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PHOTORESIST AND METHOD OF FORMING THE SAME, NANOIMPRINTING

METHOD

CROSS-REFERENCE TO RELATED APPLICATION
[0001]  This application claims the benefit of priority of Singapore application No.
10202301701R filed June 13, 2023, the contents of it being hereby incorporated by reference

in its entirety for all purposes.

TECHNICAL FIELD
[0002]  Various embodiments of this disclosure may relate to a photoresist. Various
embodiments of this disclosure may relate to a method of forming a photoresist. Various

embodiments of this disclosure may relate to a nanoimprinting method.

BACKGROUND
[0003]  Ultraviolet (UV) nanoimprint lithography (NIL), a next-gencration pattcrning
technology that enables the creation of high-resolution nanostructures and provides a
complementary option to conventional photolithography, has attracted increasing attention over
the past decades. UV-NIL technology has been effectively applied in manufacturing advanced
optics due to its simple, cost-effective, and high-throughput production procedures. For
instance, UV-NIL technology has been applied in next generation waveguide optics, thin film
encapsulation for organic light emitting diodes (LEDs), and microlens arrays for charge coupled
devices (CCDs)/complementary metal oxide semiconductor sensors. FIG. 1A shows a
schematic of a charge coupled device (CCD) without microlens and a charge coupled device

(CCD) with microlens.
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[0004]  Despite the advantages of nanoimprint lithography technology, the availability of
suitable photoresist materials is a crucial roadblock. So far, a significant fraction of
conventional limpid polymers offers refractive indices (n) of less than 1.9, typically only
varying from 1.4 to 1.6, which is far from being able to satisfy the demands in advanced optics.
FIG. 1B is a plot of refractive index (RI) # (measured at wavelength of 633 nm) as a function
of wavelength (in nanometer or nm) illustrating the different applications of various
photoresists. The lack of high refractive index polymers (HRIP) may limit developments in
displays, augmented reality (AR)/virtual reality (VR) applications, and advanced optical
components. There is also a lack of HRIP for large area fabrication of micro- and nano-
structures via NIL to address the demand for flat optics and photonic devices.

[0005]  To achieve resins with a high refractive index, the chemical incorporation of high
polarizable molar refraction organic substituents (e.g., halogen heteroatoms, rigid aromatic
group, and siloxane) or inorganic nanoparticles (such as amorphous silicon (v ~ 4.2), TiO: (n ~
2.6)) into classical transparent polymers are crucial. However, high refractive
polymcr/nanoparticlc nanocompositcs have a tradc-off with cxtinction cocfficient, which is
generally at around 0.2 due to severe microphase separation and optical scattering between
organic polymeric matrices and large-sized inorganic nanoparticles. Hence, it is desirable to

develop a photoresist with high refractive index and extremely low extinction coefficient.

SUMMARY
[0006]  Various embodiments may relate to a method of forming a photoresist. The method
may include forming the photoresist by mixing a sol-gel acrylic polymer-nanoparticles resin
with a nanoparticles-dispersed acrylic resin. The sol-gel acrylic polvmer-nanoparticles resin
may be formed by mixing a monomer, a nanoparticle precursor, a coupling agent, a crosslinker

and a photoinitiator in a sol-gel process. Each nanoparticle of a plurality of nanoparticles
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included in the photoresist may have a diameter selected from a range from 10 nm to 20 nm
such that the photoresist is ultra-violet curable.

[0007]  Various embodiments may relate to a photoresist. The photoresist may include a sol-
gel acrylic polymer-nanoparticles resin. The photoresist may also include a nanoparticles-
dispersed acrylic resin mixed with the sol-gel acrylic polymer-nanoparticles resin. The sol-gel
acrylic polymer-nanoparticles resin may be formed by mixing a monomer, a nanoparticle
precursor, a coupling agent, a crosslinker and a photoinitiator in a sol-gel process. Each
nanoparticle of a plurality of nanoparticles included in the photoresist may have a diameter
selected from a range from 10 nm to 20 nm such that the photoresist is ultra-violet curable.
[0008]  Various embodiments may relate to a nanoimprinting method. The nanoimprinting
method may include providing the photoresist as described herein onto a substrate. The
nanoimprinting method may also include covering the photoresist using a mold such that the
photoresist is molded under a predetermined temperature and a predetermined pressure. The
method may further include providing ultraviolet light to cure the photoresist. The method may

additionally includc removing the mold after the photoresist is cured.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009]  Inthe drawings, like reference characters generally refer to the same parts throughout
the different views. The drawings are not necessarily drawn to scale, emphasis instead generally
being placed upon illustrating the principles of various embodiments. In the following
description, various embodiments of the invention are described with reference to the following
drawings.
FIG. 1A shows a schematic of a charge coupled device (CCD) without microlens and a charge

coupled device (CCD) with microlens.
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FIG. 1B is a plot of refractive index (RI) #» (measured at wavelength of 633 nm) as a function
of wavelength (in nanometer or nm) illustrating the different applications of various
photoresists.

FIG. 2 is a general illustration of a method of forming a photoresist according to various
embodiments.

FIG. 3 is a general illustration of a photoresist according to various embodiments.

FIG. 4 is a general illustration of a nanoimprinting method according to various embodiments.
FIG. 5A is a table showing the amounts of reactants and processing conditions to form a sample
of a sol-gel acrylic polymer-titania (TiO2) resin according to various embodiments.

FIG. 5B shows a schematic of the method of forming the titania (TiO2) nanoparticle/sol-gel
acrylic resin according to various embodiments and the method of forming micro- and
nanostructures using the titania (TiO,) nanoparticle/sol-gel acrylic resin according to various
embodiments.

FIG. 6A shows a plot of refractive index » and extinction coefficient £ as a function of
wavelength (in nanometer or nm) illustrating the variation of the refractive index and the
extinction coefficient of different compositions of the photoresist according to various
embodiments over the visible spectrum.

FIG. 6B shows (a) a transmission electron microscopy (TEM) image (inset: magnified image)
of the TiO» nanoparticle/sol-gel acrylic photoresist according to various embodiments; and (b)
a transmission electron microscopy (TEM) image of the formed titania (Ti0:) nanoparticles
(diameter ~ 20 nm) according to various embodiments.

FIG. 7 shows a table showing the nanoimprint process parameters according to various
embodiments.

