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Abstract

Nanoimprint lithography is a very convenient and cost-effective method, and when combined with a sol-gel process, can
be used to simply accomplish the nanopatterning of a bismuth tin oxide (BTO) film. We achieved the transfer of a nano-
structure to a solution-driven BTO film by using nanoimprint lithography for utilization as a liquid crystal (LC) alignment
layer. A curing temperature of 250 °C was ideal for the transfer of the nanopattern from polydimethylsiloxane to a BTO
film, as confirmed by using atomic force microscopy, scanning electron microscopy, and x-ray photoelectron spectroscopy.
The nanopattern led to the uniform alignment of LC molecules, as confirmed via polarized optical microscopy and pretilt
angle analysis. In addition, the nanopattern-imprinted BTO film showed great potential for LC applications due to its high
thermal stability and optical transmittance, along with super-fast switching and low voltage operating electro-optical char-
acteristics. Sol—gel nanopatterning of metal oxides is a convenient process to create LC-alignment films for application in

diverse electro-optical devices.

Keywords Bismuth tin oxide - Nanoimprint lithography - Sol—gel process - Nanostructure - Liquid crystal alignment -

Electro-optical characteristic

1 Introduction

Uniform orientation of the liquid crystal (LC) is one of the
most important technological processes for realizing high-
quality LC applications, including displays [1—4]. Since LCs
act as a light shutter, their uniform orientation can transmit or
block (on or off) the light and show the digital image informa-
tion. If the LCs are not uniformly aligned, the light through
them is scattered, and so they cannot properly provide digital
information nor completely block the light and provide high-
quality images. Therefore, it is crucial to control light trans-
mission through the orientation of the LCs [5]. Many tech-
niques for LC alignment have been reported, such as rubbing
[3, 6], ultraviolet exposure [7], evaporation [8], photo-align-
ment [9], sputtering [10], ion-beam exposure [11], and nano-
imprinting lithography (NIL) [12]. Rubbing is the standard
industrial technique for LC alignment due to its convenience,
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cost-effectiveness, and uniform quality [13]. However, it has
some drawbacks such as local defects, generation debris, and
electrostatic discharge [14]. Other methods are expensive and/
or complex. Among these, NIL provides the freedom to con-
trol the LC-alignment properties such as anchoring energy
and pretilt angle [15-19]. Moreover, once the pattern is cre-
ated, it can be used consistently and cost-effectively.

In this study, we achieved uniform LC alignment by using
NIL combined with a sol-gel method; both methods are well-
matched from the perspectives of cost-effectiveness and large-
area processing [20, 21]. We used bismuth tin oxide (BTO),
which has been used as gas sensors, anodes, and thin-film
transistors [22-24], as an alignment layer. Although bismuth
has high electron mobility due to the high degree of overlap in
its wave function, it also hinders the formation of the crystal-
line structures, thereby making it exhibit unique electrical and
optical properties [25, 26]. The aligned nanopattern used in
NIL was fabricated on silicon wafer by using laser interference
lithography (LIL), which is very simple and fast [27, 28]. The
well-ordered nanopattern was then transferred to polydimethyl-
siloxane (PDMS) sheet for application as a master cast. The
negative replica nanopattern on master cast was subsequently
imprinted with BTO in the sol state followed by curing at 70,
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160, or 250 °C to produce thin films. The uniformity of LC
alignment with the BTO nanopattern was investigated by using
polarized optical microscopy (POM), while the pretilt angle of
the LC molecules was measured via a crystal rotation method
[29]. The surface morphology of the nanopattern-imprinted
BTO film was measured by using atomic force microscopy
(AFM) and field emission scanning electron microscope
(SEM), while its chemical structure was observed via X-ray
photoelectron spectroscopy (XPS). The thermal stability of
LCs on a nanopattern-imprinted BTO film was investigated
via an annealing process with POM analysis. Contact angle
measurements and X-ray diffraction (XRD) analysis were
progressed to examine the crystallinity and chemical affinity
of the nanopattern-imprinted BTO film. Optical transmittance
was measured via UV-visible-near infrared (UV-Vis-NIR)
spectroscopy. The applicability of nanopattern-imprinted BTO
was considered via assessing its electro-optical performance
in a twisted nematic (TN)-LC system.

