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Abstract Aluminum-—nickel oxide and graphene oxide hybrid films are investigated in this study. The films produced via solution
processing were doped with GO at three concentrations: 0, 5, and 15 wt%. The optical transmittances of the produced hybrid AINiO
films were examined for liquid crystal device applications, and their chemical properties were assessed via X-ray photoelectron
spectroscopy. Atomic force microscopy and line profiling were used to examine the film surfaces. Polarized optical microscopy and
pretilt angle analysis were used to confirm the uniform and homogeneous LC alignment on the hybrid AINiO layer. The anisotropic
oriented nano/microgroove structures on the surfaces of the films are believed to be due to the shear stress generated by the brush-
coating process. LC cells assembled using the hybrid films showed stabler and faster switching performances with increasing GO
doping. GO doping of the pure AINiO film was also noted to increase the LC polar anchoring energy.

1 Introduction

Modification and control of the surface morphology during thin-film processing is an important research challenge in modern
engineering. In particular, surfaces with nano/microgroove structures can significantly improve the performances of functional
devices in optical, mechanical, and electrical applications over flat surfaces [1-3]. In electro-optics, the device properties can be
controlled by introducing surface anisotropy and adjusting the surface energies through surface modifications. Nano/microstructures
with undulating characteristics can also enhance the optical properties of solar cells and aid optical applications, such as liquid crystal
(LC) devices [4-7].

The conventionally used film-treatment process for LC devices is the rubbing process, where a polyimide (PI) material is used
as the alignment layer produced with a high-speed rotating fabric roller. The intense mechanical contact between the roller and film
produces a microgroove structure, and this anisotropic structure induces uniform LC alignment on the layer. These uniformly aligned
LCs can guide light unidirectionally via their permittivity and refractive index anisotropy, thereby controlling light as intended in
the electronic device [8, 9]. However, the rubbing method has limitations, such as crack, defect, and electrostatic generation [10].

The solution-coating process is useful for controlling film properties, such as orientation and crystallization, making it a suitable
film manufacturing process for functional device applications. It is also suitable for overcoming the limitations of the rubbing process
that involves intense mechanical contact. Solution coating has excellent advantages, such as nonvacuum processing, economic
efficiency, and large-scale processing capability. The brush-coating method based on the solution process can be used to deposit
films with directionality; it can also simplify the fabrication process of the LC alignment layer (film deposition with subsequent
alignment layer treatment) into a single step that is cost-effective while providing high throughput. Therefore, we used the brush-
coating method for film construction in this study.

Aluminum-nickel oxide (AINiO) is used as the base alignment layer in this work. Nickel oxide has good dielectric properties,
which indicates its electro-optical (EO) potential for LC devices [11]. Aluminum oxide is a high-k material that also has good
electrical characteristics, making it suitable for use as a dielectric [12, 13]. We doped graphene oxide (GO) in AINiO because of the
versatile properties of GO, namely electrical conductivity, mechanical stability, and film production applicability [14]; GO can also
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be easily utilized in solution processing because of its high solubility in water [15, 16]. The doping concentration is set to 0, 5, and
15 wt%.

X-ray photoelectron spectroscopy (XPS) was used to confirm the production of the GO-doped AINiO hybrid films. Then, atomic
force microscopy (AFM) and corresponding line profiling analysis were used to identify the anisotropic surface of each produced
hybrid film having nano/microgroove structures. Next, ultraviolet—visible-near-infrared (UV-Vis-NIR) spectroscopy observations
were used to assess the fine optical transmittances of the films. Polarized optical microscopy (POM) and LC pretilt angle analyses
were performed to confirm the uniform and homogeneous LC alignment states on the hybrid film surfaces. The EO performances of
the films were further demonstrated in a twisted-nematic (TN) LC system, and the electrical property of the film, namely the polar
anchoring energy, was verified in an antiparallel LC system.

2 Experiments
2.1 Graphene and aluminum-nickel oxide hybrid film production

A 0.1 M solution of AINiO was prepared using nickel (II) chloride hydrate and aluminum nitrate nonahydrate (ACS reagent, > 98.0%)
in equal ratios, and 2-methoxyethanol solution purchased from Sigma-Aldrich was used. A graphene oxide solution (2 mg/mL
dispersion in H>O) was used to produce the hybrid solutions. The two solutions were then blended so as to obtain AINiO with 0,
5, and 15% GO doping. The blending was performed under 360 rpm and 75 °C condition for 2 h. The 1 d aged solution was used
to wet the brush hairs thoroughly. Plain glass samples of size 2 x 3 cm were used for the substrates. Before coating, the substrates
were thoroughly cleaned using isopropyl alcohol and acetone via ultrasonication and dried in N; gas. The wet brush hairs were then
swept over the prepared substrates unidirectionally, followed by thermal curing at 260 °C for 1 h to obtain the GO-doped hybrid
AINiO films.