FIG. 8 shows (al) optical microscopy image and (a2 — a3) scanning electron microscopy (SEM)

images of the silicon master mold; and (b1) optical microscopy image and (b2 — b3) scanning
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electron microscopy (SEM) images of the replicated soft mold according to various
embodiments.

FIG. 9 shows (al) an optical microscopy image and (a2 — a3) scanning electron microscopy
(SEM) images of the nanoimprint on 90% titania (TiO2) — sol-gel acrylic photoresist according
to various embodiments; (bl) an optical microscopy image and (b2 — b3) scanning electron
microscopy (SEM) images of the nanoimprint on 80% titania (TiO») — sol-gel acrylic
photoresist according to various embodiments; and (c1) an optical microscopy image and (c2 —
¢3) scanning electron microscopy (SEM) images of the nanoimprint on 70% titania (T102) —
sol-gel acrylic photoresist according to various embodiments.

FIG. 10 shows (a) a schematic illustrating formation of poly-methyl methacrylate (PMMA)-
titania (TiO:2) resist according to various embodiments; and (b) a schematic illustrating
formation of poly-pentabromobenzyl methacrylate (PBMA)-titania (TiO:) resist according to
various embodiments.

FIG. 11A shows a table of reactants and conditions for synthesis of poly-methyl methacrylate
(PMMA )-titania (TiO:) resist and poly-pentabromobenzyl methacrylate (PBMA)-titania (Ti0:2)
resist according to various embodiments.

FIG. 11B shows a table of the parameters for nanoimprinting of poly-methyl methacrylate
(PMMA )-titania (TiO:) resist and poly-pentabromobenzyl methacrylate (PBMA)-titania (Ti0z)
resist according to various embodiments.

FIG. 12 shows scanning clectron microscopy (SEM) images of (a) pure poly-methyl
methacrylate (PMMA); (b) poly-methyl methacrvlate (PMMA)-titania (TiOz) (TiO2: 64.6 wt.
%) according to various embodiments (inset: zoomed out image);, and (c) poly-
pentabromobenzyl methacrylate (PBMA)-titania (TiO2) (TiO2: 69.2 wt. %) according to

various embodiments (inset: zoomed out image).
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FIG. 13A shows a plot of refractive index # as a function of wavelength (in nanometer or nm)
illustrating the variation of refractive index of poly-methyl methacrylate (PMMA)-titania
(Ti0Oz) (Ti02: 64.6 wt. %) and poly-pentabromobenzyl methacrylate (PBMA)-titania (T10:2)
(Ti02: 69.2 wt. %) according to various embodiments under different wavelengths.

FIG. 13B shows a plot of extinction coefficient & as a function of wavelength (in nanometer or
nm) illustrating the variation of extinction coefficient of poly-methyl methacrylate (PMMA)-
titania (Ti02) (TiO2: 64.6 wt. %) and poly-pentabromobenzyl methacrylate (PBMA)-titania
(Ti02) (T102: 69.2 wt. %) according to various embodiments under different wavelengths.
FIG. 13C shows transmission electron microscopy (TEM) images of (a) poly-methyl
methacrylate (PMMA )-titania (T102) (TiOa2: 64.6 wt. %) (inset: magnified image) and (b) poly-
pentabromobenzyl methacrylate (PBMA)-titania (Ti02) (TiO2: 69.2 wt. %) (inset: magnified
image) according to various embodiments.

FIG. 14 shows (a) — (b) scanning electron microscopy (SEM) images of ultraviolet (UV)
imprinted micropillars of poly-methyl methacrylate (PMMA )-titania (TiO2) (TiOa2: 64.6 wt. %)
according to various cmbodiments, with the insct showing the cross-scctional SEM imagc.
FIG. 15 shows a cross-sectional scanning electron microscopy (SEM) image of imprinted micro
pillars of poly-methyl methacrylate (PMMA )-titania (Ti02) (Ti02: 64.6 wt. %) (tilted view)
according to various embodiments.

FIG. 16 shows optical images of a color array of nanopillars with diameters from 250 nm to
500 nm and pitches from 550 nm to 800 nm of (a) the silicon mold; (b) an imprinted array on
poly-pentabromobenzyl methacrylate (PBMA )-titania (TiO2) (TiO2: 69.2 wt. %) according to
various embodiments; and (c¢) an imprinted array on poly-pentabromobenzylmethacrylate
(PBMA)-titania (Ti02) (TiOz: 69.2 wt. %) according to various embodiments coated with 20

nm thick layer of aluminum (Al).
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FIG. 17 shows field effect scanning electron microscopy (FESEM) images of nanoimprinted
color arrays of high refractive index resin poly-pentabromobenzyl methacrylate (PBMA)-
titania (T102) (T102: 69.2 wt. %) according to various embodiments coated with 20 nm layer
aluminum : (a) nanopillar arrays with varying geometry, viz., diameters from 250 nm to 500 nm
and pitches from 550 nm to 800 nm; (b) — (c) nanopillar array with diameter 350 nm in diameter
and 700 nm in pitch.

FIG. 18 shows a table comparing the resist according to various embodiments and several

conventional resists for benchmarking.

DESCRIPTION

[0010]  The following detailed description refers to the accompanying drawings that show,
by way of illustration, specific details and embodiments in which the invention may be
practiced. These embodiments are described in sufficient detail to enable those skilled in the art
to practice the invention. Other embodiments may be utilized and structural, logical, and
clecetrical changes may be made without departing from the scope of the invention. The various
embodiments are not necessarily mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodiments.

[0011]  Features that are described in the context of an embodiment may correspondingly be
applicable to the same or similar features in the other embodiments. Features that are described
in the context of an embodiment may correspondingly be applicable to the other embodiments,
even if not explicitly described in these other embodiments. Furthermore, additions and/or
combinations and/or alternatives as described for a feature in the context of an embodiment
may correspondingly be applicable to the same or similar feature in the other embodiments.
[0012]  Inthe context of various embodiments, the articles “a”, “an” and “the” as used with

regard to a feature or element include a reference to one or more of the features or elements.
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[0013] In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a reasonable variance, e.g. within
10% of the specified value.

[0014]  As used herein, the term “and/or” includes any and all combinations of one or more
of the associated listed items.