2 Experimental details

2.1 Fabrication of the LC-alignment nanopattern
and preparation of a polydimethylsiloxane
(PDMS) mold

A 257-nm Ar laser and a single-beam Lloyd’s mirror inter-
ferometer were used for fabricating the initial periodic

Fig. 1 Schematics of the
fabrication of the 1-dimensional
nanostructure on a silicon wafer
by laser interference lithogra-
phy. a Before and b after laser
treatment

(b)

of beam
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Frequency noise
removed

nanostructures on a silicon (Si) wafer. The deep UV LIL
process is illustrated in Fig. 1. The laser wavelength was
doubled by using beta-barium borate crystals, and for dose
uniformity, the beam was expanded by a factor of 27 in the
spatial filter. A focusing lens and pinhole were used as a fil-
ter and the spatial frequency noise was removed at the filter.
After that, coherent light sequentially applied to the pinhole
was emitted, reached both sides of the Si wafer and Lloyd's
mirror, and was reflected on the Si wafer. This induced inter-
ference of the light applied to both sides, which fabricated
the nanopattern on the Si wafer with a pitch of 750 nm and
a height of 30 nm. A flexible mold was prepared by mixing
a PDMS base and a curing agent (the Sylgard-184 elastomer
kit, Dow Corning) that was then poured onto the nanopat-
terned Si wafer; the flexibility of the PDMS ensured con-
formal contact between the nanopattern and the BTO film.
During the imprinting process, the nanopatterned PDMS
was placed onto the as-deposited sol film, after which the
heat was applied. The underlying liquid sol rose and filled
the nanopattern structure via capillary pressure and was then
solidified by the heat.

2.2 Preparation of the BTO solution via a sol-gel
method and imprinting of the nanopattern
on the BTO film

A 0.1 M BTO solution was prepared by dissolving in(II) chlo-
ride (SnCl,; > 99.99%, trace metals basis), and bismuth(III)
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nitrate pentahydrate (Bi(NO3)3¢5H20; >98.0%, ACS Rea-
gent Chemicals) with a Bi:Sn molar ratio of 1:1 in 2-meth-
oxy ethanol (2ME). The solution was then stirred for 2 h
at 80 °C using a magnetic stirrer, and then aged for 1 day.
The prepared BTO solution was spin-coated onto the glass
substrate at a spin rate of 3000 rpm for 30 s. The nanopat-
terned PDMS mold was placed onto the spin-coated BTO
film at curing temperatures of 70, 160, or 250 °C, and the
nanostructure was transferred onto the BTO film. The entire
imprinting process (including fabrication of the PDMS
mold) is illustrated in Fig. 2a.

2.3 Characteristics of the nanopattern-imprinted
BTO film

The surface morphologies of the nanopattern-imprinted
BTO films were investigated by using AFM (XE-BIO, Park
Systems,) and field emission SEM (S-4300SE, Hitachi),
while their chemical compositions were measured via
XPS (K-alpha, Thermo VG). Contact angle measurements
were conducted via the sessile drop technique with deion-
ized (DI) water and diiodomethane by using a phoenix 300
surface angle analyzer, followed by analysis with IMAGE
PRO 300 software. An investigation of the film structures

(a)

Nanostructured
Si master

was performed by using XRD (DMAX-IIIA, Rigaku). Opti-
cal transmittance was measured in accumulation mode 3
times in the range of 250-850 nm at room temperature by
using a UV—vis-NIR spectrophotometer (V-650, JASCO
Corporation).

