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A solution-derived bismuth aluminum gallium tin
oxide film constructed by a brush coating method
for spontaneous liquid crystal alignment

Dong Wook Lee,® Eun Mi Kim,® Gi Seok Heo,® Dong Hyun Kim,? Jin Young Oh,?
Dae-Hyun Kim,© Yang Liu*® and Dae-Shik Seo () *®

We present a facile liquid crystal (LC) alignment method using brush hairs. This one-step brush coating method
integrated film deposition and alignment layer treatment, which guarantees a high throughput. Bismuth
aluminum gallium tin oxide (BIAlGaSnO) was used for the alignment layer, and a uniform and homogeneous LC
alignment state was confirmed for a 280 °C cured brush coated film by polarized optical microscopy and pretilt
angle analysis. X-ray photoelectron spectroscopy was used to verify the formation of the BiAlGaSnO layer on
the glass substrate. Atomic force microscopy confirmed the oriented structure on the BiAlGaSnO surface
induced by the shear stress of brush movement and active thermal oxidation via the curing process. This
anisotropic surface derives the uniform LC alignment via geometric constraints under the boundary condition
of the interface with the LCs. The BiAlGaSnO surface exhibited hydrophilicity with a nanocrystalline structure in
contact angle and selected area diffraction analyses. The thermal stability of the BIiAlGaSnO film to LC
alignment was confirmed up to 150 °C from the annealing process. The good electro-optical performance of
the BiAlGaSnO film was also verified by the fast switching characteristics. Based on the above results, the brush
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1. Introduction

Liquid crystals (LCs) are interesting materials that exhibit
optical and dielectric anisotropies.'™ Based on their unique
characteristics, LC devices and LC displays (LCDs) play impor-
tant roles in the advancement and development of the electro-
nic and display industries, due to their long-term durability,
excellent resolution, and good electro-optical (EO) perfor-
mances such as a fast response time (RT) and a low operating
voltage, which result in low power consumption.”” To ensure
high performance, uniform LC alignment is considered as an
important criterion.®® The LC alignment property is affected by
the alignment layer property as well as interactions between the
LC and alignment layers via physicochemical processes. To fabricate
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coating method is expected to be an effective strategy for next-generation LC applications.

the alignment layer, film deposition is performed first, for which
various thin-film deposition methods have been studied and
reported, such as atomic layer deposition,'® sputtering,"" chemical
vapor deposition,"* and solution processing. Specifically, solution
processing is related to film crystallization and controllability of
orientation properties, which are useful for advanced functional
device applications.”™** Solution processing can also be adopted for
high-function LC devices. It is ecofriendly, requires low-temperature
processing, and has highly reliable characteristics that are needed
for next-generation technologies. Solution processing includes var-
ious coating methods, such as bar coating,'® dip coating,” blade
coating,'® and brush coating."®" In particular, the brush coating
method has the distinct property of adjusting the surface orienta-
tion of the molecules during the coating process using the shear
stress from the solution affected by the brush hair movements.

After film deposition, various alignment processing techniques
are generally required to align the LC molecules on the film,
including ultraviolet photoalignment, plasma treatment,”® and
rubbing.***® Specifically, the rubbing method has been used con-
ventionally in various industries. This method uses the microgroove
effect (originating from the mechanical contact between the spin-
ning fabric and the deposited thin film) to uniformly align the LC
molecules. However, it has several limitations, such as cracks on the
surface, because of mechanical contact with the fabric rotating at a
high speed and large-area processing, leading to high cost.”®
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Herein, we adopted a brush coating method for uniform LC
alignment that can handle the additional effects of the rubbing
process and reduce the process steps by integrating film deposition
and alignment treatment. As mentioned above, the brush coating
process produces oriented structures from the shear during the
solution deposition process; hence, we expect that this method can
also guarantee a high throughput. Bismuth aluminum gallium tin
oxide (BiAlGaSnO) was adopted because of the good EO properties
of its components®>° and was produced via the sol-gel process
before being used for the alignment layer owing to the high EO
properties of the components. The LC alignment state on the
BiAlGaSnO film was investigated by polarized optical microscopy
(POM) and pretilt angle analysis. The surface orientation property of
the film was examined by atomic force microscopy (AFM), and X-ray
photoelectron spectroscopy (XPS) was used to measure the chemical
components of the film to confirm the good formation of the
BiAlGaSnO layer. Contact angle measurements were obtained to
investigate the surface chemical affinity. The crystalline properties
of the film were examined by X-ray diffraction (XRD) and transmis-
sion electron microscopy selected area diffraction (TEM-SAD). Ther-
mal characterization of BiAlGaSnO was examined by differential
scanning calorimetry (DSC), and the thermal stability to the LC
alignment on that film was investigated by the annealing process
and POM measurement. The polar anchoring energy characteristic
of the brush-coated BiAlGaSnO film was examined by capacitance-
voltage characteristic analysis. To examine the applicability of the
brush-coated film in twisted nematic (TN) LC systems, the EO
characteristics such as RT were observed.

