viscosity due to steric hindrance re-
ducing the polymerization degree. Additionally, Fig. 2(E) shows
that nyq of SPASR silicone resins exceeds 1.5, reaching up to
1.522, owing to the high content of phenyl groups and disulfide
bonds.l'742

UV-curing Kinetics of SPASR Silicone Resins

Fig. 3(a) shows that the acryloxy absorption band at 1640 cm™
gradually decreases during photopolymerization, whereas the
Si—CHj; band at 1257 cm™ remains unchanged. Thus, the con-
version can be assessed based on the relative changes in the
peak areas. The acryloxy band area decreases only slightly with-
in the first 20 s, but drops markedly after 50 s, as disulfide bonds
in SPASR silicone resins can scavenge partial free radicals and
delay photopolymerization.”>#4 Fig. 3(b) indicates that moder-
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Fig. 3 (a) Infrared spectra of SPASR-Si7543-Phg-KH571, at different irradiation time. Methacryloxy conversions of (b) SPASR-
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ate photoinitiator concentrations improve conversion, since
more initiators generate more active radicals and promote poly-
merization. However, excess initiator can lead to the cage effect,
reducing the efficiency.”’**! The maximum conversion is ap-
proximately 68% with 2 wt% photoinitiator 1173. Fig. 3(c) shows
significant differences among SPASR resins: SPASR-Si75,,-Phg g-
KH57144, reaching 82% conversion, which is higher than the
67% conversion for SPASR-Si75¢4-Phgg-KH571,,4, because high
viscosity restricts the molecular mobility of the reactive
groups.*® Fig. S2(a) (in ESI) indicates that the SPASR resins with
similar viscosities exhibit similar conversions. However, Fig. S2(b)
(in ESI) reveals that a higher KH571 content leads to lower con-
version even at similar viscosities, likely because overly rapid
polymerization restricts radical mobility.*” Furthermore, a high-
er Si75 content increases the chain entanglement and reduces
the conversion. The control sample without disulfide bonds
(SPASR-Si754-Phgg-KH571,,4) cures quickly, while SPASR-Si75 -
Phy-KH571,,4 remains incompletely cured after 180 s. Figs. 3(d)
and 3(e) reveal that Si75 reduces volume shrinkage. The SPASR
resins shrink by only 2.06%—4.83% (Fig. S3, in ESI), compared to
7.98% for SPASR-Si754-Phg g-KH571 4, because under UV irradia-
tion, dynamic disulfide metathesis that can simultaneously
break and recombine is activated, which can rearrange the
crosslinked network and thus release polymerization
stress.[384849]
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Physical Properties and Adhesive Performance of UV-
curable SPASR Silicone Resins

Fig. 4(a) indicates that all UV-curable SPASR resins show trans-
mittance over 92% in the visible region (400-800 nm), indicat-
ing excellent optical transparency for potential applications in
optical devices. Fig. 4(b) demonstrates their high thermal stabili-
ty owing to the high bond energy of Si—O bonds and the in-
herent heat resistance of the phenyl groups.”” The 5 wt%
weight-loss temperature (Tsy) exceeds 250 °C, with major
weight loss occurring at 300-500 °C due to the decomposition
of organic components" In contrast, SPASR-Si75,-Phgg-
KH571,, and SPASR-Si75,3-Phy-KH571,, show inferior thermal
stability owing to the lack of crosslinked network structure
formed from Si75 and the absence of phenyl groups, respec-
tively. The storage modulus (E', Fig. 4c) and glass transition tem-
perature (Ty, Fig. 4d) also increase with higher conversion.
SPASR-Si75,-Phgg- KH571, 4 achieves the highest E' ( about 634
MPa) and T, (about 69 °C), reflecting an optimized crosslinking
density.

