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High-performance liquid crystal (LC) alignment layers are essential for optimizing the electro-optic
properties of advanced display and photonic devices. While conventional rubbing processes are widely
used, they face limitations such as physical contact damage and static electricity. In this study, we

present a robust non-contact alignment method by transferring one-dimensional nanopatterns onto an

ultraviolet-responsive polymer and a BiTiO hybrid film using ultraviolet nanoimprint lithography (UV-NIL).
The effects of UV curing time (2, 4, and 6 min) on the morphological stability and surface modification of
the films were systematically analyzed to verify their performance as LC alignment layers. Our results
demonstrate that LC cells fabricated with BiTiO hybrid thin films cured for 4 min achieved superior

homogeneous alignment, as confirmed by polarized optical microscopy (POM) and pretilt angle

measurements. Atomic force microscopy (AFM) revealed that the optimal curing time is critical for the
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formation of well-defined nanopatterns. Furthermore, the developed films exhibited a high average

anchoring energy of 1.9 x 10~* which is comparable to conventional alignment methods. These
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1 Introduction

The refractive index and dielectric anisotropy of liquid crystals
(LCs) have shown effective performances for their use in
implementing modern displays. LCs are the most widely used
materials in the display industry, from small displays such as
mobile device screens to large displays such as television
panels. Additionally, as the scope of the users’ electronic device
demands expands, the LC display (LCD) market has grown. In
the current technology used to produce LCDs, a layer called the
LC alignment layer is required to control the LC molecules as
desired. Recent studies have focused on enhancing the perfor-
mance of liquid crystal (LC) devices through precise alignment
control and reduction of operating voltages. For instance,
surface acoustic waves (SAWs) have been employed to induce
mechanical vibrations in LC lattices, successfully achieving
a highly uniform monodomain structure with minimized
defects. Furthermore, the integration of high-aspect-ratio
nanowall electrodes has demonstrated significant improve-
ments in electro-optic properties, notably reducing the
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findings highlight the potential of nanopatterned hybrid thin films as a highly efficient and stable
alternative for next-generation LC alignment applications.

operating voltage by generating strong transverse electric fields
within a small sub-electrode gap. These advancements high-
light the critical role of nanostructured surfaces and external
physical stimuli in optimizing the alignment order and elec-
trical efficiency of LC systems."?

The LC alignment film is a very important component
because it allows the LC molecules to be aligned vertically or
horizontally and can be switched using an electric field.>® A
representative technology for creating such LC alignment films
is the rubbing method used to obtain polyimide (PI) films. This
method involves creating physical grooves in a polymer thin
film using a rotating cloth and has been used as a representative
orientation method for a long time. However, since this method
is based on contact and friction, static electricity and scratches
may occur on the films, in addition to issues such as
microdefects.®* To address these shortcomings, oblique
deposition, ion-beam irradiation, photoalignment, and brush-
coating methods have been developed and used. In the
present study, instead of the rubbing method, we transfer a one-
dimensional nanopattern through nanoimprint lithography
(NIL) and introduce a method wherein this pattern induces
orientation by restricting the physical movements of the LC
molecules. NIL is suitable for large-area processing because its
pattern-replication-based molding process ensures cost-
effectiveness and high throughput. Unlike other lithography
processes that require pattern masks and photoresist along

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra00107f&domain=pdf&date_stamp=2026-04-08
http://orcid.org/0000-0002-6709-2996
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00107f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016021

