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In this study, we applied the non-contact photo-polymerisation method in fabricating pseudo-polyimide (PI) liquid
crystal (LC) devices with vertical alignment copolymer films, in the hope of solving the problems associated with
traditional rubbing alignment processes. We mixed different photo-polymerisation-type acrylic monomers and
negative dielectric anisotropy LC at proper weight percentages, and induced phase separation behaviour between
the photo-polymerisation-type acrylic monomers and the LC molecules in the LC mixture solution through ultra-
violet light irradiation, thereby forming copolymer films with vertical alignment effects. We further conducted
preliminary characterisation of the alignment mechanism, photo-polymerisation, etc., of the LC molecules and
investigated their interactions with alkyl acrylic monomers with different carbon chain lengths (the analogue of
alkyl side chains in traditionally used vertical alignment-type PI) and electro-optical properties such as the

transmittance, contrast ratio, and response time.
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1. Introduction

The use of velvet cloth [1] in the contact mode, uni-
directional rubbing of polymer films, such as polyi-
mide (PI), is currently the most extensively employed
method in the liquid crystal displays (LCDs) industry
for the purpose of achieving alignment of liquid crys-
tal (LC) molecules [1-31]. However, during the pro-
cess of alignment, the use of the velvet cloth in a
contact mode in rubbing the surface of the polymer
film can result in uneven alignment, not to mention
other shortcomings [1, 14] such as dust particle pollu-
tion, residual surface electrostatic charges and scratch
marks that can damage the thin film transistor (TFT)
devices and lower process yields [1]. Therefore, the
development of non-contact mode LC alignment tech-
nologies has been one of the most important issues and
research thrusts over the past few years. Some of the
techniques employed to achieve non-contact mode LC
molecules alignment include ultraviolet (UV) irradia-
tion [10, 12, 22, 27, 29, 32-53], oblique evaporation
[54-57], ion beam irradiation [22, 27, 58-61],
Langmuir-Blodgett (LB) film [12, 62, 63], sclf-
assembled monolayers (SAMs) [50, 64-70], photonic
crystal [71, 72], plasma treatment [73-75] and nanoim-
printing [76-81].

The phase separation composite film (PSCOF) [82]
technology pioneered in 1999 by Kumar ez al. from
Kent State University has enjoyed considerable suc-
cess in the development and application of layered
composite structures in polymer/LC mixture over the

past 10 years [82-92]. Even before the emergence of
PSCOF, there had been extensive research and devel-
opment of similar applications of the photo-polymer-
isation technology [93-147], such as polymer disperse
liquid crystal (PDLC), polymer stabilised liquid crys-
tal (PSLC) and polymer network liquid crystal
(PNLC).

Such applications of the photo-polymerisation
technology are highly dependent on the structures
of the different polymer types as well as the relevant
process parameters and settings; variations in the
photo-polymerisation type monomer structure, mix
ratio of the LC and photo-polymerisation type
monomer, environmental temperature, cell thick-
ness, UV light irradiation intensity and UV light
irradiation duration will all result in differences in
the operation mode, electro-optical characteristics,
etc., during application [84, 89, 102, 109, 113, 114,
119, 120, 126, 129]. However, with regards to the
polymerisation induced phase separation (PIPS)
mechanism, Kumar et al. have conducted extensive
studies and discussions on the variations of the pro-
cess parameters [84, 89]. Their experimental findings
indicated that varying factors such as the UV light
irradiation intensity, curing temperature, and cell
thickness will affect the diffusion rate, viscosity and
degree of polymerisation for the photo-polymerisa-
tion-type monomer and LC molecules, thereby
impacting the structure and visual appearance of
the PSCOF. Therefore, one can vary the process
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parameters to obtain different polymer structural
types, such as a polymer film with smooth surface
or a PDLC film with rough surface.