2. Experimental

2.1 Production of the BiAlGaSnO film by the brush coating
method

The BiAlGaSnO solution was produced via sol-gel processing; a
0.1 M solution containing bismuth(m) nitrate pentahydrate, ACS
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reagent, >98.0% [Bi(NO;);-5H,0], aluminum nitrate nonahydrate
[Al(NO3);-9H,0], gallium(m) nitrate hydrate [Ga(NOs);-xH,O], and
tin(u) chloride, >99.99% (trace metal basis) [SnCl,], was dissolved
in 2-methoxyethanol (2ME) at the same ratio. One drop each of
monoethanolamine and acetic acid was added as stabilizers. The
mixed solution was stirred at 450 rpm for 2 h at 80 °C and aged for
at least 1 day. Then, glass substrates were rinsed using acetone,
isopropyl alcohol, and deionized water with ultrasonication for 10
min each and dried with N, gas. The prepared brush hairs were
deeply wetted in the prepared BiAlGaSnO solution and combed over
the glass substrate to form the BiAlGaSnO oriented film. Fig. 1
illustrates the brush coating process and its expected surface
orientation. The coated BiAlGaSnO films were cured at 80 °C,
180 °C, and 280 °C for 1 h each.

2.2 LC alignment state and EO performance investigations of
the BiAlGaSnO film

The antiparallel LC cells were formed based on the BiAlGaSnO
films with gaps of 60 um. The positive LCs (IAN-5000XX T14,
An = 0.111, ne = 1.595, no = 1.484; JNC) in the nematic phase
were poured using a syringe by capillary force at room tem-
perature (about 25 °C). The LCs have a clearing point of 81.8 °C.
Then, POM (BXP 51, Olympus) measurements were conducted
to confirm the LC alignment state. The pretilt angle analysis
was also performed via the crystal rotation method (Autronic
TBA 107) to demonstrate the LC alignment properties. The
thermal stability test of the LC molecules on the BiAlGaSnO
film was conducted by annealing from 90 to 180 °C at intervals
of 30 °C with observations of the LC alignment via POM. To
examine the anchoring energy characteristics, the LC cell with a
5 um uniform cell gap was fabricated at room temperature, and
the capacitance-voltage graph was plotted (LCR meter, Agilent
4284A). To estimate the EO characteristics, TN-LC cells were
prepared on the BiAlGaSnO films with a 5 um cell gap. The RT
versus transmittance graphs were measured using an LCD
evaluation system (LCMS-200).

Coating
direction

Sub;trate

(Side view)

Oriented surface
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Illustration of the brush coating process of the bismuth aluminum gallium tin oxide (BiAlGaSnO) thin film. A deeply wetted brush (in BiAlGaSnO

solution) was used to comb the glass substrate and an oriented structure composed of BiAlGaSnO could be observed after curing.
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2.3 Surface property investigation of the brush-coated
BiAlGaSnO film

To investigate the stoichiometric properties of the brush-coated
BiAlGaSnO film, XPS (K-alpha, Thermo Scientific) was per-
formed using a 12 kV/3 mA power source and a monochromatic
Al X-ray source (Al Ko line: 1486.6 eV). To investigate the surface
morphological characteristics, AFM (NX-10, Park Systems) ana-
lysis was performed. The film thickness was measured using a
DektakXT stylus profiler (Bruker) with a 2 pm radius tip and a
3 mg stylus force. The surface chemical affinity was analyzed via
contact angle measurements of one drop each of deionized
water and diiodomethane. A Phoenix 300 surface angle analyzer
and IMAGE PRO 300 software were used for this purpose. The
surface crystalline structure properties were observed by XRD
(DMAX-IIIA, Rigaku) and TEM-SAD (200 kV accelerating voltage,
JEM-F200) analyses. DSC (DSC 8000, PerkinElmer) analysis was
conducted to investigate the thermal characterization of BiAl-
GaSnO using an aluminum pan (PerkinElmer). The starting
temperature was set at 30 °C and the temperature was increased
at a heating rate of 10 °C min~" under 20 mL min~" N, gas. The
final temperature was set at 450 °C.