Open Access Article. Published on 08 April 2026. Downloaded on 6/21/2026 4:40:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

with being difficult to utilize, NIL has the advantage of being
able to transfer nanoscale patterns in a relatively effective
manner. This method is therefore mainly used in semi-
conductors, solar energy production, etc., but has been adopted
to produce LCD alignment films because it can be used very
effectively. NIL is classified into thermal and ultraviolet NIL
types depending on the method of curing the target thin films
after transferring the patterns.”®*” UV-NIL uses UV-reactive
polymers for curing. Since thermal NIL requires high heat
and pressure, there is risk of damage to the thin film; hence, in
this study, alignment films were produced by mixing a UV-
reactive polymer with a solution of bismuth titanium oxide.
Through the solution process, a one-dimensional pattern was
transferred to a hybrid BiTiO solution film and UV-reactive
polymer to homogeneously align the LC molecules.'®' Atomic
force microscopy (AFM) was used to analyze and confirm the
clarity and uniformity of the patterns, and X-ray photoelectron
spectroscopy (XPS) was used to confirm whether the bismuth
and titanium molecules were deposited well on the pattern. The
transmittances of the produced thin films were analyzed using
UV-Vis-NIR spectroscopy. To confirm the LC alignment perfor-
mance, polarized optical microscopy (POM) and pretilt angle
measurements were used, and the electro-optical performance
was assessed through anchoring energy measurements.

2 Experimental methods
2.1 Polymer/inorganic hybrid solution preparation

The BiTiO solution was prepared by adding 0.1 M bismuth
nitrate pentahydrate (=99.99% trace metals basis, Sigma-
Aldrich) and 0.1 M titanium dioxide (nanotubes, 25 nm
average diameter, Sigma-Aldrich) to 2-methoxyethanol
(ReagentPlus®, =99.0%, contains 50 ppm BHT as stabilizer,
Sigma-Aldrich) and stirring at 360 rpm and 70 °C for 4 h.
Thereafter, it was aged for 1 day to achieve a stable state. The
UV-responsive polymer consisted of three acrylic monomers:
dipentaritol hexaacrylate, tripropylene glycol di-acrylate, and 2-
hydroxyethyl acrylate. A hybrid solution was prepared by mixing
10 wt% of the UV-reactive polymer in a bismuth titanium oxide
solution with stirring at 420 rpm for 1 h.

2.2 Polydimethylsiloxane (PDMS) mold fabrication for
nanoimprint

A rigid-flex mold is typically required for the UV-NIL process.
The mold must be rigid enough to sufficiently transfer the
pattern and allow UV rays to be projected through the curing
process while also being sufficiently flexible to enable roll-to-roll
processing. We prepared a PDMS mold as the most suitable
material for this purpose. It is easy to engrave nanopatterns on
PDMS by adding a patterned Si wafer during the curing process.
Patterned Si wafers used for this purpose were prepared using
UV interference through a Lloyd mirror. The one-dimensional
nanopatterns were then transferred using the interference
phenomenon between the laser energy that is directly incident
on the wafer and energy that is reflected by a mirror before
incidence. The Si wafer produced in this manner was fixed in
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a mold for PDMS production; liquid PDMS (Sylgard-184, Dow
Corning) was poured over it, and the air bubbles were removed
in vacuum for 2 h. After curing the PDMS mold, it was cut into
samples of size 32 mm x 22 mm x 1.1 mm to prepare the LC
cells. Indium tin oxide (ITO) glass (32 mm x 22 mm x 1.1 mm,
sheet resistance: 10 Q sq ', Samsung Corning 1737) used as the
thin-film substrate was sonically washed in acetone and iso-
propyl alcohol for 10 min each, wiped with deionized water, and
cleaned with N, gas.

2.3 Pattern transfer from the PDMS mold to hybrid film

The hybrid solution was dropped on the prepared ITO glass and
spin coated at 3000 rpm for 30 s to prepare a film of uniform
thickness. When the PDMS mold is attached to a uniformly
produced liquid film, the hybrid solution enters the spaces
between the patterns by capillary force. The pattern of the PDMS
mold was thus transferred to the spin-coated solution in the
form of an engraving, which was then exposed in this state to
a UV light emitter. A 1 kW mercury lamp was used for the UV
exposure, with its energy density set to 7.9 mW cm > The
hybrid film samples were cured for 2, 4, and 6 min by exposure
to UV rays. When the PDMS mold was separated after UV
exposure, a hybrid film with the transferred mold pattern was
produced. The acrylic monomers in the UV-curable polymer
exist in the liquid state in the hybrid solution but crosslinking
occurs when exposed to UV so that the curing reaction begins.