In this study, we have followed the layered phase
separation technology [82] and PIPS method [94,
106, 148-151] pioneered by Kumar et al to vary
the process parameters in order to obtain polymer
films of different structural types. To obtain
PSCOF with a smooth surface, we replicated their
experimental procedures with the appropriate pro-
cess parameters, i.e. UV light irradiation intensity,
curing temperature, and cell thickness, to obtain a
photo-polymerisation type acrylic monomer/LC
mixture solution with lower overall viscosity, satis-
factory fluidity, rapid molecular diffusion and
slower copolymerisation and finally vertical align-
ment copolymer films (VACOF) with a smooth sur-
face [152]. The layered structure diagram for the
photo-polymerisation type acrylic monomer/LC
molecules phase separation process is shown in
Figure 1.

The focus of this experiment was the production
of vertical alignment (VA) mode LC devices with
high pre-tilt angle. Several past reports in the litera-
ture have studied extensively the important relation-
ship between the LC molecules pre-tilt angle and the
alignment film surface properties, the most famous
of which is the Friedel-Creagh—-Kmetz Rule [153,
154], which determines the alignment mode of the
LC molecules based on the relative magnitudes of
the LC surface tension and alignment film surface
tension. Namely, when the LC surface tension is
greater than the alignment film surface tension
(hydrophobic surface with low surface tension), the
LC molecules would be vertically aligned; for the
converse, they would be horizontally aligned. In
addition, the means through which one can control
the pre-tilt angle of the LC molecules include apply-
ing differential unidirectional rubbing on the poly-
mer alignment film [11, 14, 15, 22, 23, 26, 27, 155,
156], importing alkyl long carbon side chain or
hydrophobic functional groups into the polymer
alignment film in order to reduce the polarity of
the alignment film surface and increase the pre-tilt
angle of LC molecules [43, 71, 74, 81, 157-162], and
the use of UV light irradiation or plasma treatment
to process the alignment film surface [22, 74, 163].
In this study, we conducted a preliminary investiga-
tion of the interactions between the LC molecules
and the alkyl long carbon chains through measure-
ments of the electro-optical characteristics, by vary-
ing the different carbon chain lengths of the alkyl
acrylic monomer (to simulate the functions of the
alkyl side chains of the traditional vertical align-
ment type PI).

2. Experimental details
2.1 Materials

The materials we used included alkyl acrylic monomers
with different carbon chain lengths: Acy, Acig, Aci4 (to
simulate the alkyl side chains’ function of the tradi-
tional vertical alignment type PI, SeaEn); acrylic mono-
mer B (to simulate the main chain function of the
traditional vertical alignment type PI, SeaEn), photo-
initiator (Ciba) and negative dielectric anisotropy
nematic liquid crystal (N-type LC, NLC) (A¢ = —4.1,
An = 00899, 7,=021 kgm?’s, K= 181 pN,
Merck). The chemical structures of the acrylic mono-
mers and the photoinitiator are shown in Figure 2.

2.2 Vertical alignment mode principle

In the experiment, we made use of the non-contact
photo-polymerisation method to achieve VA of the
LC molecules. In the traditional VA mode, due to
the use of a VA film with side chain type polymer
and N-type LC materials, the LC molecules will be
vertically aligned with the glass substrate surface in
the absence of an applied voltage (V' = 0). When the
polarisers and the top and bottom glass substrates
are placed orthogonally, no light can be transmitted,
giving rise to a dark state (Normally Black, NB); at
the applied threshold voltage (V' > Vy,), other than
the LC molecules closest to the glass substrate sur-
face that are constrained by the alignment film, the
long axes of the rest of the LC molecules would tilt
an angle ® toward the direction of the electric field.
This tilt angle ® would increase with increasing
voltage, and the incident linearly polarised light
would become elliptically polarised due to birefrin-
gence effects [162]. Part of the light would be trans-
mitted through the analyser and give rise to a bright
display, with the transmitted light intensity depen-
dent on the magnitude of the applied voltage. The
principles behind the electro-optical effects of the
VA mode [163, 164] are shown in Figure 3(a) and
(b) and the transmitted light intensity, 7, is given by
(see [165, 166]):

I = Iysin® 20sin*(nd An(V)/;), (1)

where I is the incident light intensity, 6 is the angle
between the polarisation direction of the incident
light and the long axes of the LC molecules, d and
An(V) are the cell thickness and birefringence under
a voltage V respectively. Here, dAn( V) is the retar-
dation R of the LC, and 4 is the wavelength of the
incident light.

