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Abstract: A uniform unidirectional nanostructure composed of aluminum tin oxide and ultraviolet
(UV)-curable polymer is introduced herein. The nanostructure was produced by UV-nanoimprint
lithography (UV-NIL), and the fabricated hybrid film was used as a uniform liquid crystal (LC)
alignment layer. Atomic force microscopy and line profile analysis were performed to confirm a well-
ordered nanostructure with 760 nm periodicity and 30 nm height. X-ray photoelectron spectroscopy
analysis was also conducted to examine the chemical modifications to the hybrid film surface during
UV exposure. Optical transmittance investigation of the nanopatterned hybrid film revealed its
compatibility for LC device application. Stable, uniform, and homogeneous LC alignment on the
hybrid film was confirmed by polarized optical microscopy observance and analysis of LC pretilt
angle. The unidirectional structure on the film surface enabled uniform LC orientation along with
surface anisotropy property. Hence, we expect that the proposed UV-NIL process can be applied
to fabricate high-resolution unidirectional nanostructures with various inorganic/organic hybrid
materials and that these nanostructures have high potential for next-generation LC systems.

Keywords: UV nanoimprint lithography; aluminum tin oxide; unidirectional nanostructure; liquid
crystal; alignment layer

1. Introduction

With the development of electron devices in recent times, the demand for high-
technology display devices has also increased. Liquid crystal displays (LCDs) have various
advantages, such as long-term durability, high resolution, and well-developed production
procedures, and have been researched for several decades [1–4]. Liquid crystals (LCs) are
the core material of the LCD. They have unique characteristics of refractive and dielec-
tric anisotropies [5,6]. They are in an intermediate state between a solid and liquid, and
show collective behavior characteristic with elastic properties [7]. Because of these distinct
properties, LCs have been used in various fields, including chemistry [8,9], optics [10],
and electronics [11]. Uniform LC alignment is one of the most important techniques in
advanced LCD applications, which allows perfect light controllability. The alignment state
of the LC molecules is affected chemically and physically by interactions between the
alignment layer and LCs [12,13].

To achieve uniform LC alignment, many treatments to the alignment layer have been
researched, such as the rubbing [14,15], sputtering [16], oblique evaporation [17], and
photo-alignment [18–22] methods. In particular, the rubbing method has been conven-
tionally adopted in industrial processes, where a rotating fabric roller is used to produce
microgrooves on the surface of the alignment layer [23]. These microgrooves induce sur-
face anisotropy and achieve unidirectional LC orientation. However, this method has
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several problems, such as dust, cracks, and contamination generation as well as electro-
static issues originating from mechanical contact between the fabric roller and alignment
layer [24,25]. These problems can worsen the performances of devices. Other methods also
have problems in terms of large-area processes and cost-effectiveness.

The ultraviolet (UV) nanoimprint lithography (NIL) method is generally adopted
to imprint unidirectional nanopatterns on a target layer. We considered that such unidi-
rectional nanopatterns could be utilized to align LCs uniformly with surface anisotropic
characteristics. The unidirectional nanopatterns can guide LC orientation and achieve
uniform LC alignment [26–28]. This method also has advantages, such as repeatability (fab-
ricated mold can be continuously used to transfer nanopatterns to the alignment layer), high
throughput, cost effectiveness, convenience (fewer process steps), and low-temperature
processing [29,30].

The initial nanopattern was constructed on a silicon (Si) wafer via laser interference
lithography (LIL), which is characterized by a maskless, fast process and can be applied
to large-area processes. This nanopattern was then shifted to a polydimethylsiloxane
(PDMS) sheet to be used as a master mold during the UV-NIL process. The hybrid mixture
of aluminum tin oxide (AlSnO) and UV-curable polymer was used as the LC alignment
layer. The AlSnO material was adopted because of its high optical transmittance and
dielectric characteristics, which are important factors for LC device applications [31–33].
The AlSnO/UV-curable polymer mixed hybrid film was fabricated by the spin-coating
method. Subsequently, the UV-NIL process was used to transfer the PDMS master mold
nanopattern to the hybrid film. The atomic force microscopy (AFM) and corresponding
line profile data were analyzed to examine the UV-nanoimprinted hybrid film surface
morphology. The chemical property changes of the hybrid film based on UV exposure time
were investigated by X-ray photoelectron spectroscopy (XPS). Optical transmittance was
measured to evaluate the performance of hybrid film for LC system. The LC alignment
state on the hybrid film was confirmed by observance of polarized optical microscopy
(POM) and analysis of LC pretilt angle via crystal rotation method [34,35].