2.4 Surface analyses and LC alignment observations

To confirm the nanopatterns transferred to the surfaces of the
BiTiO hybrid films, they were observed using AFM (XE-200, Park
Systems). The chemical composition and deposition of the
BiTiO hybrid films were analyzed using XPS (K-alpha, Thermo
VG, UK). POM (BXP51, Olympus) and pretilt angle measure-
ments (TBA 107, Autronic) were also performed to analyze the
LC alignment. The liquid crystal (LC) material used in this study
is TAN-5000XX T14(IAN-5000XX T14, JNC Co., n. = 1.595,
n, = 1.484, An = 0.111, A¢ = 10.3, T, = 81.8 °C). The capaci-
tance-voltage (C-V) characteristics of the LC cells were
measured using an LCR meter.

3 Results and discussion

The purpose of this study is to determine the most effective UV
curing time for a hybrid solution prepared by adding a UV-
curable polymer to a solution of BiTiO. In this study, UV
curing was performed for 2, 4, and 6 min, and the resulting
hybrid thin films were analyzed. Additionally, the hybrid thin
films were assembled into antiparallel LC cells to evaluate the
LC alignment performances.

Fig. 1 shows the AFM images of the nanopatterned BiTiO
hybrid films that were cured under UV for 2, 4, and 6 min. In the
film cured for 2 min (Fig. 1(a)), the engraved pattern of the
PDMS mold is visible. According to Berreman's groove orien-
tation theory, LC molecules in periodic grooves receive a force
that minimizes the free energy, and this force is proportional to
the height of the groove.?*?* Although the groove height may be

RSC Adv, 2026, 16, 18724-18730 | 18725
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Fig. 1 Surface AFM images of BiTiO thin films patterned via NIL UV-cured for (a) 2 min, (b) 4 min, and (c) 6 min.

affected by the pattern's period or other parameters, since such
factors are not affected by the UV curing time, this study
focused on the height of the pattern. In the film cured for 4 min,
a clear pattern was formed, as shown in Fig. 1(a), and a larger
pattern height could be confirmed. This increase in pattern
height is likely to increase the force with which the LC mole-
cules try to align, leading to more stable alignment effects.
However, when the UV irradiation time was further extended to
6 min, it was confirmed that the grooves of the mold became
significantly thicker. This is expected to have negative effects on
the alignment mechanism by lowering the periodicity of the
grooves and reducing the volume of the grooves where LC
molecules can exist.

Fig. 2 shows the optical transmittance analyzed by UV-Vis-
NIR spectroscopy. The transmittances in the visible range of
400-800 nm for the nanopatterned BiTiO hybrid films cured for
2, 4, and 6 min were 87.6, 85.6, and 81.2%, respectively.
Considering that the alignment films must have transmittances
over 80% to be used in display devices, the obtained results pose
no problems. However, unlike the 4 min cured sample, which
showed a high transmittance of over 85%, a significant decrease
in transmittance was observed for the 6 min cured sample.

18726 | RSC Adv, 2026, 16, 18724-18730

Since there was no difference in the material, this difference
may be considered an effect of the change in the surface
structure, as confirmed by AFM.