3. Results and discussion

To investigate the alignment of the LCs on the BiAlGaSnO
films, AP LC cells were fabricated using BiAlGaSnO films cured
at 80 °C, 180 °C, and 280 °C. The fabricated LC cells were
measured using POM, and the results are presented in Fig. 2(a).
When the polarizer and analyzer were vertically crossed, the
80 °C cured film represented a broadly distributed bright yellow
image, which indicates the randomly distributed LC alignment
state. The film cured at 180 °C also showed a yellow image but
had slightly improved quality, in that it was closer to a black
image. On the other hand, the film cured at 280 °C exhibited a
complete and vivid dark image, indicating a uniformly aligned
LC state on the film. The uniformly aligned LCs can guide the
light direction uniformly when light passes through the fabri-
cated AP LC cells. Therefore, when the polarizer and analyzer
above and below the LC cell are perpendicular to each other,
the POM results show a dark image (indicating no light
leakage). The light path and blocking mechanism when light
passes through the AP LC cell show that the LC molecules are
aligned uniformly, as illustrated in Fig. 2(b). From the POM
results, it is proved that the LC alignment state on the brush-
coated BiAlGaSnO film could be affected by the curing tem-
perature and that the 280 °C cured BiAlGaSnO film has uniform
LC alignment.

To investigate the LC alignment state in greater detail, the
pretilt angles of the LCs in the fabricated AP LC cells were
measured, as shown in Fig. 3, via the crystal rotation method by
observing the transmittance curves versus latitudinal rotation
angles from —70° to +70°.>' The 80 °C cured BiAlGaSnO film,
which showed a nonuniform alignment state in the POM
results, represents an irregular transmittance curve (red lines
indicate the measured experimental data and blue lines

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

(b)
Analyzer Light blocking
Polarized ligl _.~Substrate
Brush coated
/ 4 7, BiAlGaSnO layer
Pn,lqruud% Polarizer
Fig. 2 (a) Liquid crystal (LC) alignment state investigation via polarized

optical microscopy images. The antiparallel LC cells on the brush coated
bismuth aluminum gallium tin oxide films (cured at 80 °C, 180 °C, and
280 °C) were observed. The analyzer (A) and polarizer (P) directions are
indicated by white arrows. The brush-coating direction is represented by
thick yellow arrows. (b) Illustration of the light path and blocking mecha-
nism when passing through an antiparallel LC cell in which the LC
molecules are uniformly aligned. The brush-coated bismuth aluminum
gallium tin oxide film is used for the alignment layer and the analyzer and
polarizer are vertically crossed.

indicate the simulation data). This film also showed an extre-
mely low match rate with the simulation data, indicating the
instability of the film. It can be assumed that this is the effect of
the residual solvent based on the low curing temperature, and
the calculated pretilt angles have large deviations, indicating
low reliability. The 180 °C cured film shows an improved match
rate with the simulation data but the transmittance curve is still
irregular. This film-based LC cell showed a close to zero pretilt
angle, which denotes the homogeneous alignment state of the
LCs. The 280 °C cured film exhibits an extremely high match
rate between the experimental and simulation data. Very small
deviations are observed, indicating a stable film state. Simi-
larly, this film shows homogeneous LC alignment. Thus, it was

Mater. Adv., 2022, 3, 6019-6027 | 6021
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Fig. 3 Pretilt angle measurements via oscillated transmittance graphs obtained by the crystal rotation method. The measured sample antiparallel LC
cells were prepared from the brush-coated bismuth aluminum gallium tin oxide films cured at 80 °C, 180 °C, and 280 °C.

proven that the brush-coated BiAlGaSnO film could achieve
uniform and homogeneous LC alignhment.