In this kind of LC device, the tilt angle ® of the LC
molecules would increase with increasing voltage, and so
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Figure 1. The vertical alignment copolymer films (VACOF) were formed after UV light irradiation. (a) The copolymerisation
occurred after the acrylic monomers A, B and the photoinitiator had been irradiated by UV light. (b) The double layers VACOF
film emerged after phase separation was completed (colour online).

would the retardation. For a fixed cell thickness, to
obtain the maximum light transmission 7. (T = I/1y),
the tilt angle between the LC molecules and the crossed
polarisers must be 45° [167] when a voltage is applied to
the LC cell. Also, in Equation (1), /I, stands for the
transmittance. Therefore, when 6 = 45°, the value of

sin26 is 1, and the transmittance depends only on the
magnitude of the applied voltage.

2.3 Preparation of the NLC mixture materials

We first selected a LC mixture system (NLC2) of
acrylic monomer with alkyl carbon chain length
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Figure 2. Chemical structures of the acrylic monomers A (Acas, Acio, Aci4), B and photoinitiator.

between Acy and Aci4: Acio. From our experiments,
we found that this mixture system gave rise to vertical
alignment of the LC molecules after UV light irradia-
tion [152]. The preparation of the material was as
follows: 1.8 wt% acrylic monomer Acjo was mixed
into the LC with five different ratios of acrylic mono-
mer B (0.28, 0.29, 0.30, 0.31 and 0.32 wt%, respec-
tively), and 0.1 wt% photoinitiator at room

temperature, followed by ultrasonic vibration and stir-
ring for about 1 h at an environment temperature of
90° (the clear point of the LC) to obtain five LC
mixture solutions (NLC2) with different mix ratios,
as shown in Table 1. From preliminary experimental
results and observations, we determined that 0.3 wt%
content of the acrylic monomer B yielded the optimum
electro-optical properties. Therefore, we settled on this
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Figure 3. Principles of the electro-optical effects after photo-alignment. (a) Dark state before applied voltage. (b) Bright state

after applied voltage (colour online).

Table 1. Components and ratios of the NLC2 mixture
solution.

Acrylic Acrylic

LC mixture monomer Aco* monomer B Photoinitiator
solution (Wt%) (Wt%) (Wt%)
NLC2 1.8 0.28 0.1

1.8 0.29 0.1

1.8 0.30 0.1

1.8 0.31 0.1

1.8 0.32 0.1

Note: *Number of alkyl carbon

ratio (1.8 wt% acrylic monomer A, 0.30 wt% acrylic
monomer B, and 0.1 wt% photoinitiator) and con-
ducted follow-up studies and investigations for mix-
ture systems of the LC and alkyl acrylic monomer Acg,
Acio and Acy4 with different carbon chain lengths.
The mixed contents and relative ratios of each system
are shown in Table 2.

2.4 Detailed procedures

From the studies of Kumar et al. [89], one can change
the rate of phase separation and degree of monomer
polymerisation, and thus alter the appearance and
structural type of the film, by varying factors such as

Table 2. Components and ratios of each LC mixture
system.

the UV light irradiation intensity, curing temperature
and cell thickness. Therefore, to obtain VACOF with
smooth surface, we standardised all experiment con-
ditions, as shown in Table 3.