Fig. 3 shows the XPS spectra of the UV-cured BiTiO hybrid
films. Each XPS spectrum was analyzed through peak decon-
volution, and the peaks of Bi 4f and Ti 2p were identified to
confirm whether Bi and Ti elements were well deposited on
each of the films. The Bi 4f component appeared as two peaks,
namely Bi 4f;,, and Bi 4f5,, owing to spin-orbit separation. The
Bi 4f;/, peak had binding energies of 158.3, 158.2, and 158.3 eV
for the samples cured for 2, 4, and 6 min, respectively, and the
peak shift was not significant. The Bi 4f;,, peak also showed no
peak shifts from its binding energies of 163.6, 163.5, and
163.6 eV. However, a higher peak intensity was observed for the
4 min cured sample compared to the 2 min sample, and the
height decreased again for the 6 min sample. The Ti 2p
component also appeared as two peaks, namely Ti 2p3,, and Ti
2p1/2, OWINg to spin-orbit separation. The Ti 2p;, peak had
binding energies of 457.6, 457.5, and 457.6 eV for the samples
cured for 2, 4, and 6 min, respectively, with no significant
changes in the peaks. Similarly, the Ti 2p,,, peaks were observed
at 464.2, 464.3, and 464.6 eV. However, in Ti 2p, as in Bi 4f,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 UV-Vis-NIR transmittance plots of BiTiO thin films patterned via
NIL UV-cured for 2, 4, and 6 min. Measurements were made at wave
lengths from 250 nm to 850 nm, and the graph was expanded from
350 nm to 750 nm, which is the visible range.

a higher peak was noted for the 4 min cured sample compared
to the 2 min sample, and it was found to be lower again for the
6 min sample. The increase and decrease in these peaks is
believed to be due to the cross-linking phenomenon of the
hybrid film caused by UV curing, which peaked at 4 min;
however, the bonds broke down when more UV was applied.
Based on the surface analyses, antiparallel LC cells were
fabricated using the BiTiO hybrid films on which nanopatterns
were transferred and LC alignment characteristics were
analyzed (Fig. 4). The dark optical textures observed in Fig. 4 are
attributed to the homogeneous alignment of the LC molecules
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in an anti-parallel cell configuration. Under crossed-polarized
optical microscopy, an extinction state appears when the
director of the homogeneously aligned LCs is oriented parallel
to the transmission axis of either the polarizer or the analyzer.
This result demonstrates that a high-quality, uniform planar
alignment was successfully induced across the entire patterned
area. Samples cured for 2 min showed some reverse-tilt di-
sclinations. When the LC molecules are oriented in opposite
directions, light leakage occurs between the LC molecules and
line defects are discovered in POM, which is called the reverse-
tilt disclination phenomenon. In other words, this phenom-
enon is an indicator of the points where the LC molecules are
not aligned homogeneously, which means that there were some
areas where alignment failed in the 2 min sample. In contrast,
the 4 min sample showed perfect alignment. If all LC molecules
are aligned in one direction in POM, all light is blocked by the
analyzer and polarizer that are placed orthogonal to each other,
and a dark image is observed. When the analyzer and polarizer
are parallel, all light passes through, and a white image is
observed. Therefore, a 4 min sample showing completely dark
and completely white images is an indicator that good homo-
geneous alignment has been achieved. However, in the 6 min
sample, reverse-tilt disclinations occurred as in the 2 min
sample, indicating that the alignment was not perfect.

Fig. 5 shows the pretilt angle measurements. These curves
measured using the crystal rotation method are obtained by
transmitting a HeNe laser through an LC cell rotated from —70°
to 70°. The blue and red lines in the graph represent simulation
and experimental results, respectively. The higher the match
between these two lines, the more stable is the alignment of the
LC molecules. Similar to the results of POM, the highest simi-
larity can be seen in the 4 min sample.
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Fig. 3 XPS images of BiTiO thin films patterned via NIL UV cured for 2, 4, and 6 min. Deconvoluted peaks for Bi 4f and Ti 2p are shown.
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Fig. 4 POM image of antiparallel cells fabricated from BiTiO thin films patterned through NIL UV cured for 2, 4, and 6 minutes. Black images
indicate that the analyzer and polarizer are orthogonal, and white images indicate that both polarizers are rotated by 45°.
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Fig. 5 Tilt-bias-angle graph of antiparallel cells fabricated from BiTiO thin films patterned through NIL UV cured for (a) 2 min, (b) 4 min, and (c) 6

min.