2.4 LC cell fabrication for LC alignment status
and electro-optical performance evaluation

We assembled anti-parallel LC cells with a cell gap of 60 pm
using a nanopattern-imprinted BTO film as the LC-align-
ment layer. Positive LCs (IAN-5000XX T14, An=0.111,
ne=1.595, no=1.484; INC) were injected between each
pair of substrates along the direction parallel to the pat-
tern. The expected LC-alignment status of the 1-dimen-
sional nanostructure is illustrated in Fig. 2b. POM (BXP
51, Olympus) was used to confirm the uniformity of the
LC alignment in the cell and the thermal stability of the
nanopattern-imprinted BTO layer. A crystal rotation method
(TBA 107, Autronic) was used to measure the pretilt angle of
the LCs on the nanopattern-imprinted BTO layer. A TN-LC
cell was assembled with a 5 pm cell gap to investigate the
electro-optical characteristics of the nanopattern-imprinted
BTO layer. A TN-LC cell with a conventional homogeneous

Curing
process

Nanopattern
transferred PDMS

1-D nanostructure
Imprinted

FoRsiing BTO alighment layer
PDMS mold .
Curing for
SPinfoatedW solidification
BTO e T >
Glass
substrate

(b)

———

60 um

Anti-parallel LC cell
fabrication using
1-D nanopatterned BTO layer

—>
Liquid crystal
injection

——>

Fig.2 a A schematic of the transfer of the 1-dimensional nanostruc-
ture from the nanopatterned silicon wafer to the bismuth tin oxide
(BTO) alignment layer with a polydimethylsiloxane (PDMS) mold

Uniform LC alignment
via 1-D nanostructure

via nanoimprinting lithography and curing. b A schematic of the
alignment process of liquid crystals (LCs) on the BTO alignment
layer in an anti-parallel LC cell to achieve uniform LC alignment
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polyimide (PI) layer fabricated via rubbing (RN-1199A,
Nissan Chemical Industries, Ltd., Tokyo, Japan) was also
assembled for comparison of response times and voltage-
transmittance (V-T) graphs measured using an LC display
evaluation system (LCMS-200).

3 Results and discussion

We investigated the surface morphologies of BTO films
according to curing temperatures by using AFM and SEM
analyses to confirm the successful transfer of the nanopattern
from the PDMS mold to the BTO film (Fig. 3). The PDMS
master mold was also investigated for comparison. As can be
seen in 3D and top-view topological AFM images in Fig. 3a,
the nanopattern began to appear as the curing temperature
was increased; we can see that the nanopattern was clearly
generated in the 250 °C-cured BTO film. This result indi-
cates that heat is an important factor for successful nanopat-
tern transfer. For a more specific analysis, the SEM image of
the surface and the line profile data of the film and PDMS
mold are shown in Fig. 3b. The SEM image also shows the
1-dimensional nanopattern on the 250 °C-cured BTO film
surface, which consisted of the gel state of BTO. The PDMS
mold showed well-defined nanopattern line profiles with a
pitch of 750 nm, a width of 230 nm (measured at 90% of the
height), and a height of 12 nm originating from the Si master
wafer. Although the line profiles on the 250 °C-cured BTO
film were similar, the feature sizes were slightly decreased.
When the nanopattern was transferred to the BTO film from
the PDMS mold, the PDMS was placed onto the BTO layer
in the sol state during the curing process. The BTO in the sol
state rose to fill the PDMS nanopattern via capillary pres-
sure. The upper side of the nanopatterned PDMS was filled
by BTO solution from underneath, which was then solidified
by the heat treatment. Therefore, as aforementioned, heat
treatment is important for successful nanopattern construc-
tion, and a sufficiently high curing temperature is required to
construct solid BTO-derived nanopatterns. The nanopattern
constructed on the 250 °C-cured BTO film surface indicates
that the sol state of BTO film was completely transformed
into the gel state via dehydration at the curing temperature.