2. Materials and Methods

The initial nanoscaled uniform unidirectional structure was constructed on a Si wafer
via the deep UV-LIL process. For the periodic nanostructure, an interferometer of single-
beam Lloyd’s mirror and a 257 nm Ar laser were used. The Ar laser beam was amplified
by 27 times for uniformity of dose, and the spatial frequency noise was removed with a
pinhole. Thereafter, the continuously emitted coherent light was arrived at the Lloyd’s
mirror and Si wafer. The reflected light created a one-dimensional nanostructure on the Si
wafer surface. However, to ensure a conformal and continuous NIL process, the hard Si
wafer pattern was transferred to a rigiflex mold, such as PDMS. The PDMS was produced
by mixing a silicone elastomer base with a curing agent (SYLGARD 184, Dowhitech Corp.,
Goyang-si, Korea) in a 10:1 ratio. For the nanopattern transfer, the PDMS mixture was
poured over the Si wafer and placed in a vacuum chamber to eliminate any bubbles or
defects. The mixture was cured for 1 h at 75 ◦C, and the uniform unidirectional nanopattern
was successfully transferred to the PDMS mold.

The 0.1 M UV-curable polymer composed of dipentaerythritol hexaacrylate (DPHEA),
tripropyleneglycol diacrylate (TPGDA), and 2-hydroxyethyl acrylate (2HEA) in equal ratios
was mixed with the UV photocuring agent (Irgacure 2959; Sigma-Aldrich, St. Louis, MI,
USA, Ciba). 2HEA is helpful in advanced coating applications and contains a hydroxyfunc-
tional acrylic monomer [36]. TPGDA is generally utilized for UV film formulations gelation
stability at ambient temperatures because of its fast curing and low viscosity, and it contains
a trifunctional monomer [37–39]. DPHEA is generally used for transparent antistatic hard
coatings and contains a hexafunctional monomer [40]. The chemical structures of these
polymer materials are shown in Figure 1. The 0.1 M AlSnO solution was fabricated by
dissolving aluminum nitrate nonahydrate and tin (II) chloride in 2-methoxyethanol in
equal ratios. Then, the mixture was stirred with a rate of 420 rpm at 80 ◦C for 2 h, followed
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by aging for 1 day to prepare the solution. The fabricated AlSnO solution was next mixed
with the prepared UV-curable polymer in a 9:1 ratio and stirred with a rate of 420 rpm at
ambient temperature (about 20 ◦C) for 1 h. Thus, the AlSnO/UV-curable polymer hybrid
solution was obtained.

Figure 1. UV-curable polymers used in this research and their structures of chemical molecules:
(a) 2-hydroxyethyl acrylate, (b) tripropylene glycol diacrylate, and (c) dipentaerythritol hexaacrylate.

As a substrate of hybrid film, the 2 × 3 cm sized plain glasses were prepared, which
involved cleaning by isopropyl alcohol and acetone for 10 min each by ultrasonication
to remove any impurities. Thereafter, the substrates were rinsed with deionized water
and subsequently dried using N2 gas. The produced hybrid solution was spin-coated
on the substrate for 30 s at a rate of 3000 rpm. The fabricated PDMS mold was attached
to the surface of coated film and it was moved for UV-beam exposure. A 365 nm UV
beam was irradiated on the fabricated samples for 1 min, 3 min, and 6 min each. With the
mercury lamp of 1 kW, the 7.9 mW/cm2 density of energy was kept during UV irradiation.
The hybrid film was cured while forming the transferred nanopattern from the PDMS
mold through the UV-NIL process. Lastly, attached PDMS mold was peeled off from the
hybrid film with the shifting of one-dimensional nanostructure to that film surface. The
AlSnO/UV-curable polymer hybrid solution production and nanopattern transfer via the
UV-NIL process are presented in Figure 2.