Furthermore, the adhesion performance of UV-curable
SPASR silicone resins is evaluated by lap-shear tests on differ-
ent substrates, including glass glass, glass-Al, glass-Fe, and
transparent plastics (PVC, PMMA, and PS). Fig. 5(a) demon-
strates that a higher Si75 content generally reduces shear
strength, as lower viscosity promotes radical migration and
improves polymerization efficiency (Fig. 3c), thereby enhanc-
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Fig. 4 (a) UV-visible curves between 400—800 nm; (b) Thermogravimetric curves; (c) Storage modulus and (d) tand curves of UV-

curable SPASR silicone resins.
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ing the cohesive strength. By controlling the Si75 content, vis-
cosity can be optimized to achieve good wetting and cohe-
sive strength.52) Owing to its favorable mechanical strength
(Fig. S4, in ESI), SPASR-Si75y,-Phg g-KH571, 4 exhibits the best
adhesion performance, with a maximum shear strength of
1.84 MPa on glass. Fig. 5(b) also reveals that this resin also
bonds well to other substrates, achieving 2.17 MPa for glass-
Fe and 1.96 MPa for glass-Al. Macroscopic analysis indicates
that the failure is primarily caused by interfacial disruption
(Fig. 5¢). The resin also adheres to transparent plastics (PVC,
PMMA, and PS) with an adhesion strength of approximately
0.7 MPa. The fractured surface morphology suggests a brittle
fracture under shear stress.

Aging can severely degrade adhesive properties, mechani-
cal strength, and transparency.’354 The anti-aging effect
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of SPASR silicone resins with different Si75 contents is con-
ducted at 100 °C for 168 h. Fig. 5(d) clearly reveals that
SPASR-Si75; 1-Phg g-KH571 4, and SPASR-Si75, 4-Phg g-KH571 4
debond and fragment owing to insufficient disulfide content
or low Ty, whereas SPASR-5i75g,-Phgg-KH571,,4 and SPASR-
Si7503-Phgg- KH57144 remain intact. To further assess the re-
sistance to UV irradiation and high temperature, thermal ag-
ing at 100 °C and UV aging at 25 °C are conducted. Fig. 5(e)
shows that after 168 h of UV aging, SPASR-Si75,,-Phgg-
KH571, 4 still retains a shear strength of 1.49 MPa with a color
difference value of 1.74. In contrast, the lap shear strength
drops to 1.05 MPa after 168 h at 100 °C with a color differ-
ence value of 1.05. The greater decline under thermal aging is
attributed to the degradation of the methacryloxy group,
thereby reducing the cohesive strength of SPASR.5!
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Fig.5 Lap shear strength of (a) SPASR silicone resins on glass; (b) SPASR-Si75, ,-Phg g-KH571 4 on other substrates; (c) Images showing the
bonding and debonding of UV-curable SPASR-Si75,,-Phgs-KH571, 4 for glass-glass, glass-Al, and glass-Fe, and SEM images of resins after
debonding; (d) Photographs showing the SPASR silicone resins before and after thermal aging at 100 °C for 168 h; (e) Lap shear strength of

SPASR-Si75y,-Phog-KH571, 4 for UV aging and thermal aging (100 °C) for 168 h.

UV irradiation (Fig. 6a). Luminance and electroluminescence
spectra are used to determine light output and chromaticity. A
commercially available AB adhesive cured at 150 °C for 1 h is
used as the positive control. Fig. 6(b) shows that the encapsulat-

Mini-LEDs Encapsulation and Aging Resistance of

SPASR Silicone Resins
To explore their encapsulation feasibility, SPASR-Si75¢,-Phgg-

KH571,4 is coated on a Mini-LED panel and rapidly cured under
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(@) Underlying bonding mechanism of SPASR silicone resins; (b) Photographs of Mini-LEDs encapsulated with SPASR-Si75,,-Phg -

KH571,4; (c) Chromaticity diagram of Mini-LEDs encapsulated with SPASR silicone resin and AB adhesive; (d) Photographs showing the sealing
capacity of Mini-LEDs by this silicone resin; The normalized electroluminescence spectra of virgin, aged Mini-LEDs after different “double 85" test
time: (e) SPASR-Si75( ,-Phg g-KH571¢ 4, and (f) commercially available thermally cured AB adhesive.