The BTO film was fabricated via a sol-gel method that
depended on the curing temperature. A low curing tempera-
ture could leave residual solvent on the surface and thus
could prevent our intended stoichiometric chemical modifi-
cations [28]. An XPS analysis was conducted on the 70 °C-
and 250 °C-cured BTO films to investigate the chemical
compositions of the nanopattern constructions, the results
of which are shown in Fig. 4. The XPS survey scan was
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conducted in the range of 100-600 eV, in which Bi 4f,C 1 s,
Sn 3d, and Ols peaks were observed for both films, thereby
indicating the formation of the BTO film via the NIL pro-
cess. There were distinct differences in the peak intensities
of the main atoms between the samples, which indicates
more active thermal oxidation on the surface of the film at
the higher temperature. Thus, the BTO film was well-formed
at a curing temperature of 250 °C rather than at 70 °C.

For the specific XPS analysis shown in Fig. 5, the Sn
3d spectra convoluted into Sn 3d 5/2 and Sn 3d 3/2 due
to spin—orbit splitting shifted from 487.0 and 495.4 eV for
the 70 °C-cured BTO film to 486.6 and 495.1 eV for the
250 °C-cured BTO film, respectively, due to oxidization of
Sn atoms. The Bi 4f spectra comprised four peaks for the
70 °C-cured BTO film centered at 157.8, 159.7, 163.1, and
165.0 eV, which are assigned to Bi 4f 7/2 metal, Bi 4f 7/2
oxide, Bi 4f 5/2 metal, and Bi 4f 5/2 oxide, respectively
[30, 31]. The presence of the Bi 4f 7/2 and Bi 4f 5/2 metal
peaks indicates that curing at 70 °C was not sufficient to
fully oxidize the metal bonds of the Bi atoms. On the other
hand, Bi-metal peaks were not observed in the spectrum of
the 250 °C-cured BTO film, with the two peaks centered at
159.4 eV and 164.7 eV indicating the presence of Bi 4f 7/2
oxide and Bi 4f 5/2 oxide, respectively. The negative shift
in one of the sub-peaks in the Ols spectra in the 70 °C-
and 250 °C-cured BTO films from 530.5 to 530.2 eV was
due to increasing metal-oxygen bonding via active ther-
mal oxidation in the latter. In addition, the other sub-peak
due to oxygen vacancies was dramatically increased in
the 250 °C-cured BTO film compared to the 70 °C-cured
BTO film. The C 1 s spectra comprised of three sub-peaks
centered in the range of 284-285 eV, 285.5-286.5 eV, and
288-289 eV, respectively, which representing C-O, C-O-M
(M =metal, i.e. Bi and Sn in this case), and C=0 bonding,
respectively. These spectra were attributed to the PDMS
mold which covered BTO film when curing process. The
sub-peaks were generally increased at higher curing tem-
perature. Especially, the increased C—O—M peak indicates
the more actively oxidized metal state on the 250 °C-cured
film surface compared to 70 °C-cured film surface. The XPS
results comprehensively show that the two metal atoms (Bi,
and Sn) create more bonds with oxygen at the higher curing
temperature, which contributes to the construction of the
nanostructure on the BTO film surface.

To investigate the relationship between LC alignment and
the 1-dimensional nanostructure, anti-parallel LC cells were
fabricated with a nanoimprinted BTO layer cured at 70, 160,
or 250 °C. The LC-alignment status was evaluated via POM
analysis and pretilt angle measurements. As shown in the
schematic in Fig. 6a, the orientation of the LC molecules
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t-Dimensijonal
nanopattern

Fig.3 a Top-view (upper) and 3-dimensional (lower) atomic force
microscopy images of the surface morphologies of nanopattern-
imprinted bismuth tin oxide (BTO) films according to curing tem-
peratures. The polydimethylsiloxane (PDMS) master mold surface is

determines the light transmittance since the LC cells are
positioned between the vertically crossed polarizer and ana-
lyzer. When the positive LCs are aligned uniformly, polar-
ized backlight induced by the polarizer penetrates through
the aligned LCs and is then blocked by the upper analyzer.
Although a completely black POM image was obtained
when using a 250 °C-cured BTO film (indicating that the