In Fig. 6, the results of the anchoring energy measurements
are confirmed via voltage-relative capacitance graphs. The
anchoring energy refers to the force that holds the LC molecules
on the surface of the film. The anchoring energy was deter-
mined from the measured C-V data using the Yokoyama-van
Sprang high-field method. By analyzing the linear relationship
between the capacitance and the reciprocal of the applied
voltage (1/V) in the high-voltage regime, we extracted the effec-
tive extrapolation length (d.). The anchoring energy (W) was
then calculated based on the relation between d. and the elastic

18728 | RSC Adv, 2026, 16, 18724-18730

constant of the LC, providing a quantitative measure of the
surface alignment strength. The stronger this force, the more
stable is the alignment of the molecules. The anchoring ener-
gies for the samples cured for 2, 4, and 6 min were found to be
6.8 x 107°,1.9 x 10~*, and 9.0 x 10~°, respectively. As with the
previous orientation characteristic graphs, the highest
anchoring energy was confirmed at 4 min. Anchoring energy
refers to the interaction strength between liquid crystal mole-
cules and the alignment surface. While conventional rubbing
processes are known for providing strong alignment, our results

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 C-V curves of cells fabricated from BiTiO thin films patterned
via NIL UV cured for 2, 4, and 6 min. Measured to determine the
anchoring energy of the liquid crystal cell.

demonstrate that the nanopatterned surfaces can achieve
a comparable level of anchoring energy. This indicates that
nanopatterning is a viable and effective alternative for achieving
stable LC alignment without the mechanical contact or static
electricity issues associated with rubbing.

In conclusion, when UV curing was carried out for 2 min, the
nanopattern was not sufficiently transferred, so sufficient
results could not be obtained in terms of the LC alignment and
electro-optical characteristics. When UV curing was performed
for 4 min, the nanopattern appeared clearly, and the height of
the groove increased, allowing the LC molecules to align
strongly. This also allowed improvements in the LC alignment
characteristics and electro-optical properties. However, when
UV curing was conducted for 6 min, the shape of the pattern was
damaged, which led to a deterioration of the LC alignment and
electro-optical properties. Additionally, there was a serious loss
in transmittance, reducing the value of the film for use in
display devices. Hybrid LC alignment films using UV-NIL can
achieve stable LC alignment characteristics using this easy
method and have high potential for next-generation alignment
film production.

4 Conclusions

One-dimensional nanopatterns were successfully transferred to
a UV-responsive polymer and BiTiO hybrid thin films using the
UV-NIL method. These nanopatterns limit the free energy of the
LC molecules according to the Berreman model, inducing
uniform alignment in a specific direction. By integrating the
structural stability of inorganic BiTiO with the high process-
ability of UV-responsive polymers, this work addresses the
research gap of maintaining high alignment stability in non-
contact methods. In this work, the UV curing time was
controlled to 2, 4, and 6 min; further, the nanopatterns and
surface modifications were analyzed to verify their perfor-
mances as LC alignment films. Through AFM analysis, it was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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confirmed that the patterns became well-defined, with the
groove height increasing as the curing time increased from 2 to
4 min. However, at 6 min of curing, the pattern became blurred,
and the effective volume for LC molecule arrangement
decreased, which negatively affected transmittance, orientation,
and electro-optical properties.When the LC cell made of the
hybrid thin film was cured for the optimal 4 min, a perfectly
homogeneous POM image was obtained, validated by pretilt
angle measurements. Notably, despite being a non-contact
method, our approach successfully achieved a high anchoring
energy of 1.9 x 10~ *, nearing the high standards typically
exclusive to conventional rubbing. This highlights the
enhanced reliability of our hybrid nanopatterning as a robust
alternative. These results confirm the potential of the developed
hybrid thin film as an excellent LC alignment layer for next-
generation display applications.
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