After heating the LC mixture solution to the
nematic-isotropic transition temperature, we infused
this into empty cells with 4 um diameter glass fibre
spacers (the most commonly used cell thickness in the
LCDs industry) via capillary action, and obtained dou-
ble-layered VACOF via phase separation due to copo-
lymerisation after UV light irradiation (~5 mW cm™2)
treatment [152]. The LC molecules would be vertically
aligned (VA mode) with the glass substrate surface, as
shown in Figure 1. The experiment was carried out at
the appropriate UV light intensity, curing temperature
and cell thickness to lower the overall viscosity of the
LC mixture solution, achieve rapid molecular diffusion
and slower copolymerisation [84, 89], and finally obtain
VACOF with smooth surface.

We then dissolved the NLC2 mixture solution in
methanol solvent (concentration = 3.3 x 10 mol L),
treated it with UV light irradiation, and measured the
absorption values over a 0-30 min interval with the use
of a UV-Vis absorption spectrometer (VARIAN, Inc.,
Cary 100 Conc.) to obtain the conversion percentage
(CP) of the LC mixture system [168—178].

A polarising optical microscope (POM, OLYMPUS
Optical Co. Ltd., Models BHSP-2, BX-51) can also be

Acrylic monomer (wt%o) Photoinitiator (wt%o) Table 3. Experiment settings and parameters.
LC mixture Ac4* ACIO AC14 B C uv llght
system irradiation UV light Curing
Experiment intensity irradiation  temperature Cell gap
NLCI 1.8 - - 0.3 0.1 parameter (mW/cm?)  time (min) (°C) (um)
NLC2 - 1.8 - 0.3 0.1
NLC3 - - 1.8 03 0.1 Value ~5 ~15 90* ~4

Note: *Number of alkyl carbon

Note: *Clear point of liquid crystal
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Figure 4. Setup for observation of the LC cell with
polarising optical microscopy (colour online).

used to observe under the crossed polarisers the dark and
bright states of the LC cell before and after the applied
voltage, to determine the alignment of the LC molecules.
The setup is as shown in Figure 4. In addition, one can
use a scanning electron microscope (SEM, JEOL, JSM-
6390LV) to observe the types of the VACOF microstruc-
tures formed on the conductive indium-tin oxide (ITO)
glass substrate surface by the LC cell after UV light
irradiation. The observation process is as follows: prise
open the LC cells to be observed, remove the LC with
hexane, cut them into 1 cm x 1 cm samples to be placed
on the evaporation pedestal, and coat a layer of platinum
on the cell surface by sputtering for future observation.

The setup for measuring properties such as the
transmittance and contrast ratio is shown in Figure 5.
We placed an empty cell under the crossed polari-
sers before measurement, and defined the transmit-
tance of this state to be 0%, and the transmittance
when the polarisers were parallel to be 100%, for
the purpose of calibration. After the completion
of the calibration process, we next placed the LC
cell under the crossed polarisers of the POM,
applied an AC voltage (0-6 V, 60 Hz, square

Photomultiplier, PMT @

=« | ——

Eyepiece PMT power supply Radiometer

Analyser

Objective

LC cell

Polari
olariser: Arbitray waveform generator

Light source _~

Figure 5. Setup for measurement of the transmittance and
contrast ratio of the LC cell (colour online).

wave), and recorded the variation of the transmit-
tance with the slowly increasing voltage with a
radiometer [179].

From the transmittance versus applied voltage
curve, we can further obtain the threshold voltage
(Vin, defined to be the voltage when the transmittance
reached 10%) and driving voltage (V,,, defined to be
the voltage when the transmittance reached 90%) of
the LC cell. The measurement of the contrast ratio was
similar, with the use of the radiometer (International
Light Inc., Models IL1700) to record the transmit-
tance in the dark and bright states followed by con-
version to the Contrast Ratio (CR) with (see [97, 180]):

Contrast Ratio = Tbright/ Tdark, (2)

where Tiighe and Tgqi are the transmittance of the LC
cell in the dark and bright states respectively. From
Equation (1), we can see that in order to obtain the
maximum transmittance, the angle between the tilt of
the LC molecules and the crossed polarisers must be
45° when the saturation voltage is applied to the LC
cell [167]. In addition, other than the dark and bright
states before and after a voltage has been applied to
the LC cell, the intensity of the incident light can also
affect the contrast ratio.