05 1.0

15 20 25 30 '80.0 0.5 1.0 15 20 25 3.0
X (um) X (um)

also shown for comparison. b An SEM image and line profile (red) of
the nanopattern-imprinted BTO film cured at 250 °C. The line profile
(blue) of the PDMS master mold is also shown for comparison

LCs were uniformly aligned), randomly distributed positive
LCs when using a BTO film cured at 70 °C or 160 °C caused
the polarized backlight to scatter, and so light could pass
through the analyzer, resulting in the POM images not being
completely black (Fig. 6b).

The oscillated transmittance curves of the LC cells meas-
ured via a crystal rotation method (Fig. 6¢) demonstrate how
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Fig.4 X-ray photoelectron spectroscopy survey-scan spectra in the
range of 100-600 eV to investigate the atomic compositions of the
nanopattern-imprinted bismuth tin oxide films cured at 70 and 250 C

well the LC molecules were uniformly aligned and were
used to calculate the pretilt angle of the LCs. The trans-
mittance was measured by projecting a light beam on the
rotating LC cells. The blue curve represents the simulated
data, and the red curve represents the data measured from
LC cells. A good match between the simulated and real
data curves indicates that the LC molecules are uniformly
aligned with a stable pretilt angle, which can then be accu-
rately calculated. However, a mismatch between the real data
and simulated curves indicates that the LCs are randomly
distributed and the pretilt angle of the LCs cannot be accu-
rately estimated. Well-matched curves were obtained using
the 250 °C-cured BTO layer, which was not the case for the
BTO layers formed at curing temperatures of 70 and 160 °C,
a result that supports the POM analysis findings. The pretilt
angle of the LCs with the 250 °C-cured BTO layer was cal-
culated as 0.031, which infers homogeneous LC alignment.
These results correspond with our expectation of LC align-
ment by the unidirectional nanostructure. The LCs have
elastic and liquid characteristics, which is attributed to the
collective behavior induced by strong molecular interaction
among the LC molecules. The elasticity is in the direction
that minimizes the free energy of the LC bulk. Therefore,
our 1-dimensional nanopattern can guide the direction of
LCs by minimizing distortion.

Advanced LC applications for bright high-resolution dis-
plays require high thermal stability because of the numerous
switching components. To test the thermal stability of an
LC cell with a 250 °C-cured nanopattern-imprinted BTO,
Fig. 7 shows POM images obtained after annealing it from
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90 to 210 °C at 30 °C intervals for 10 min each. The LCs
on the nanopattern-imprinted BTO film maintained uniform
and homogeneous alignment up to 180 °C, which infers a
remarkable thermal budget compared to that of conventional
rubbed PI (150 °C). Therefore, nanopattern-imprinting of
BTO film is a good candidate for advanced LC applications.

Contact angle measurements, and XRD and optical trans-
parency analyses, were performed to investigate the char-
acteristics of the nanopattern-imprinted BTO film. Contact
angles measurements can give information about the chemi-
cal affinity of the measured surface and the contact angle
is inversely proportional to the surface energy. The contact
angles of nanopattern-imprinted BTO films at various curing
temperatures are exhibited in Fig. 8, while the surface ener-
gies were calculated by using the DI water and diiodometh-
ane contact angles by applying the Owen-Wendt method
(Table 1) [32]. As the curing temperature was increased
from 70 to 250 °C, the contact angle increased from 65.91°
to 97.19° for DI water while the surface energy decreased
from 43.9 to 29.36 mJ/m>. These results are attributed to
the effect of thermal oxidation of the PDMS that covered
the BTO film during the curing process. At the same time,
the 1-dimensional nanopattern was well-transferred on the
suitably metal-oxidized BTO film at a curing temperature
of 250 °C, which could induce uniform alignment of LC
molecules on the surface with its hydrophobic properties.