2.2 Properties of the produced hybrid films

UV-Vis-NIR spectroscopy (JASCO Corporation, V-650) was used to examine the optical transparency of each hybrid film. To
ensure reliability, each sample was measured three times, and the average value was derived to create the graph. The chemical
characteristics of the hybrid films were examined by XPS measurements (K-alpha, Thermo Scientific). A monochromatic Al X-ray
source of 12 kV/3 mA power (Al Ka line: 1486.6 eV) was used for the measurements. The physical film surface structures were
examined by AFM, and subsequent line profiling was performed to analyze the morphological properties (NX-10, Park Systems).

2.3 Hybrid film application to LC alignment layer

Antiparallel LC cells with a uniform cell gap of 60 pum were produced using the various GO-doped hybrid films to examine the
LC alignment states. The positive-nematic LCs with An = 0.111, ne = 1.595, and no = 1.484 properties were used (IAN-5000XX
T14; INC); the cells were filled with LCs using a syringe via capillary force. POM (BXP 51, Olympus) measurements and pretilt
angle investigations based on the oscillated transmittance values were then performed (Autronic TBA 107). Then, TN-LC cells with
a 5-pm cell gap were produced to assess the EO properties. An LCD evaluation system (LCMS-200, Sesim) was used to measure
the response times and voltage—transmittance curves. The LC polar anchoring energy of each cell was examined by measuring the
corresponding capacitance — voltage curve using an LCR meter (Agilent 4284A).

3 Results and discussion

The optical transmittance graphs of the brush-coated GO-doped hybrid AINiO films are shown in Fig. 1. The stable and high
optical transmittance of the film is an important factor for LC device applications. The transmittance curves were obtained in the
wavelength range of 250-850 nm. The visible region (380740 nm) is indicated by the light-blue arrow in the graph. In this region,
the measured transmittances show stable curves without large fluctuations, indicating the optical stabilities of the hybrid AINiO
films. The average transmittances in this region were 88.4%, 80.1%, and 80.0% for the 0, 5, and 15 wt% GO-doped AINiO films,
respectively. Considering that the average transmittances of plain and indium-tin-oxide-coated glasses are 85.4% and 81.8% in this
region, the aforementioned results indicate the feasibility of the hybrid AINiO films for LC device applications [17].

The LC alignment states of the cells based on the brush-coated GO-doped hybrid AINiO films were evaluated by POM, as shown
in Fig. 2. The LC cells were placed between the polarizer and analyzer; light from the bottom passed through the polarizer, LC cell,
and analyzer in order before exiting for observation. Uniformly aligned LCs in the cell can guide the polarized light unidirectionally,
and this light can be blocked when the polarizer and analyzer are vertically crossed. On the other hand, the polarized light is
transmitted when the polarizer and analyzer are parallelly configured. The observed POM results show that the fabricated LC cells
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Fig. 1 Transmittance curves of the 100 -
AINiO films doped with 0, 5, and !
15 wt% graphene oxide
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Fig. 2 Liquid crystal alignment state evaluation via polarized optical microscopy for cells assembled using AINiO films doped with 0, 5, and 15 wt%
graphene oxide. The polarizer and analyzer axes are indicated by “P”” and “A,” respectively
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Fig. 3 Liquid crystal pretilt angle analysis using oscillated transmittance graphs for cells assembled using AINiO films doped with a 0, b 5, and ¢ 15 wt%
graphene oxide

based on the hybrid AINiO films contain uniformly aligned LCs. Therefore, it is demonstrated that the brush-coated GO-doped
hybrid AINiO films can be used as uniform LC alignment layers.

The LC pretilt angles on the hybrid AINiO alignment layers were analyzed from the oscillated transmittance graphs using the
crystal rotation method, as shown in Fig. 3 [18, 19]. The graphs are composed of red and blue lines, which indicate experimental
and ideal simulation data, respectively. The simulation data were obtained from the information on the fabricated LC cell gap
and injected LC characteristics. The high concordance rate between these two data indicates the stability of the LCs in the cell.
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Fig. 4 X-ray photoelectron spectroscopy results of the AINiO films for the a Al 2p, b Ni 2p, and ¢ C 1 s spectra

The measured samples based on the (a) O, (b) 5, and (c) 15 wt% GO-doped hybrid AINiO films revealed very low mismatch rates
between the experimental and ideal simulation data. Therefore, the LC pretilt angles were obtained with high reliability. These pretilt
angles were 0.27°, 0.16°, and 0.14° for the 0, 5, and 15 wt% GO-doped AINiO alignment layers, respectively, representing their
homogeneous LC alignment states. From the POM and pretilt angle measurements, it is demonstrated that the LCs are uniformly
and homogeneously aligned on the hybrid AINiO alignment layers.