ed Mini-LEDs function normally. The CIE coordinates of virgin
(0.1561, 0.0202), SPASR-encapsulated (0.1570, 0.0195), and AB-
encapsulated (0.1572, 0.0208) Mini-LEDs are similar (Fig. 6¢), in-
dicating that the SPASR resin has a minimal impact on color
temperature and is suitable for Mini-LED encapsulation. Fig. 6(d)
shows that after thermal aging at 100 °C for 12 h and immersion
in red ink for 12 h, the encapsulated Mini-LEDs show no ink per-
meation. Furthermore, hydrothermal aging is performed on
both SPASR and AB adhesives. Figs. 6(e) and 6(f) and Table S2 (in
ESI) indicate that the electroluminescence spectra of both en-
capsulants degrade to different extents under “double 85” con-
ditions. After 168 h, the SPASR-encapsulated Mini-LEDs retain
91% of their luminance with a maximum wavelength (A, of
approximately 444 nm, whereas the AB adhesive-encapsulated
devices retain 90% of their luminance with a A, of approxi-
mately 446 nm. The outstanding aging resistance mainly de-
pends on the low surface energy and excellent hydrophobicity
of the polysiloxane (Fig. S5 in ESI), as well as the structural stabil-
ity conferred by the high energy of the Si—O bond within the
polysiloxane backbone. Compared to the AB adhesive, the
SPASR resin not only enables rapid, energy-efficient UV curing,
but also maintains a certain luminance after aging. In addition,
SPASR-Si75(,-Phgg-KH571,, exhibits a low dielectric constant
(3.02 at 1 MHz, Fig. S6, in ESI), suggesting its potential for inte-
grated circuit and chip applications. These results confirm that
SPASR silicone resins possess excellent adhesion and sealing ca-
pabilities for Mini-LEDs, highlighting their substantial potential
in the electronics industry.

Silicone exhibits excellent optical properties, and its easy
modification enables the incorporation of various functional

groups. Consequently, SPASR silicone resins can be engi-
neered with phenyl groups to enhance the refractive index,
while dynamic disulfide bonds are simultaneously incorporat-
ed to release stress and reduce volume shrinkage during cur-
ing.56571 Therefore, controlled chemical synthesis, tunable
structures and properties, and efficient packaging engineer-
ing are required for the future application of advanced elec-
tronic encapsulants.

CONCLUSIONS

In this study, UV-curable, transparent, and low volume-shrink-
age silicone resins (SPASR) are synthesized for Mini-LED encap-
sulation. The resins can be UV-cured within 30 s, and exhibit a
high lap shear strength of 1.84 MPa on glass substrates. UV-cur-
able silicone resins possess excellent optical transparency (>
92%), high refractive index (>1.5), and low volume shrinkage
(about 4.83%), making them suitable for commercial Mini-LEDs
with a wavelength range of 400-800 nm. Moreover, SPASR
resins show superior thermal stability (T55,>265 °C) and excel-
lent encapsulation properties for Mini-LEDs. Notably, encapsu-
lated Mini-LEDs retains approximately 91% of their luminance
after 168 h of hydrothermal aging. These properties underscore
the significant potential of this UV-curable transparent silicone
resin for Mini-LED encapsulation and other optical fields.
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Graphical Abstract

UV-curable, Transparent, and Low Volume-shrinkage Silicones for Efficient Mini-LED Encapsulation

Zi-Hua Zhang, Juan Ye, Wei-Shan Wen, Qing-Hong Luo, and Hong-Ping Xiang
Guangdong University of Technology; Huizhou Engineering Vocational College
This work develops a novel UV-curable silicone resin containing phenyl, disulfide, and acryloyl groups. It can be rapidly

UV-cured within 30 s, exhibiting a high optical transparency (>92%), a high refractive index (>1.5), and a low volume
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