Figure 6 shows the setup for measuring the
response time of the LC cell [179]. We used a He-Ne
laser (A = 632.8 nm, 10 mW) as the incident light
source, and placed the LC cell between the crossed
polarisers for measurement. By applying an alternating
saturation voltage (Vs = 6 V, 10 Hz, square wave),
the signal would be received and transformed by the
photodiode (Electro-Optics Technology Co. Ltd.,

Polariser Analyser

LC cell
He-Ne laser e ,/ Detector

Waveform generator

.

mommmmgooo |7

Figure 6. Setup for measurement of the response time of
the LC cell (colour online).
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Models ET-2000) and displayed on the oscilloscope
(Yokogawa Electric Co. Ltd., Models DL1200A).

From the detected shapes of the waveform, we
calculated the total response time, defined to be the
sum of the rise time (7) and fall time (7)):

Total response time =T} + T¥. (3)

In this study, the acrylic monomer B functioned as
the main chain to be combined with acrylic monomer
A, which served as the alkyl side chain for the vertical
alignment of the LC device. To investigate the inter-
actions resulting from the UV light irradiation
between the VACOF and the LC, we therefore exam-
ined the VA and electro-optical properties of the LC
molecules such as transmittance, contrast ratio and
response time, for alkyl acrylic monomer A with dif-
ferent carbon chain lengths after UV light irradiation.

3. Results and discussion
3.1 Conversion percentage of the NLC2 system

After dissolving the NLC2 system in methanol solu-
tion followed by UV light irradiation for 0-30 min, we
measured the absorption values over the time interval
with a UV-Vis absorption spectrometer, as shown in
Figure 7(a). During the UV light irradiation, free radi-
cals would be produced by the photoinitiator, and
subsequently attack the unsaturated acetyl double
bonds, leading to copolymerisation between the
acrylic monomers A and B and thus lowering the LC
solubility. Phase separation would then occur, result-
ing in the formation of layered structures. Therefore,
whenever copolymerisation (destruction of unsatu-
rated acetyl double bonds) occurred, the UV absorp-
tion would decrease with increasing UV light
irradiation time until all such reactions were termi-
nated and the saturation point was reached. We thus

100
254 @ AbS (2 1) b) paasea [
bt ° 80
s / g
1> =
= <
£ / "8
2 / w§
= / —
< S
/ 20
7
1 v ] v 1 M 1 ta M 1 M ] M 0
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Wavelength (nm) Irradiation time (min)

Figure 7. (a) Absorption spectrum of the NLC2 mixture

system with UV light irradiation time. (b) Conversion

percentage (CP) of the absorption of the NLC2 mixture

system with UV light irradiation time.
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substituted the largest UV absorption A,,, over the
time interval (0-30 min) for calculating the CP, as
shown in Figure 7(b). If the UV light irradiation time
was too short, the phase separation between the
photo-polymerisation-type monomer and the LC
molecules would be incomplete. When the irradiation
time was too long, leading to increased degree of crys-
tallisation for the photo-polymerisation type mono-
mer, and thus larger cross-linking density, the
brittleness of the alignment film might significantly
increase. Therefore, we selected a CP of ~89% (UV
light irradiation for ~15 min) [152] for performing
measurements of electro-optical properties and inves-
tigations of the LC mixture system.