XRD analysis was progressed in 260 scan mode from
20° to 80° to investigate the crystallinity of the nanopat-
tern-imprinted BTO film cured at 250 °C, the results from
which are presented in Fig. 9. The XRD spectrum does not
show any major peaks, which means that the nanopattern-
imprinted BTO film surface was amorphous, which is in
agreement with the general finding that solution-processed
oxide films produced with a curing temperature below
500 °C have an amorphous structure [33]. Although this
result was as expected, we also demonstrated that LC align-
ment was not affected by the amorphous structure of the
BTO film.

The optical transparency of a film is an important fac-
tor for LC systems. Transmittance graphs of the BTO films
cured at 70, 160, and 250 °C in the wavelength range of
250-850 nm are shown in Fig. 10. The optical transpar-
ency values of both plain and indium tin oxide (ITO)-
coated glass, and PDMS mold were also measured for
comparison. In the visible wavelength band (in the range
of 380-740 nm), the average optical transparency values
of the 70-, 160-, and 250 °C-cured BTO films were calcu-
lated as 86.3%, 85.6%, and 87.6%. Those for the plain and
ITO coated glass, and PDMS mold was calculated as 86.1%,
82.3%, and 86.3% respectively. These results indicate that
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Fig.5 High-resolution Sn 3d,
Bi4f,01s,and C 1 s core-
level X-ray photoelectron spec-
troscopy spectra of the bismuth
tin oxide film surfaces cured at
70 and 250 °C
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Fig.6 a An illustration of the path and wave direction of light pass-
ing through the polarizer, an anti-parallel LC cell fabricated with
a nanopattern-imprinted bismuth tin oxide (BTO) layer cured at
250 °C, and the analyzer. The wave direction of the light is divided
into three main areas (before passing through the polarizer, between
the polarizer and the anti-parallel LC cell, and between the anti-par-
allel LC cell and the analyzer). Unidirectional light is blocked in the
analyzer, resulting in a dark image in the POM result. b Polarized
optical microscopy images of the anti-parallel LC cells fabricated

the nanopattern-imprinted BTO film cured at 250 °C has
competitive transparency compared to plain glass and PDMS
mold. The horizontal curves in this region also infer the
excellent optical stability of the BTO films. Thus, the optical
transparency characteristics of the BTO film indicate that it
is appropriate for use in LC applications.
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Incident angle (°)

Incident angle (°)

with nanopattern-imprinted BTO alignment layers cured at 70, 160,
or 250 °C. The directions of the polarizer (P) and analyzer (A) are
denoted by the yellow arrows. ¢ Transmittance curves of anti-parallel
LC cells with a nanopattern-imprinted BTO layer cured at 70, 160, or
250 °C. The graphs are plotted versus latitudinal rotation from -70° to
70° using the crystal rotation method for the pretilt angle calculations.
The blue curve represents the simulated data, and the red curve repre-
sents the data measured from the anti-parallel LC cells

A TN-LC cell was fabricated with a 250 °C-cured nano-
pattern-imprinted BTO film to confirm its practicability as
an LC-alignment layer in LC applications. Evaluation of its
electro-optical characteristics is given in Fig. 11. In a TN-LC
system, the LCs are twisted at 90° and parallel to the upper
and lower alignment layers with no applied voltage (the off
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120°C

Fig.7 Thermal stability testing of the LCs in anti-parallel LC cells
based on nanopattern-imprinted bismuth tin oxide layer cured at 250
°C. The LC-alignment status was analyzed by using polarized optical
microscopy (POM) and an annealing process from 90 to 210 °C with

70°C

DI water A _»a
Diiodomethane "! A

Fig.8 Images used for contact angle measurements for drops of DI
(deionized) water and diiodomethane on nanopattern-imprinted bis-
muth tin oxide films cured at 70 and 250 C