[0015] By “comprising” it is meant including, but not limited to, whatever follows the word
“comprising”. Thus, use of'the term “comprising” indicates that the listed elements are required
or mandatory, but that other elements are optional and may or may not be present.

[0016] By “consisting of” is meant including, and limited to, whatever follows the phrase
“consisting of”. Thus, the phrase “consisting of” indicates that the listed elements are required
or mandatory, and that no other clements may be present.

[0017]  Embodiments described in the context of one of the photoresists are analogously
valid for the other photoresists, embodiments described in the context of a method are
analogously valid for a photoresist, and vice versa.

|0018]  Various cmbodiments may address issucs faced by conventional photorcsists.
[0019]  FIG. 2 is a general illustration of a method of forming a photoresist according to
various embodiments. The method may include, in 202, forming the photoresist by mixing a
sol-gel acrylic polymer-nanoparticles resin with a nanoparticles-dispersed acrylic resin. The
sol-gel acrylic polymer-nanoparticles resin may be formed by mixing a monomer, a
nanoparticle precursor, a coupling agent, a crosslinker and a photoinitiator in a sol-gel process.
Each nanoparticle of a plurality of nanoparticles included in the photoresist may have a diameter
selected from a range from 10 nm to 20 nm such that the photoresist is ultra-violet curable.
[0020]  In other words, the method may relate to forming a photoresist (also referred to as a

photoresist mixture) by mixing a sol-gel acrylic polymer-nanoparticles resin and an
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nanoparticles-dispersed acrylic resin. Each nanoparticle in the photoresist may be of a range
from 10 nm to 20 nm.

[0021]  In various embodiments, the photoresist may have a high refractive index, e.g., up to
2. In various embodiments, the photoresist may have a refractive index selected from a range
from 1.9 to 2 under visible light (e.g., under a wavelength selected from a range from 400 nm
to 550 nm). In various embodiments, the photoresist may have a low extinction coefficient. In
various embodiments, the photoresist may have an extinction coefficient of O or close to 0. e.g .,
under visible light or spectrum (e.g., under a wavelength selected from a range from 400 nm to
700 nm). For instance, the photoresist may have an extinction coefficient of less than 0.1 e.g.,
less than or equal to 0.01, e.g., 0.

[0022]  Various embodiments may relate to a photoresist which has a high refractive index
and a low extinction coefficient. The method as described herein may result in a photoresist
with high loading of small nanoparticles (from 10 nm to 20 nm), thereby resulting in the
photoresist having a high refractive index and a low extinction coefficient. Further, by addition
of nanoparticlcs-dispersed acrylic resin, high-temperature trcatment, which 1s incompatible
with the microelectronic fabrication process, may not be required to achieve a high refractive
index. The shrinkage of nanostructures, ¢.g., nanopillars via high-temperature process may be
difficult to control, which affects the fabrication accuracy.

[0023] In various embodiments, the nanoparticle precursor forming the sol-gel acrylic
polymer-nanoparticles resin may be a titania precursor. In various embodiments, the plurality
of nanoparticles may be titania (TiO2) nanoparticles. A first portion of the titania (TiO2)
nanoparticles may be formed from the titania precursor of the sol-gel acrylic polymer-
nanoparticles resin. A second portion of the titania (Ti02) nanoparticles may be from the

nanoparticles-dispersed acrylic resin.
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[0024]  The nanoparticles-dispersed acrylic resin may include the second portion of the
titania (Ti102) nanoparticles dispersed in an acrylic resin. In other words, the nanoparticles-
dispersed acrylic resin may include an acrylic resin mixed with TiO2 nanoparticles.

[0025]  The first portion of the titania (Ti02) nanoparticles may be covalently bonded to a
surrounding polymer matrix. In other words, the sol-gel acrylic polymer-nanoparticles resin
may include a polymer matrix with TiO» nanoparticles bonded to the polymer matrix.

[0026]  The nanoparticles in the photoresist may originate from both the nanoparticles-
dispersed acrylic resin and the sol-gel acrylic polymer-nanoparticles resin. The nanoparticles
as described herein may have any suitable shape, e.g. spherical shape, cuboid shape or irregular
shape.

[0027] In various embodiments, the nanoparticles-dispersed acrylic resin may be a TiO2
nanoparticle dispersed acrylic resin, while the sol-gel acrylic polymer-nanoparticles resin may
be a sol-gel acrylic polymer-TiO- resin. The resultant photoresist may be TiO» nanoparticle/sol-
gel acrylic resin. The TiO2 nanoparticle/sol-gel acrylic resin may be homogenized with water
bath sonication (c.g., for 15 minutes) before being used for nanoimprinting.

[0028]  In various embodiments, the photoresist may have a loading of nanoparticles (e.g.,
TiO: nanoparticles) of 70 wt.% or more (relative to weight of photoresist), e.g., 80 wt.% or
more (relative to weight of photoresist), e.g., 90 wt.% or more (relative to weight of
photoresist). A higher loading of TiO; nanoparticles may lead to a higher refractive index .
[0029]  In various embodiments, the coupling agent forming the sol-gel acrylic polymer-
nanoparticles resin may be trimethoxy(7-octen-1-yl)silane.

[0030]  In various embodiments, the monomer forming the sol-gel acrylic polymer-
nanoparticles resin is methyl-methacrylate (MMA).

[0031] In various embodiments, the crosslinker forming the sol-gel acrylic polymer-

nanoparticles resin may be poly (ethylene glycol) dimethacrylate (PEGD).
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[0032] In various embodiments, the photoinitiator forming the sol-gel acrylic polymer-
nanoparticles resin may be dimethoxyphenyl acetophenone (DPAP).

[0033]  The sol-gel acrylic polymer-nanoparticles resin may be an acrylate-based polymer-
titanium oxide nanocomposite. The sol-gel acrylic polymer-nanoparticles resin may be an
unitary chemical grafting system. High concentrations of sol-gel grafting active substituents,
such as -Si-(0-CHs-);, may be introduced (via the coupling agent) into the acrylic polymer
chain.

[0034]  In various embodiments, the sol-gel acrylic polvmer-nanoparticles resin may be
formed by mixing the monomer, the nanoparticle precursor, the coupling agent, the crosslinker
and the photoinitiator via magnetic agitation at a temperature selected from a range from 20°C
to 25°C.