Figure 2. Schematic of the unidirectional nanostructure shifting process from PDMS mold to UV-
curable polymer/AlSnO hybrid film surface by UV-NIL process.
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The surface morphological information of the UV-nanoimprinted hybrid films was
confirmed by AFM (XE-BIO, Park Systems, Suwon-si, Korea). The feature size of the
UV-nanoimprinted structure was measured by AFM and line profiles. The nanopatterned
PDMS mold was also observed for comparison. The stoichiometric characteristics of the
hybrid films were investigated by XPS measurement (K-alpha, Thermo Fisher Scientific,
Waltham, MA, USA). A monochromatic Al X-ray source (Al Ka line: 1486.6 eV) and a
12 kV/3 mA power source were used. The optical transmittance values of the hybrid films
were observed by UV-Vis-NIR spectroscopy (JASCO Corporation, Tokyo, Japan, V-650) in
the wavelength range of 250–850 nm.

To examine the applicability of the UV-nanoimprinted hybrid films as LC alignment
layers, antiparallel (AP) cells were fabricated with a uniform 60 µm cell gaps. The nematic
positive LCs (IAN-5000XX T14, ne = 1.595, no = 1.484, ∆n = 0.111; JNC, Seongnam-si, Korea)
were put into the between alignment layers with parallel direction of nanostructure via
capillary force using a syringe. The quality of LC alignment on that layer was confirmed
by POM observance (BXP 51, Olympus, Tokyo, Japan). The LC pretilt angle in the as-
sembled AP-LC cell was analyzed using the crystal rotation method (Autronic TBA 107,
Kashiwa, Japan).

3. Results and Discussion

The surface morphologies of the UV-nanoimprinted hybrid films that were UV-
exposed for 1 min, 3 min and 6 min, as well as that of the PDMS master mold, were
examined by AFM analysis along with their line profiles, as shown in Figure 3. In the three-
dimensional and top-view images, the 1 min (Figure 3b) and 3 min (Figure 3c) UV-exposed
UV-curable polymer/AlSnO hybrid films represent some defects, indicating unstable and
nonuniform surface state. However, the 6 min (Figure 3d) UV-exposed film exhibits high-
resolution uniform nanostructure. It is also seen that the widths and heights of the patterns
are similar to those of the PDMS mold (Figure 3a). Therefore, we were assured that the
unidirectional nanostructure was shifted from the PDMS mold to the hybrid film via UV-
nanoimprint lithography when exposed for 6 min. The shorter UV-exposure time was not
enough to construct the unidirectional surface structure. The specific surface nanostructure
feature size was analyzed via the AFM line profiles. In the PDMS mold line profile, the
periodicity and height of the nanostructure were 820 nm and 30 nm, respectively. In the
1 min and 3 min UV-exposed hybrid films, irregular and nonuniform structures were
observed on the surface; thus, the periodicity and height could not be measured. However,
the 6 min UV-irradiated film showed regular and uniform structures on the surface, with a
periodicity of 760 nm and height of 30 nm. In addition, it could be seen that the surface
morphology was derived from the inversed PDMS mold surface morphology. During
the UV-NIL process, the spin-coated hybrid solution was covered by PDMS mold, and
then the solution was flowed up to the empty spaces of the PDMS mold via capillary
force. In that state, curing was progressed, which indicating that the distance between the
valleys of PDMS mold structure is converted into the distance between the mountaintops
of the hybrid film surface. Because of interface problems such as local variations due to
lateral forces during demolding and chemical affinity differences between the PDMS and
hybrid material, a slightly reduced periodicity was obtained, but the transferred structure
was uniform and well-ordered [41,42]. These results are consistent with those from the
AFM image analysis mentioned above. From the above analysis, it is demonstrated that
sufficient time is required for UV curing to construct the high-resolution unidirectional
nanostructured hybrid film, and the nano-patterns of the PDMS mold are transferred to the
UV-curable polymer/AlSnO hybrid film surface well.
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Figure 3. (a) PDMS mold and UV-nanoimprinted hybrid films 3-D (left), top-view (middle) AFM
images, and corresponding line profiles (right) according to UV exposure time: (b) 1 min, (c) 3 min,
and (d) 6 min.