The chemical properties of the brush-coated hybrid AINiO films containing 0, 5, and 15 wt% GO were analyzed by XPS, as shown
in Fig. 4. The Al 2p spectra are presented in Fig. 4a; the peaks are centered in the range of 73.5-74.8 eV, indicating aluminum-oxygen
single bonding. These peak intensities decrease as the GO doping concentration increases. The Ni 2p spectra presented in Fig. 4b
also show the same tendency. The Ni 2p spectra contain four subpeaks, which represent Ni 2p3/2, Ni 2p1/2, and two satellites. The
3/2 and 1/2 peaks were, respectively, centered in the ranges of 856.0-857.6 eV and 873.8-875.3 eV their peak intensities decrease
as the GO doping concentration increases. The C 1 s spectra shown in Fig. 4c comprise three subpeaks that indicate carbon—carbon
single bonds, carbon—oxygen single bonds, and carbon—oxygen double bonds, which are centered in the ranges of 284.1-285.4 eV,
285.8-287.4 eV, and 287.9-289.0 eV, respectively. The peak intensity of the carbon—carbon single bond, which is the main bond
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Fig. 5 Surface morphology analyses using atomic force microscopy and corresponding line profiling for AINiO films doped with a 0, b 5, and ¢ 15 wt%
graphene oxide

in GO, increases as the GO doping concentration increases. The XPS results show that the GO-doped hybrid AINiO films are well
constructed, as intended.

The surface structures of the brush-coated hybrid AINiO films containing 0, 5, and 15 wt% GO were analyzed by AFM and line
profiling, as shown in Fig. 5. The pure AINiO film presented in Fig. 5a reveals directional nano/microgroove morphology on its
surface; this structure is derived from the shear stress caused by the brush-hair movement [20, 21]. The directional brush coating
results in anisotropic distribution of the AINiO sol state, and the subsequent thermal curing process converts the sol to gel state,
resulting in an anisotropic morphology on the film surface. When the GO doping concentration is 5% (Fig. 5b), the oriented structures
are still observed on the surface, although the valley structures of the AINiO particles are partially collapsed owing to the influence
of the polymer chains. When the GO doping concentration is 15% (Fig. 5c), small directional nano/microgroove morphology is
observed on the film surface. This reveals that the polymer chains also form directional structures that are induced by the directional
fluid flow of the deposited bulk solution [22]. Therefore, it is demonstrated that the anisotropic nano/microgroove structure of the
hybrid AINiO film can be obtained via brush coating. The average roughness values (Ra) were obtained to 24.7, 25.8, and 13.0 for
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the 0, 5, and 15 wt% GO-doped AINiO film, respectively. There was no significant difference between 0 and 5%, but there was a big
change at 15% doping. Through this, it is confirmed that when the GO doping becomes 15%, the film surface shows a more stable
state. The uniform and homogenous LC alignment on the hybrid AINiO film confirmed via POM and pretilt angle analysis (Figs. 2
and 3) can be attributed to the film surface structure. The LCs have a tendency to minimize elastic distortion, and the geometric
constraints of the nano/microgroove structure induce unidirectionally uniform LC alignment on such a surface [23-26].

The EO property is one of the important factors for LC device applications. TN-LC cells fabricated with the 0 (Fig. 6a) and
15 wt% GO-doped (Fig. 6b) AINiO alignment layers were used to evaluate the fast switching operation ability. The total response
time of the LC device can be defined as the sum of the rise and fall times. The rise time is the LC transition time from lying to
standing state upon voltage application. The fall time is the LC transition time for the opposite condition. The total response time
decreased from 21.4 to 11.8 ms as the GO doping of the AINiO alignment layer increased. Considering that the conventionally used
rubbed PI layer has a response time of 13.4 ms, this result indicates the potential of the GO-doped AINiO alignment layer [27]. The
transmittance—voltage curves of the TN-LC cells based on the 0 and 15 wt% GO-doped AINiO alignment layers are presented in
Fig. 6¢. The threshold voltages that corresponds to 90% transmittance were obtained as 2.5 V and 2.3 V for the 0 and 15 wt% GO-
doped AINiO alignment layers, respectively. The LC polar anchoring energy indicates the LC alignment stability on the alignment
layer. The energies on the GO-doped hybrid AINiO alignment layers are shown in Fig. 6d, and these values were obtained as 1.10 x
1074, 1.25 x 1074, and 5.62 x 10~* T m~2 for the 0, 5, and 15 wt% GO-doped hybrid AINiO alignment layers, respectively. These
results show that GO doping of the AINiO film enhances the EO and electrical properties for LC device applications.

4 Conclusions

AINiO hybrid films doped with GO were produced by the brush-coating method, and the doping concentrations were adjusted to 0, 5,
and 15 wt%. XPS analysis confirmed the formation of the hybrid film, which had fine optical transmittance for LC device applications.
AFM and corresponding line profiling revealed the directional nano/microgroove structure of the film surface, which was induced
by the shear stress originating from the brush-coating process; this anisotropic structure induced uniform and homogeneous LC
alignment on the surface, which was confirmed by POM and pretilt angle analysis. TN-LC cells fabricated from the hybrid films
showed stable and fast switching performances. GO doping of the AINiO alignment layer was also shown to enhance the LC polar
anchoring energy. Therefore, GO-doped AINiO hybrid films can be used as viable alternatives for next-generation LC alignment
layer applications.
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