[0035]  In various embodiments, the sol-gel acrylic polymer-nanoparticles resin and the
nanoparticles-dispersed acrylic resin may be free of or devoid of any solvent or plasticizer.
[0036]  Invarious embodiments, the photoresist may be formed by mixing the sol-gel acrylic
polymcr-nanoparticlcs resin with the nanoparticles-dispersed acrylic resin in a weight ratio of
1:9.

[0037]  Invarious embodiments, the photoresist may be formed by mixing the sol-gel acrylic
polymer-nanoparticles resin with the nanoparticles-dispersed acrylic resin in a weight ratio of
2:8.

[0038] Invarious embodiments, the photoresist may be formed by mixing the sol-gel acrylic
polymer-nanoparticles resin with the nanoparticles-dispersed acrylic resin in a weight ratio of
3:7.

[0039]  Various embodiments may relate to a photoresist formed by any method as described

herein.

11
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[0040]  FIG. 3 is a general illustration of a photoresist according to various embodiments.
The photoresist may include a sol-gel acrylic polymer-nanoparticles resin 302. The photoresist
may also include a nanoparticles-dispersed acrylic resin 304 mixed with the sol-gel acrylic
polymer-nanoparticles resin 302. The sol-gel acrylic polymer-nanoparticles resin 302 may be
formed by mixing a monomer, a nanoparticle precursor, a coupling agent, a crosslinker and a
photoinitiator in a sol-gel process. Each nanoparticle of a plurality of nanoparticles included in
the photoresist may have a diameter selected from a range from 10 nm to 20 nm such that the
photoresist is ultra-violet curable.

[0041]  In other words, the photoresist may be a mixture of a sol-gel acrylic polymer-
nanoparticles resin 302 and a nanoparticles-dispersed acrylic resin 304. The photoresist may
have nanoparticles in the range from 10 nm to 20 nm.

[0042]  Invarious embodiments, the sol-gel acrylic polymer-nanoparticles resin 302 may be
mixed with the nanoparticles-dispersed acrylic resin 304 in a weight ratio of 1 : 9.

[0043]  Invarious embodiments, the sol-gel acrvlic polymer-nanoparticles resin 302 may be
mixcd with the nanoparticles-dispersed acrylic resin 304 in a weight ratio of 2 : 8.

[0044]  In various embodiments, the sol-gel acrylic polymer-nanoparticles resin 302 may be
mixed with the nanoparticles-dispersed acrylic resin 304 in a weight ratio of 3 : 7.

[0045]  FIG. 4 is a general illustration of a nanoimprinting method according to various
embodiments. The nanoimprinting method may include, in 402, providing the photoresist as
described herein onto a substrate. The nanoimprinting method may also include, in 404,
covering the photoresist using a mold such that the photoresist is molded under a predetermined
temperature and a predetermined pressure. The method may further include, in 406, providing
ultraviolet light to cure the photoresist. The method may additionally include, in 408, removing

the mold after the photoresist is cured.

12
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[0046]  In various embodiments, the predetermined pressure may be any suitable pressure,
¢.g. any suitable pressure selected from a range from 1 bar to 3 bars, ¢.g., atmospheric pressure
(about 1 bar). In various embodiments, the predetermined temperature may be any suitable
temperature, such as any temperature selected from a range from 30 °C to 70 °C | e.g., 50 °C.

[0047]  In various embodiments, the photoresist may be provided onto the substrate by any
suitable deposition method, such as drop-casting or coating. By covering the photoresist using
the mold under the predetermined temperature and the predetermined pressure, the photoresist
may conform to the shape determined by the mold.

[0048]  In various embodiments, by providing the ultraviolet light, the photoresist may be
cured via a photo-initiated radical copolymerization reaction. The photoinitiator present in the
photoresist may help to start the reaction.

[0049]  In various embodiments, the mold been removed may refer to separating the mold
and the cured photoresist. The demolding may be carried out at any suitable temperature, €.g.,
at or below room temperature.

[0050]  As mentioned above, a significant fraction of conventional limpid polymers offers
refractive indices (1) only varying from 1.4 to 1.6, which is far from satisfying demands in
advanced optics. To achieve resins with a high refractive index, the chemical incorporation of
the high polarizable molar refraction organic substituents (e.g., halogen heteroatoms, rigid
aromatic group, and siloxane) or inorganic nanoparticles (such as amorphous silicon (» ~ 4.2),
TiO» (n ~ 2.6)) into classical transparent polymers are crucial. These methodologics are
motivated by the effective-medium-model ( N~Npariicie * Pparticie + Nmatrix * Pmatrix )
which predicts the average refractive indices of resins N to be a volume average of the
components. In this regard, @p,4;ic;, may be the volume proportion of particles, @y 7 may
be the volume proportion of the matrix, Npgrsicie may be the refractive index of the particles,

and Npq0ri may be the refractive index of the matrix.

13



WO 2024/258344 PCT/SG2024/050353

[0051]  The incorporation of organic substituents may bring about photo-thermal stability
reduction and multistage complex synthesis steps. On the other hand, high refractive
polymer/nanoparticle nanocomposites may have a trade-off with extinction coefficient (k),
which is generally at about 0.2 as a result of the severe microphase separation and optical
scattering between organic polymeric matrices and large sized inorganic nanoparticles. This
may call for completely miscible nanocomposites, i.c., homogenous distribution of filler
particles in the polymer matrices over extremely high nanoparticle loading without serious
aggregation, to achieve the highest » and lowest £. Homogeneous dispersion of ultra-small
nanoparticles in polvmer matrices via in situ sol-gel processing method was developed to
resolve the above issues effectively. The resin may then be used to nanoimprint to test its
imprint ability to create patterns with high definition and throughput. However, there is still a
big challenge in increasing the particle's grafting efficiency and decreasing their spatial size
simultaneously. Various embodiments may introduce a high concentration of sol-gel grafting
active substituents, such as -OH and -Si-(0-CHs-)s3, into the polymer chain and may then
combinc it with the TiO2 dispersed acrylic resin. Thus, the chemical grafted acrylic polymer
TiO2 photoresist may act as both surfactant and matrix concurrently, creating a polymer-
supported dispersion of inorganic nanoparticles under i sifu sol-gel grafting manner with high
nanoparticle loading and small diameter of ~10 nm - 20 nm.