To compare and analyze the chemical effects of the hybrid thin film surface according
to UV curing time in the UV-NIL process, the chemical composition characteristics of the
hybrid films exposed to UV beam for 1 min and 6 min were investigated by XPS analysis.
The wide XPS survey scan was conducted in the range of 50–525 eV, as shown in Figure 4a,
in which Al 2p, Sn 3d, and C 1s peaks were observed for both films. It indicates the
formation of the AlSnO/UV-curable polymer hybrid film via UV-NIL process. For more
specific analysis, the 1 min and 6 min UV-exposed film high-resolution Al 2p, Sn 3d, and
C 1s spectra were examined, which spectra are the main components of the hybrid film.
The results were represented in Figures 4b and 4c, respectively. The Al 2p spectra show
one major peak in both hybrid films, and the peaks were centered at 74.15 eV and 75.36 eV,
respectively, for 1 min and 6 min UV-exposed films. The positive peak shift with increasing
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UV exposure time is due to the oxidation effect by the UV curing process. The Sn 3d spectra
present two major peaks in both films, indicating Sn 3d 5/2 and Sn 3d 3/2, respectively.
These peaks were originated from the spin-orbit splitting. The center binding energies of
these peaks are 486.47 eV and 494.92 eV for the 1 min UV-exposed film and 487.29 eV and
495.72 eV for the 6 min UV-exposed film. The Sn 3d spectra were also positively shifted
similar to the Al 2p spectra. The hybrid film C 1s spectra present two major peaks, and they
were each composed of three sub-peaks. For the 1 min UV-exposed film, these sub-peaks
were centered at 284.24, 285.82, and 288.39 eV, corresponding to the C-C, C-O, and C=O
bonds, respectively. These peaks were positively shifted to 284.87, 286.28, and 289.17 eV as
the UV-exposure time was increased to 6 min, which indicates the oxidation effects of the
UV-curing process. The atomic concentrations of the C 1s spectra are listed in Table 1. In
the table, the concentration of the main C-C bonding peak decreased remarkably, whereas
that of the C-O peak increased with the increase in UV-irradiation time from 1 to 6 min.
These results indicate that surface reformation of the hybrid film occurred during the UV-
NIL process. The chemically affected (oxidized) hybrid film surface hardened along with
transfer of the inverse nanostructure from the PDMS mold. Further, the 6 min UV-exposure
time was sufficient to form the high-resolution unidirectional hybrid film nanostructure.

Figure 4. (a) XPS survey-scan spectra in the range of 50 to 525 eV for the 1 min and 6 min UV-exposed
hybrid films. High resolution Al 2p, Sn 3d, and C 1s core-level XPS data for the (b) 1 min and (c) 6 min
UV-exposed hybrid films.
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Table 1. Atomic concentrations of variously bound carbons on the surface of the 1 min and 6 min
UV-exposed hybrid films.

UV Exposure Time C-C (At%) C-O (At%) C=O (At%)

1 min 61.72 24.91 13.37
6 min 51.19 36.92 11.89

The optical transmittance values of the UV-nanoimprinted hybrid films that were
UV-cured for 1 min, 3 min and 6 min were investigated in the range of 250–850 nm to
confirm their applicability to LC devices. The resulting graphs are shown in Figure 5. The
average transmittance in the visible region (380–740 nm) was measured as 87.51%, 86.56%,
and 82.85% for the 1 min, 3 min, and 6 min UV-exposed hybrid films in each. The decrease
in transmittance can be attributed to the unidirectional nanostructures that become clearer
with increasing UV-exposure time. According to the waveguide mode theory, photons
in the visible region are trapped on the periodic nanopatterns on the surface, causing
light loss [43]. This results in a decrease in the optical transmittance of the hybrid film.
However, considering that the average transmittance values of plain and ITO-coated
glasses are 85.44% and 81.82%, respectively, in the visible region and that the corresponding
value of the conventionally used polyimide (PI) film is 80–85%, it is confirmed that the
unidirectional nanopatterned hybrid film has competitive optical transmittance [12,41].
In addition, the hybrid films show horizontal curves in the visible region without large
fluctuations, indicating stable and reliable film states. Therefore, UV-nanoimprinted hybrid
films have the potential to be used in advanced LC devices.

Figure 5. Optical transmittance graphs of the UV-curable polymer/AlSnO hybrid films according to
UV-irradiation time for the wavelength range of 250–850 nm.

To investigate the alignment states of LC molecules on the UV-nanoimprinted hybrid
films, AP-LC cells were assembled from the 1 min, 3 min, and 6 min UV-exposed hybrid
films. The assembled cells were examined via POM, and the measured POM images are
depicted in Figure 6a. The 1 min and 3 min UV-exposed hybrid-film-based LC cells exhibit
some defects in the POM images, indicating irregularly distributed LC states. The defects
are reduced with the increased UV-irradiation time from 1 min to 3 min. On the contrary,
the LC cell based on 6 min UV-irradiated films produces perfect dark images in POM,
indicating uniform LC alignment without disclination. The LC cells were located between
a vertically crossed polarizer and an analyzer, and the uniformly aligned LCs induces



Crystals 2022, 12, 855 8 of 11

constant light direction which penetrating the LC cells. As a result, perfect light blocking
was achieved at the analyzer, and the light could not be detected in the POM image. This
process is represented in Figure 6b. With these POM results, it is observed that films with
defects in the AFM analysis could not achieve uniform LC alignment on the surface, and
films with uniform unidirectional nanostructures observed in the AFM analysis could
induce the uniform alignment state of LCs on that surface.