250°C

state) whereas an applied voltage untwists them and turns
them perpendicular to the alignment layers (the off state),
as illustrated in Fig. 11a. The transition time from the off
state to the on state of the LCs is defined as the rise time,

I
1
I
v

A= = =

Annealing

LC alignment
Heat maintenance

increasing

Broken
LC alignment

30 °C intervals for 10 min each. A room temperature POM image is
shown for comparison. The directions of the polarizer (P) and ana-
lyzer (A) are denoted by the yellow arrows in the first image

Table 1 Contact angles measurements and calculated surface ener-
gies of the nanopattern-imprinted BTO films cured at 70 and 250 C

Curing  Contact Angle (°) Dispersive Polar Surface
Tem- T — Energy Energy Snergy
perature DI* Water an' h (mJ/m?) (mJ/mz) (mlJ/
°C) ometh- m?)
ane
70 65.91 54.64 31.65 12.24 43.90
250 97.19 60.29 28.41 0.95 29.36
“Deionized

with the opposite being the fall time. The total response
time (summation of the rise and fall times) is one of the
most important considerations for an LC system as it meas-
ures how well the system can switch between the on and off
states for controlling the passage of light. The rise and fall
times of the TN cell based on the nanopattern-imprinted
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Fig.9 An X-ray diffraction spectrum of a nanopattern-imprinted bis-
muth tin oxide film cured at 250 C
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Fig. 10 Optical transparency graphs in the 250-850 nm wavelength
range of nanopattern-imprinted bismuth tin oxide films cured at 70,
160, and 250 °C. Those for both plain and indium-tin-oxide-coated
glass, and polydimethylsiloxane mold are included for comparison.
The visible range is indicated by the orange solid lines
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BTO film were calculated as 1.8 and 6.3 ms (Fig. 11b); the
total response time of 8.1 ms is noteworthily short compared
to conventional TN-LC systems based on PI layers [34] and
is attributed to the dielectric properties of the bismuth and
tin oxides [35-38]. Voltage-transmittance curves obtained to
investigate the operating properties of nanopattern-imprinted
BTO film-based TN-LC cells and compare them with a
conventional cell with PI layers are shown in Fig. 11c. The
threshold voltages (corresponding to 90% transmission) of
TN-LC cells with nanopattern-imprinted BTO films and PI
films were calculated as 1.2 and 1.8 V, respectively, thereby
demonstrating the superior low voltage operation of the
TN-LC system with the BTO film [39, 40]. This greatly
reduced threshold voltage means decreased power consump-
tion of LC systems during operation.

4 Conclusion

We successfully transferred a nanostructure from a PDMS
mold to a solution-driven BTO film and cured it at 70, 160,
or 250 °C. A clear imprint of the nanopattern was observed
in the 250 °C-cured BTO film via AFM and SEM analyses.
Chemical composition modification during the NIL process
was confirmed by using XPS. The nanopattern on the BTO
film was successfully used to align LC molecules uniformly,
as evaluated via POM and pretilt angle measurements. The
BTO alignment layer showed an excellent thermal budget
for use in LC systems. The nanopattern-imprinted BTO
film also had high optical transparency. TN-LC cells fabri-
cated with BTO layers exhibited outstanding switching and
low voltage operational electro-optical properties, which
is essential for high-end LC systems. Thus, the use of our
nanopattern-imprinted BTO film in advanced LC applica-
tion is extremely encouraging, and the sol-gel nanopattern-
ing using metal-oxide materials could be applied to diverse
electro-optical devices.
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Fig. 11 a Illustrations of a twisted nematic (TN)-LC cell assembled
with nanopattern-imprinted bismuth tin oxide (BTO) layers cured
at 250 °C in the no voltage applied (off) state (left) and the voltage
applied (on) state (right). The transition times between them are
referred to as the rise time (off to on) and fall time (on to off). b The
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