The film thickness of the brush-coated BiAlGaSnO film was
obtained as 190 nm from the DektakXT analysis, and the
surface morphological characteristics of the films were investi-
gated by AFM, as shown in Fig. 4(a). The 80 °C cured film
showed irregular lumps without orientation, and the lumps
were induced by agglomeration of the BiAlGaSnO sol-gel with
the residual solvent. This characteristic does not affect the
orientation of the LCs on the film. The 180 °C cured film also
shows irregular lumps, but with orientation in the same direc-
tion as the brush coating. This can somewhat affect the
orientation of the LCs on the film, but the irregularity prevents
achieving uniform LC alignment. With these irregular large
lumps, the surface root-mean-square roughness values of the
80 °C and 180 °C cured films were obtained as 35.2 nm and
57.0 nm, respectively. On the other hand, the 280 °C cured film
exhibits regular lumps with orientation in the same direction as
the brush coating. During the brush coating process, since an
effective contact is maintained between the brush hairs and the
BiAlGaZnO solution, a constant shear stress can occur over the
entire depth of the solution.** This is attributed to the two
boundaries formed between the brush hairs and the solution
and between the solution and the substrate.*® This directional
structure formation through brush coating has been reported
before.** When the anisotropic distribution of the BiAlGaSnO
precursor occurred via brush coating before curing, the sol
state of BiAlGaSnO was transformed into a gel state through a
subsequent curing process and the BiAlGaSnO film was fabri-
cated. During this process, the sufficient thermal energy trans-
fer can contribute to the formation of a film structure while
maintaining the anisotropy and directionality of the brush-
coated BiAlGaSnO. Therefore, the orientational structure was

6022 | Mater. Adv, 2022, 3, 6019-6027

observed on the surface under higher curing conditions
(280 °C, in this case). With this orientational structure, the
surface root-mean-square roughness value of the 280 °C cured
film was measured to be 4.4 nm. For specific analysis, the line
profiles of the brush-coated BiAlGaSnO film surfaces were
further investigated, as shown in Fig. 4(b). The film surfaces
cured at 80 and 180 °C showed irregular morphologies without
any distinct characteristics. However, the film cured at 280 °C
showed increased heights of the surface structures, followed by
a decrease, and repeated along the brush coating direction,
thus supporting the directional structure noted in the morpho-
logical images. The structure had a height of 10 nm and a
periodicity of 740 nm. For the uniform LC alignment, the
physical anisotropic property of the alignment layer must be
ensured, which can be produced by structures aligned in a
single direction, such as microgrooves.>>*® This anisotropic
surface can affect the orientations of the LCs on the film
because of their collective behavior property and characteristic
of minimizing elastic distortion. This surface creates geometric
constraints under the boundary condition of the interface with
the LCs. In Berreman’s model, the LC molecules are aligned
homogeneously in the surface groove when an anisotropic
boundary occurs in that groove. This anisotropic boundary
effect of the groove to LCs has been previously reported.*”°
These AFM results correspond with the results of the POM and
pretilt angle analyses.

To investigate the chemical composition and ensure the
formation of the BiAlGaSnO film on the substrate, the Al 2p, Bi
4f, Ga 2p, Sn 3d, and O 1s core-level XPS measurements were
performed on the brush-coated BiAlGaSnO films cured at 80
and 280 °C, as shown in Fig. 5. The Al 2p spectra showed single
peaks centered at 74.0 and 74.66 eV binding energies for the
films cured at 80 and 280 °C, respectively. The peaks indicate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Morphological images of brush-coated bismuth aluminum
gallium tin oxide (BiAlGaSnO) films cured at 80 °C, 180 °C, and 280 °C
obtained by atomic force microscopy. The brush coating direction is
denoted by the red arrow. (b) Line profiles of brush-coated BiAlGaSnO
films cured at 80, 180, and 280 °C.

the oxidized states of aluminum, and the increased peak at
280 °C implies active thermal oxidation on the film. The Bi 4f
spectrum showed four peaks centered at 158.06, 159.32, 163.45,
and 164.62 eV binding energies for the film cured at 80 °C,
indicating the Bi 4f7/2 metal, Bi 4f7/2 oxide, Bi 4f5/2 metal, and
Bi 4f5/2 oxide, respectively. On the other hand, for the film
cured at 280 °C, two peaks centered at 159.66 and 164.94 eV
binding energies were observed, indicating Bi 4f7/2 and Bi 4f5/2
oxides, respectively. This indicates the incomplete oxidation
state of the film cured at 80 °C and the fully oxidized state of Bi
on the film cured at 280 °C. The Ga 2p spectra exhibited two
peaks in films cured at both temperatures, which were centered
at 1117.66 and 1144.41 eV for the film cured at 80 °C and at
1117.99 and 1144.76 eV for the film cured at 280 °C, indicating
Ga 2p3/2 and Ga 2p1/2, respectively. Similarly, in the Al 2p
spectrum, the increased intensity of the film cured at 280 °C
indicates the active thermally oxidized Ga state. The Sn 3d
spectrum displayed three peaks centered at 486.38, 494.84, and
496.94 eV binding energies for the film cured at 80 °C, which
indicate Sn 3d5/2, Sn 3d3/2, and Sn-Cl bonding (induced by the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Al 2p, Bi 4f, Ga 2p, Sn 3d, and O 1s core-level X-ray photoelectron
spectroscopy graphs of the brush-coated bismuth aluminum gallium tin
oxide films cured at 80 and 280 °C.