[0052]  Experiment A relates to formation of a photoresist with addition of nanoparticles-
dispersed acrylic resin, while Experiment B relates to formation of a photoresist without
addition of nanoparticles-dispersed acrylic resin. Without the addition of nanoparticles-
dispersed  acrylic  resin,  high-temperature  treatment may  be  required
to achieve a high refractive index, which is not compatible with the microelectronic fabrication
process. The shrinkage of nanostructures e.g., nanopillars, via high-temperature process may

be difficult to control, which affects the fabrication accuracy.
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[0053]  Experiment A

[0054]  Synthesis of sol-gel acrylic polymer-TiO, resin

[0055] A sol-gel acrylic polymer-TiO: resin sample may be formed by using the amounts of
reactants and processing conditions as shown in FIG. 5A. FIG. 5A is a table showing the
amounts of reactants and processing conditions to form a sample of a sol-gel acrylic polymer-
titania (Ti0>) resin according to various embodiments. All chemicals were purchased from
Sigma-Aldrich. The MMA (monomer), TI (titania precursor), TS (coupling agent), PEGD
(crosslinker), and DPAP (photoinitiator) were mixed into one uniform sol mixture by vigorous
magnetic agitating at room temperature.

[0056]  Preparation of TiO, nanoparticle/sol-gel acrylic photoresist

[0057] The TiO: nanoparticle/sol-gel acrylic resin was prepared by mixing TiO2
nanoparticle dispersed acrylic resin and sol-gel acrylic polymer-TiO; resin at designed weight
ratios (9: 1,8 : 2, and 7 : 3, respectively). Then, the mixture was homogenized with water bath
sonication for 15 min for imprint use.

[0058]  FIG. 5B shows a schematic of thc mcthod of forming the titania (TiO»)
nanoparticle/sol-gel acrylic resin according to various embodiments and the method of forming
micro- and nanostructures using the titania (TiO2) nanoparticle/sol-gel acrylic resin according
to various embodiments. The synthesis of dielectric high refractive and low loss resins may
evolve from the acrylate-based polymer-titanium oxide nanocomposites via the sol-gel
approach. The combination of sol-gel prepared acrylate-based polymer-titanium oxide
nanocomposites and TiO2 nanoparticle dispersed acrylic resins may result in TiO2
nanoparticle/sol-gel acrylic photoresist. The TiO» nanoparticle/sol-gel acrylic photoresist can
be applied for nanoimprinting lithography (NIL) to make large-area patterns at nano-meter

scales foradvanced optics, with advantages such as great nanoimprint capability, high refractive
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index and extremely low extinction coefficient, solvent-free, decent fidelity with low shrinkage
and high material integrity with nanoparticle-sol gel in-situ linkage over other Ti0O2-based resin.
[0059]  The refractive index (n) and extinction coefficient (k) of the TiO2 nanoparticle/sol-
gel acrylic photoresists were characterized with an ellipsometer. FIG. 6A shows a plot of
refractive index » and extinction coefficient £ as a function of wavelength (in nanometer or nm)
illustrating the variation of the refractive index and the extinction coefficient of different
compositions of the photoresist according to various embodiments over the visible spectrum.
The photoresists may have different TiO2/sol-gel weight ratios of 90%, 80% and 70%,
respectively. In the wavelength range of 420 nm to 700 nm, the value of » gradually reduces
from ~2.0 to 1.83. Among the three nanocomposites, the resin with a 90% weight ratio exhibits
the highest 7, around 1.9 ~ 2.0, in the visible regime. It can be observed that 7 drops when the
weight ratio reduces. In addition, the extinction coefficient £ remains at zero for all three
nanocomposites. The results validate that a high refractive index and extremely low extinction
coefficient may be achieved. FIG. 6B shows (a) a transmission electron microscopy (TEM)
imagc (insct: magnificd image) of the TiO» nanoparticlc/sol-gel acrylic photorcsist according
to various embodiments; and (b) a transmission electron microscopy (TEM) image of the
formed titania (TiO:) nanoparticles (diameter ~ 20 nm) according to various embodiments.
Various embodiments may relate to a solvent free approach to achieve high nanoparticle
loading and small spatial size (diameter: 10 nm - 20 nm) simultaneously.

[0060] A NIL process may be applied to test the nanoimprint capability for the designed
TiOz nanoparticle/sol-gel acrylic photoresist. FIG. 7 shows a table showing the nanoimprint
process parameters according to various embodiments. The photoresist may be drop-casted on
a silicon wafer or quartz substrate and may then get covered by the NIL mold timely. The
photoresist may then flow into the NIL mold fully under certain pressure and temperature. The

imprinted photoresist may get in-sifu cured completely by sustaining the photo-initiated radical
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copolymerization imposed by the successive ultraviolet radiation exposure. The cured
photoresist may be demolded at room temperature.

[0061]  FIG. 8 shows (al) optical microscopy image and (a2 — a3) scanning electron
microscopy (SEM) images of the silicon master mold; and (b1) optical microscopy image and
(b2 - b3) scanning electron microscopy (SEM) images of the replicated soft mold according to
various embodiments. First, the TiO> nanoparticle/sol-gel acrylic photoresist was drop casted
on top of the adhesion layer of the quartz substrate, and the silicon master mold may be applied
onto the deposited photoresist. The resin was then heated at 50°C for 120s, followed by UV
curing for 360s (in 5s On/Off cycle), which was applied to solidify the TiO» nanoparticle/sol-
gel acrylic resin. The pressure was set to 1.0 bar. The soft mold (of the cured photoresist) formed
may then be used to fabricate metalenses.

[0062]  FIG. 9 shows (al) an optical microscopy image and (a2 — a3) scanning electron
microscopy (SEM) images of the nanoimprint on 90% titania (TiO2) — sol-gel acrylic
photoresist according to various embodiments; (b1) an optical microscopy image and (b2 - b3)
scanning clectron microscopy (SEM) images of the nanoimprint on 80% titania (Ti02) — sol-
gel acrvlic photoresist according to various embodiments; and (¢ 1) an optical microscopy image
and (c2 — ¢3) scanning ¢lectron microscopy (SEM) images of the nanoimprint on 70% titania
(TiOz) - sol-gel acrylic photoresist according to various embodiments. The results validate that
the developed TiO; nanoparticle/sol-gel acrylic photoresist may show great capability in
nanoimprint applications.