Figure 6. (a) POM images of the fabricated AP-LC cells assembled from 1 min, 3 min, and 6 min
UV-exposed hybrid films (the directions of the analyzer (A) and polarizer (P) are presented by white
arrows). (b) Schematic of the light path during passage through the AP-LC cell comprising uniformly
aligned LCs on unidirectional hybrid films; no light leakage is observed.

For further analysis on LC alignment state, pretilt angles of the LCs on the UV-
nanoimprinted hybrid films were measured in accordance with UV-exposure times. The
pretilt angles represent the angles between the LCs and alignment layer. This can be
measured from the crystal rotation method which rotating the fabricated LC cell and
measuring the light retardation during that rotation [34,35]. In this research, a HeNe laser
was used, and the transmittance curves were obtained by rotating the LC cells from −70◦

to 70◦ with a latitudinal rotation. The obtained graphs are presented in Figure 7a. In the
graphs, the blue curves represent the simulated curves produced from the information on
the LCs and fabricated LC cell gaps, whereas the red curves represent the experimental
curves obtained from actual measurements. For the 1 min and 3 min UV-exposed hybrid-
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film-based LC cells, irregular red curves are measured, and high mismatch rates were
observed with the blue curves, meaning unstable film states and irregular LC alignment.
On the contrary, for the 6 min UV-exposed hybrid-film-based LC cell, a regular experimental
curve was observed, which had high concordance rate with the ideal simulation curve,
indicating stable film state and reliable pretilt angle data acquisition. These film state
analyses are also consistent with the AFM and POM analysis results. The calculated LC
pretilt angle on the 6 min UV-exposed hybrid film was 0.04◦, which means a homogeneous
LC alignment state. When the hybrid film contains defects, such as irregular lumps on the
surface, it cannot provide any orientational guidance to the LCs for uniform alignment,
which results in randomly distributed LC states, as represented in Figure 7b. On the other
hand, a high-resolution uniform unidirectional hybrid film (6 min UV-exposed film) can
derive uniform alignment of LCs with anisotropy surface characteristics. The LCs have
intrinsically liquid and elastic characteristics, and the elasticity tries to minimize the LC
bulk free energy. Therefore, the unidirectional nanopatterns can induce the orientations of
the LCs by minimizing distortions and achieving homogeneous and uniform alignment of
LCs, as shown in Figure 7c [13]. With these aspects, we confirmed that the unidirectional
nanopattern transferred hybrid film could be adopted to high-quality LC systems.

Figure 7. (a) Oscillated transmittance graphs as functions of the incidence angle (from –70◦ to 70◦)
of the AP–LC cells produced from 1 min, 3 min, and 6 min UV–exposed hybrid films. (b) Irregular
(with defects) and (c) uniform unidirectional surface hybrid–film-based AP–LC cells with their LC
alignment state and corresponding front view.
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4. Conclusions

We achieved the nanoscaled unidirectional structures of AlSnO and UV-curable poly-
mer hybrid materials via the UV-NIL process, and these films were used to fabricate
uniform LC alignment layers. The UV-curing times were controlled to 1 min, 3 min, and 6
min. The AFM data and corresponding line profiles exhibited uniform and well-ordered
surface morphologies with a periodicity of 760 nm and height of 30 nm for the 6 min UV-
exposed hybrid film surface. The chemical property changes to the hybrid film based on
UV exposure time were examined by XPS analysis. The hybrid film exhibited competitive
optical transmittance compared to the conventionally used PI layer, implying applicability
to LC devices. The LC alignment state was investigated by POM and pretilt angle analysis,
and stable, uniform, and homogeneous LC alignment was confirmed. The uniform unidi-
rectional nanopattern on the hybrid film surface induced uniform LC orientations along
with surface anisotropic characteristics. Therefore, the proposed UV-NIL process can be
adopted to inorganic/organic hybrid materials for unidirectional nanopatterning along
with application to high-quality LC systems.
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