tin chloride material used in this study), respectively. However,
the spectrum for the film cured at 280 °C only exhibited two
peaks centered at 486.77 and 495.17 eV binding energies,
indicating Sn 3d5/2 and Sn 3d3/2, respectively; this indicates
the fully oxidized state of Sn on these films. The O 1s spectrum
showed two peaks in the films cured at both temperatures,
which were centered at 530.02 and 531.52 eV binding energies
for 80 °C and at 530.49 and 532.03 eV for 280 °C, indicating
O-M (‘M’ means the metal) and oxygen vacancies, respectively.
These graphs also indicate the active metal-oxidized state on
the film cured at 280 °C compared to that at 80 °C. From the
results, it is observed that a suitably oxidized metal state with
sufficient heat is required for the directional structure that
maintains the orientation of the sol state originating from the
brush coating process.

Mater. Adv., 2022, 3, 6019-6027 | 6023
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Fig. 6 Contact angle measurement images of the brush-coated bismuth aluminum gallium tin oxide films cured at 80 and 280 °C for deionized water

and diiodomethane.

To investigate the chemical affinities of the brush-coated BiAl-
GaSnO films cured at 80 and 280 °C, the contact angles of deionized
water and diiodomethane were measured, as shown in Fig. 6.
Because of the some anisotropic nano-topography of the brush-
coated BiAlGaSnO film as confirmed by the AFM analysis, some
anisotropic drop shapes were observed. However, as shown in the
figure, there was a tiny difference that was difficult to distinguish
with the naked eye, and the average contact angle value was
obtained. At a curing temperature of 80 °C, the contact angles of
deionized water and diiodomethane were measured as 67.61° and
60.96°, respectively. On the other hand, these contact angles were
measured as 48.07° and 50.89° for the film cured at 280 °C. The
surface energies of the films were calculated based on the contact
angles using the Owen-Wendt method,”® and the results are
presented in Table 1. As the curing temperature increased to
280 °C from 80 °C, the surface energy of the brush-coated BiAl-
GasSnO film increased to 55.9 from 40.82 mJ m™ 2 This result
indicates that, as the curing temperature increases, the brush-
coated BiAlGaSnO film exhibits hydrophilic characteristics, which
contributes to the homogeneous alignment of the LC molecules on
the surface.

The crystalline characteristics of the brush-coated BiAl-
GasnO films cured at 80, 180, and 280 °C were investigated
by XRD analysis, as shown in Fig. 7(a). No specific main peaks
were observed in all the XRD results of the brush-coated
BiAlGaSnO films. However, some small peaks were observed
at 2 theta close 42 degrees, which indicate that the solution-
processed BiAlGaSn film has limited crystallinity (i.e., it is not

amorphous). For the specific analysis, the TEM-SAD

Table 1 Contact angle measurement results and the obtained surface
energies of the brush-coated bismuth aluminum gallium tin oxide films
cured at 80 and 280 °C

Contact angle (°)

Polar Surface
energy  energy
(m] m™?) (mJ m~?)

Curing Dispersive
temperature DI* energy
(°Q) water Diiodomethane (mJ m™?)

80 67.61 60.96 28.02 12.8 40.82
280 48.07 50.89 33.78 22.12 55.9
*Deionized.

6024 | Mater. Adv, 2022, 3, 6019-6027

measurement was conducted and the results are shown in
Fig. 7(b), which indicated that the solution-processed BiAl-
GasnoO film has a nanocrystalline structure.*’ The nanocrystal-
line structure represents characteristics intermediate between
those of amorphous and polycrystalline phases, which corre-
spond to TEM-SAD results. The thermal analysis of BiAlGaSnO
was conducted by DSC as shown in Fig. 7(c). In the DSC graph,
there were some endothermic and exothermic peaks.