[0063] The sol-gel grafted TiOz-acrylic polymers may provide a polymer-supported
dispersion of TiO» nanoparticles with high nanoparticle loading and small diameter ~10 nm -
20 nm. The developed TiO» nanoparticle/sol-gel acrylic resins may have high refractive index
(1.90 ~ 2.0) and extremely low extinction coefficients (~0). The developed TiO»

nanoparticle/sol-gel acrylic resins may demonstrate great capability for nanoimprinting. High
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concentration of sol-gel grafting active substituents, such as -Si-(O-CHz-)3, may be introduced
into the acrylic polymer chain. It may then be combined with the TiO2 nanoparticle dispersed
acrylic resin to form nanoimprintable TiO» nanoparticle/sol-gel acrylic photoresist. The high
refractive index nanoimprintable TiO2 nanoparticle/sol-gel acrylic photoresist may be suitable
for nanoimprinting of optical nanostructures, flat optics for advanced optical applications (¢.g.
to reduce size of conventional optical devices, forming high quality augmented reality/virtual
reality (AR/VR) devices). The high refractive index of the photoresist may enable
miniaturization of conventional optics and thereby reduce the overall device size.

[0064]  Experiment B

[0065]  FIG. 10 shows (a) a schematic illustrating formation of poly-methyl methacrylate
(PMMA )-titania (TiO2) resist according to various embodiments; and (b) a schematic
illustrating formation of poly-pentabromobenzyl methacrylate (PBMA)-titania (TiO2) resist
according to various embodiments.

[0066]  In FIG. 10(a), methyl methacrylate (MMA, monomer), titanium isopropoxide (TI,
titania precursor), trimethoxy(7-octen-1-yl)silanc (TS, coupling agent), poly(cthylene glycol
dimethacrylate) (PEGD, crosslinker), and dimethoxy phenylacetophenone (DPAP,
photoinitiator) may be combined into one uniform sol mixture by vigorous magnetic agitating
at room temperature. Then, the soliquid may be spin-coated on a silicon wafer and may in-sizu
get cured by sustaining the photo-initiated radical copolymerization imposed by the ultraviolet
radiation to synthesize the trimethoxysilane tailored PMMA-graft-titanium as a thin film.
Subsequently, the PMMA-TiO> thin film may be prepared followed by 1 hour baking at 80 °C
to enable the intact transition of titanium to TiOx.

[0067] In FIG. 10(b), hydroxyl-substituted pentabromobenzyl methacrylate (BMA,
monomer), titanium 1sopropoxide (T1, titania precursor), trimethoxy(7-octen-1- vl)silane (TS,

coupling agent), poly(ethylene glycol dimethacrylate) (PEGD, crosslinker), and dimethoxy
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phenylacetophenone (DPAP, photoinitiator) may be combined into one uniform sol mixture by
vigorous magnetic agitating at room temperature. Then, the soliquid may be spin-coated on a
silicon wafer and may in-situ get cured by sustaining the photo-initiated radical
copolymerization imposed by the ultraviolet radiation to synthesize the trimethoxysilane
tailored PBMA -graft-titanium as a thin film. Subsequently, the PBMA-TiO: thin film may be
prepared followed by 1 hour baking at 80 °C to enable the intact transition of titanium to TiO2
for further optical property examination. In this regard, ultraviolet radiation imprint for PMMA-
TiO2 and PBMA -Ti0: by using micro-featured negative-type molds may be developed. The
process may be developed and optimized as a two-step ultraviolet radiation imprint: i) 10 bars,
80 °C, 5 min. 11) 5 min ultraviolet radiation exposure. FIG. 11A shows a table of reactants and
conditions for synthesis of poly-methyl methacrylate (PMMA )-titania (Ti02) resist and poly-
pentabromobenzyl methacrylate (PBMA)-titania (TiO2) resist according to various
embodiments. FIG. 11B shows a table of the parameters for nanoimprinting of poly-methyl
methacrylate (PMMA )-titania (TiQ2) resist and poly-pentabromobenzyl methacrylate (PBMA)-
titania (Ti02) resist according to various cmbodiments.

[0068]  Various embodiments may relate to a method of forming a photoresist by mixing a
monomer, a nanoparticle precursor, a coupling agent, a cross-linker and a photoinitiator in a
sol-gel process. The photoresist may include a plurality of nanoparticles, such that each
nanoparticle of the plurality of nanoparticles has a diameter selected from a range from 10 nm
to 20 nm. Various embodiments may relate to a photoresist formed by such a method.

[0069] By controlling the titanium amount for the polymerization system, the corresponding
titania content in the smooth PMMA-TiO, and PBMA-TiO; thin films may be 64.6 weight
percent (wt. %) and 69.2 weight percent (wt. %), respectively. The surface roughness and
particle size of the TiO» segment of the prepared acrylic resins thin films may be characterized

by SEM images. FIG. 12 shows scanning electron microscopy (SEM) images of (a) pure poly-

19



WO 2024/258344 PCT/SG2024/050353

methyl methacrylate (PMMA); (b) poly-methyl methacrylate (PMMA)-titania (T102) (TiOa:
64.6 wt. %) according to various embodiments (inset: zoomed out image); and (c) poly-
pentabromobenzyl methacrylate (PBMA)-titania (TiO2) (TiO2: 69.2 wt. %) according to
various embodiments (inset: zoomed out image). No apparent big sized TiO» particle emerges
in the surfaces of the acrylic resin (FIGS. 12(b)-(c)), and the integrated surface roughness only
differs slightly from the smooth surface of pure PMMA film (FIG. 12(a)), which implies the
promising compatibility between acrylate-based polymer matrix and TiO: particles in the
prepared thin films with such excellent surface planarity.

[0070]  The refractive indices () and extinction coefficients (k) distributions of the acrylic
resins thin films in the wavelength range are measured by ellipsometry and the results are
plotted in FIGS. 13A-B. FIG. 13A shows a plot of refractive index # as a function of wavelength
(in nanometer or nm) illustrating the variation of refractive index of poly-methyl methacrylate
(PMMA )-titania (Ti02) (TiO2: 64.6 wt. %) and poly-pentabromobenzyl methacrylate (PBMA)-
titania (TiO2) (TiO2: 69.2 wt. %) according to various embodiments under different
wavelengths. FIG. 13B shows a plot of cxtinction cocfficicnt £ as a function of wavclength (in
nanometer or nm) illustrating the variation of extinction coefficient of poly-methyl
methacrylate (PMMA)-titania (TiO2) (TiO2: 64.6 wt. %) and poly-pentabromobenzyl
methacrylate (PBMA)-titania (TiO2) (TiO2: 69.2 wt. %) according to various embodiments
under different wavelengths. The » value at 532 nm of PMMA-Ti0; and PBMA-TiO: thin films
may be around 1.92 and 1.93, respectively. Overall, this investigation demonstrates that the
acrylic resins thin films may have improved high refractive indices exceeding 1.9 in the
broadband visible regime (FIG. 13A). Further, FIG. 13B shows the £ values approaching 0.01
for all the prepared acrylic resins thin films in the wavelength ranging from 400 to 900 nm,
which proposes good optical transparency in the visible region. With such optical properties

and planar smooth surfaces, this type of acrylic resins may be suitable for making nano-micro
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sized structures for applications of advanced optics such as structural coloration and
holographic displays. FIG. 13C shows transmission electron microscopy (TEM) images of (a)
poly-methyl methacrylate (PMMA)-titania (T102) (TiOz: 64.6 wt. %) (inset: magnified image)
and (b) poly-pentabromobenzyl methacrylate (PBMA)-titania (Ti02) (TiO2: 69.2 wt. %) (inset:
magnified image) according to various embodiments. Various embodiments may relate to a
solvent free approach to achieve high nanoparticles loading (about 64% — 69%) and small
spatial size (diameter of about 10 nm — 20 nm) simultaneously.

[0071]  FIG. 14 shows (a) — (b) scanning electron microscopy (SEM) images of ultraviolet
(UV) imprinted micropillars of poly-methyl methacrylate (PMMA )-titania (Ti02) (TiO2: 64.6
wt. %) according to various embodiments, with the inset showing the cross-sectional SEM
image. The SEM images demonstrate the microimprint ability of the acrylic resins thin films,
which may result in micropillar arrays with good pattern fidelity. The diameter and pitch of the
micropillars array are ~1 and ~2 um obtained using high refractive index resin of poly-methyl
methacrylate (PMMA )-titania (Ti02) (TiO2: 64.6 wt. %). FIG. 15 shows a cross-sectional
scanning clcctron microscopy (SEM) image of imprinted micro pillars of poly-mcthyl
methacrylate (PMMA)-titania (TiO2) (TiO2: 64.6 wt. %) (tilted view) according to various
embodiments. The cross-sectional SEM image of poly-methyl methacrylate (PMMA)-titania
(TiOz) (TiO2: 64.6 wt. %) nanoimprinted acrylic resin thin film shows the residual layer
thickness and pillar heights are ~ 10 nm and ~ 1 pm, respectively.

[0072]  Structural color arrays are designed in order to demonstrate the application of the
high refractive index resin for anti-counterfeiting. Arrays with nanopillars were patterned onto
silicon to make the mold. The pattern may then be transferred to a soft mold and imprinted onto
poly-pentabromobenzyl methacrylate (PBMA)-titania (TiO2) (TiO2: 69.2 wt. %) to form

imprinted nanopillars.
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[0073]  FIG. 16 shows optical images of a color array of nanopillars with diameters from 250
nm to 500 nm and pitches from 550 nm to 800 nm of (a) the silicon mold; (b) an imprinted
array on poly-pentabromobenzyl methacrylate (PBMA)-titania (TiO2) (TiO2: 69.2 wt. %)
according to various embodiments; and (¢) an imprinted array on poly-
pentabromobenzylmethacrylate (PBMA)-titania (TiO2) (TiO2: 69.2 wt. %) according to various
embodiments coated with 20 nm thick layer of aluminum (Al). Colors can be observed from
the imprinted array due to the dielectric nano-resonators (FIG. 16(b)). Upon coating a thin layer
of aluminum (20 nm thick), more colors can be generated based on plasmonic resonance. When
compared with traditional printed colors using chemical pigments, nanostructured colors may
exhibit the following advantages: (1) higher resolution, (2) brighter colors under sunlight, (3)
better durability, and (4) dynamic tuning by changing the surface morphology.

[0074]  FIG. 17 shows field effect scanning electron microscopy (FESEM) images of
nanoimprinted color arrays of high refractive index resin poly-pentabromobenzylmethacrylate
(PBMA)-titania (TiO2) (TiOz2: 69.2 wt. %) according to various embodiments coated with 20
nm layer aluminum : (a) nanopillar arrays with varying gcomcetry, viz., diamcters from 250 nm
to 500 nm and pitches from 5350 nm to 800 nm; (b) — (c) nanopillar array with diameter 350 nm
in diameter and 700 nm in pitch. The SEM images show the nanoimprintability of the acrylic
resins, which results in nanopillar arrays with good pattern fidelity. FIG. 18 shows a table
comparing the resist according to various embodiments and several conventional resists for
benchmarking.

[0075]  The polymer systems may have two kinds of grafting active substituents (-OH and -
Si-(0-CHs-)3) in the macromolecular chain and employ #n-sifu formation of TiO» nanoparticles
as inorganic high refractive index feedstock to achieve high refractive index (r ~1.95) and low

extinction coefficient (£ ~0.01) in the visible spectrum (wavelength from 400nm to 700nm).
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[0076]  The in-situ formation of TiOz nanoparticles may be chemically grafted on the resin
matrices without using any solvent, which may realize the high nanoparticle loading (64%-
69%) and small spatial size (diameter: 10 nm - 20 nm) simultaneously, leading to the
achievement of the high # and low £ in the visible domain. The precursor (trimethoxy(7-octen-
1-yl)silane) for the grafting active substituent Si-(0-CHs-); may have a longer and more
simplified molecular side chain to decrease steric hindrance during co-polymerization and
increase nanoparticles grafting efficiency. The enhanced nanoparticles grafting efficiency may
realize the higher nanoparticle loading (such as: 69.2%) and smaller spatial size (diameter: 10
nm - 20 nm) simultaneously, which further leads to the achievement of the high # and low £ in
the visible domain.