In particular, the endothermic peak observed at around
170 °C corresponds to the evaporation of the solvent. In the
170-182 °C range, dehydration and decomposition took place,
which correspond to the elimination of the residual alcohol.
The sample state continuously changed from oxidation to
alloying and curing in the range of 182-320 °C, and the large
exothermic peak at 190 °C is attributed to the oxidation of the
material. This result corresponds to the previous analysis of
that film. When the curing temperature was below 180 °C, the
BiAlGaSnO film did not form properly (not oxidized fully), so
the oriented structure was not constructed as intended. How-
ever, when the curing temperature was 280 °C, the BiAlGaSnO
film was well formed while maintaining the directionality of the
precursor with sufficient heat transfer, in which the direction-
ality originated from the brush coating. Therefore, this BiAl-
GaSnO film could be applied to the LC alignment layer.

To investigate the thermal stability to the LC alignment on
the brush-coated BiAlGaSnO film, the LC cells fabricated with
the film cured at 280 °C were observed using POM at various
annealing temperatures, as shown in Fig. 8. The annealing
temperature was increased from 90 °C to 180 °C at 30 °C
intervals for 10 min at each value. Below 180 °C, the POM
analysis showed vivid dark images, which means a uniform LC
alignment state in the LC cells. On the other hand, for the
180 °C condition, the POM image displayed defects, indicating
nonuniform LC alignment. From the results, it was observed
that the brush-coated BiAlGaSnO film cured at 280 °C exhibits
suitable thermal stability for LC alignment, which is an impor-
tant factor for advanced LC device applications that accompany
numerous switching operations.

To examine the applicability of the brush-coated BiAlGaSnO
films cured at 280 °C in TN LCDs, the EO characteristics of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) X-ray diffraction results of the brush-coated bismuth aluminum gallium tin oxide (BiAlGaSnO) films cured at 80, 180, and 280 °C.
(b) Transmission electron microscopy selected area diffraction image for the BiAlGaSnO film on a Cu-C grid. (c) Differential scanning calorimetry
graph of the BiAlGaSnO film in the temperature range of 30 °C to 450 °C.
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the LC cell assembled by brush-coated BiAlGaSnO films cured at 280 °C.

fabricated TN LC cells were estimated. In the TN LC system, the
rise time indicates the LC transition time from the lying down
to the standing state, and the fall time denotes the transition
time for the opposite condition, as illustrated in Fig. 9(a). The
twisted LCs in the lying down state transmit the light passing
through the cell by rotating the light direction by 90°; in the
standing LC state, the light passing through the cells is blocked
by the polarizers located above and below the LC cell and
rotated 90° from each other. The rise time of the TN cells based
on the brush-coated BiAlGaSnO film was measured as 8.6 ms
from Fig. 9(b), and the fall time was measured as 3.3 ms from
Fig. 9(c). The total response time was calculated as 11.9 ms,
which indicates the fast switching performance of the brush-
coated BiAlGaSnO alignment layer compared to the
conventionally used polyimide layer.*” The anchoring energy
characteristic was examined as shown in Fig. 9(d). From the
voltage-capacitance graph, the anchoring energy of the brush-
coated BiAlGaSnO film cured at 280 °C was measured to be
2.45 x 107" J m~> It shows the competitivity of the film
because the corresponding value of the conventionally used
PI layer is in the range of 10*-107° J m 2.** From the above
results, it is demonstrated that the brush-coated BiAlGaSnO
film can be applied to TN-LCDs with competitive switching
properties.

4. Conclusions

Herein, we demonstrate a very simple coating process using
brush hairs that simultaneously achieves alignment treatment
for LCs. This simplification of operations makes it possible to
expect a high throughput. The brush-coated BiAlGaSnO film
was used in the alignment layer, and a uniform and homo-
geneous alignment state was confirmed by POM and pretilt

6026 | Mater. Adv., 2022, 3, 6019-6027

angle analyses. The physicochemical characteristics of the
BiAlGaSnO film were investigated by AFM and XPS analyses.
The XPS results showed a well-formed BiAlGaSnO layer, and the
AFM results showed an oriented structure for the brush-coated
BiAlGaSnO surface cured at 280 °C. This oriented structure
provides geometric constraints to the LCs on the surface, such
as microgrooves, and results in a uniform LC alignment state.
The BiAlGaSnO surface shows hydrophilic characteristics in the
contact angle analysis and a nanocrystalline structure in the
TEM-SAD analysis. The thermal endurance to the LC alignment
of the BiAlGaSnO film was verified by the annealing process
and showed a superior thermal budget for up to 150 °C. The EO
characteristics of the brush-coated BiAlGaSnO film cured at
280 °C were proved for the fabricated TN LC cells, which
showed fast switching. From the above results, we expect that
the brush coating method could be adopted for next-generation
LC devices.
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