[0077]  The developed chemically grafted acrylic polymer-TiO: resins may contain abundant
carbon-carbon double bonds, which are ultraviolet curable. The resins may be feasible for UV
nanoimprint lithography and may be able to achieve high pattern fidelity with ~10 nm thick
residual layer. The optically active transparent acrylic resins can undergo UV radiation imprint
with extremely good reliability and reiterative pattem-clone performance. The double bond may
cater to various requirements for scaling up. Also, there may have potential for applications
with require no or minimal residual layer. Various embodiments (¢.g. nano-pillar arrays) may
be manufactured through a one-step relative cost-effective imprint.

[0078]  Various embodiments may have high transparency and efficiency, lower loss optical
materials for advanced optics and photonics compared with low refractive index polymers.
Various embodiments may allow wider field of view and larger deflection angle for the next
generation of diffractive optical elements for AR/VR devices. Various embodiments may be
suitable for making micro- and nanostructures via nanoimprint lithography with a thin residual

layer (~10 nm thickness) for flat optical components and other optical components.
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Claims

1. A method of forming a photoresist, the method comprising:
forming the photoresist by mixing a sol-gel acrylic polymer-nanoparticles resin
with a nanoparticles-dispersed acrylic resin;
wherein the sol-gel acrylic polymer-nanoparticles resin is formed by mixing a
monomer, a nanoparticle precursor, a coupling agent, a crosslinker and a
photoinitiator in a sol-gel process; and
wherein each nanoparticle of a plurality of nanoparticles included in the
photoresist has a diameter selected from a range from 10 nm to 20 nm such

that the photoresist is ultra-violet curable.

2. The method according to claim 1,
wherein the nanoparticle precursor forming the sol-gel acrylic polymer-

nanoparticles resin is a titania precursor.

3. The method according to claim 2,
wherein the plurality of nanoparticles is titania (TiO2) nanoparticles;
wherein a first portion of the titania (TiO2) nanoparticles is formed from the
titania precursor of the sol-gel acrylic polymer-nanoparticles resin; and
wherein a second portion of the titania (Ti02) nanoparticles is from the

nanoparticles-dispersed acrylic resin.
4. The method according to claim 3,
wherein the nanoparticles-dispersed acrylic resin includes the second portion
of the titania (TiO2) nanoparticles dispersed in an acrylic resin.
5. The method according to claim 3,
wherein the first portion of the titania (TiO2) nanoparticles is covalently

bonded to a surrounding polymer matrix.

6. The method according to claim 1,
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wherein the coupling agent forming the sol-gel acrylic polymer-nanoparticles

resin is trimethoxy(7-octen-1-yl)silane.

7. The method according to claim 1,
wherein the monomer forming the sol-gel acrylic polymer-nanoparticles resin
is methyl-methacrylate (MMA),
wherein the crosslinker forming the sol-gel acrylic polymer-nanoparticles resin
is poly (ethylene glycol) dimethacrylate (PEGD); and
wherein the photoinitiator forming the sol-gel acrylic polymer-nanoparticles

resin is dimethoxyphenyl acetophenone (DPAP).

8. The method according to claim 1,
wherein the sol-gel acrylic polymer-nanoparticles resin is formed by mixing
the monomer, the nanoparticle precursor, the coupling agent, the crosslinker
and the photoinitiator via magnetic agitation at a temperature selected from a
range from 20°C to 25°C.

9. The method according to claim 1,
wherein the sol-gel acrylic polymer-nanoparticles resin and the nanoparticles-

dispersed acrylic resin are free of any solvent or plasticizer.

10. The method according to claim 1,
wherein the photoresist is formed by mixing the sol-gel acrylic polymer-
nanoparticles resin with the nanoparticles-dispersed acrylic resin in a weight

ratioof 1: 9.

11. The method according to claim 1,
wherein the photoresist is formed by mixing the sol-gel acrylic polymer-
nanoparticles resin with the nanoparticles-dispersed acrylic resin in a weight

ratio of 2 : 8.

12. The method according to claim 1,
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wherein the photoresist is formed by mixing the sol-gel acrylic polymer-
nanoparticles resin with the nanoparticles-dispersed acrylic resin in a weight

ratioof 3 : 7.

13. The method according to claim 1,
wherein the photoresist has a refractive index selected from a range from 1.9 to

2 under visible light.

14. The method according to claim 1,

wherein the photoresist has an extinction coefficient of 0.

15. A photoresist comprising:
a sol-gel acrylic polymer-nanoparticles resin; and
a nanoparticles-dispersed acrylic resin mixed with the sol-gel acrylic polymer-
nanoparticles resin;
wherein the sol-gel acrylic polymer-nanoparticles resin is formed by mixing a
monomer, a nanoparticle precursor, a coupling agent, a crosslinker and a
photoinitiator in a sol-gel process; and
wherein each nanoparticle of a plurality of nanoparticles included in the
photoresist has a diameter selected from a range from 10 nm to 20 nm such

that the photoresist is ultra-violet curable.

16. The photoresist according to claim 15,
wherein the sol-gel acrylic polymer-nanoparticles resin is mixed with the

nanoparticles-dispersed acrylic resin in a weight ratio of 1 : 9.

17. The photoresist according to claim 15,
wherein the sol-gel acrylic polymer-nanoparticles resin is mixed with the

nanoparticles-dispersed acrylic resin in a weight ratio of 2 : 8.

18. The photoresist according to claim 15,
wherein the sol-gel acrylic polymer-nanoparticles resin is mixed with the
nanoparticles-dispersed acrylic resin in a weight ratio of 3 : 7.

19. The photoresist according to claim 15,
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wherein the photoresist is configured to be used in nanoimprint lithography
(NIL).

20. A nanoimprinting method comprising:
providing a photoresist onto a substrate;
covering the photoresist using a mold such that the photoresist is molded under
a predetermined temperature and a predetermined pressure;
providing ultraviolet light to cure the photoresist; and
removing the mold after the photoresist is cured;
wherein the photoresist comprises:
a sol-gel acrylic polymer-nanoparticles resin; and
a nanoparticles-dispersed acrylic resin mixed with the sol-gel acrylic
polymer-nanoparticles resin;
wherein the sol-gel acrylic polymer-nanoparticles resin is formed by mixing a
monomer, a nanoparticle precursor, a coupling agent, a crosslinker and a
photoinitiator in a sol-gel process; and
wherein each nanoparticle of a plurality of nanoparticles included in the
photoresist has a diameter selected from a range from 10 nm to 20 nm such

that the photoresist is ultra-violet curable.
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