3.2 POM and SEM observations of the NLC2 system
alignment film surface microstructures and the LC
molecules alignment mechanism

First, the NLC2 system was exposed to UV light irra-
diation for ~15 min and allowed to cool to room
temperature before being placed under a POM for
observation of the display state of the LC cell before
and after voltage was applied. When the polarisers
were orthogonal, the LC molecules were vertically
aligned to the glass substrate surface (due to the inter-
actions between the LC molecules and the alkyl side
chains). Therefore, no light was transmitted, and we
obtained a uniformly dark state, as shown in Figure 8(a).
In addition, the conoscopic pattern shown in the
inset further indicates that the cell was uniformly
vertically aligned and exhibited a very dark state
under the crossed polarisers (Figure 8 (a)). The
application of an alternating saturation voltage
(6 V, 60 Hz, square wave) resulted in a tilt angle
® between the long axes of the LC molecules (at 45°
with the crossed polarisers, and thus the highest
transmission) and the direction of the electric field.
Due to the birefringence effect, light would

= |

V=0 V=V,
Figure 8. Polarising optical microscopy observation of the
LC cell (with acrylic monomer B content of 0.30 wt%). (a)
Uniformly dark state before applied voltage (Inset:
conoscopic pattern) and (b) Single-domain uniformly
bright state after applied voltage.
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penetrate and result in a single-domain uniformly
bright state, as shown in Figure 8(b). Since the LC cell
was in a nearly uniform dark state before the applica-
tion of voltage, we could therefore infer that the LC
molecules were stacked neatly in a VA on the side chain-
type VACOF surface. Based on the above observations,
we expected to obtain a better contrast ratio.

After rigorous repetition of the experiments, we
postulated that at the point of infusion of the LC into
the cells, effects similar to directional rubbing align-
ment would occur due to the directional flow of the
LC mixture solution [24]. Further exposure to UV light
irradiation would assist in the neat VA of the LC
molecules toward the same direction (photo-polymer-
isation-type acrylic monomer congregating towards the
direction of the UV light irradiation) [35], as shown in
Figure 9. In addition, the presence of alkyl long carbon
chains in both the LC molecules and the acrylic mono-
mer Acjo means that the similar polarity led to mutual
attraction between the two (van der Waals forces)
[17, 25, 67, 152, 181], with the results that the LC
molecules could also produce VA effects. From current
preliminary research and observations, it can be
inferred that such an injection method might promote
an overall uniaxial and uniform single-domain display
for the LC molecules, as shown in Figure 8 (b).

The surface pattern of the alignment film as
observed under a SEM after the LC cell was prised
open is shown in Figure 10(a) and (b). One can clearly
discern the VACOF produced by the copolymerisa-
tion of the acrylic monomers A and B on the ITO
conductive glass substrate surface. Due to the UV
irradiation on the surface of the LC cell, some of
the photo-polymerisation-type acrylic monomers

-

LC infusion direction

ITO glass substrate

A, B acrylic copolymer film

Figure 9. Vertical alignment mechanism for LC molecules
(colour online).

Copolymer film

4

ITO glass substrate

20kV  X10,000 1pm

Copolymer film

/

ITO glass substrate

20kV  X12,000 1pm

Figure 10. Scanning electron microscopy pictures of the
vertical alignment copolymer films (VACOF) (with acrylic
monomer B content of 0.30 wt%). (a) The upper and (b) the
lower VACOF on the surface of the ITO glass.

congregated towards the direction of UV irradiation
while the rest would be precipitated (likely due to its
micro-gravity) [127, 152] and deposited on the lower
glass substrate surface to form double-layered
VACOF. Therefore, from POM and SEM observa-
tions, we verified that VACOF with smooth surface
would be formed on the glass substrate surface after
UV light irradiation treatment. However, when the
LC cell was taken apart, the VACOF was very thin
and damage to the alignment film surface was likely to
occur (Figure 10 (a) and (b)).

The difference in the photo-alignment technology
we proposed and the model by Kumar et al. is that
there is no need for processes such as the coating of
polymer alignment agent, rubbing alignment, etc., for
both the upper and lower glass substrate surfaces in
our experiment. The most unique feature was the
observation by SEM of VACOF on both the upper
and lower double layers of the glass substrate surface.
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Therefore, we boldly postulate that similar effects
occurred during the studies of Kumar ez al. In other
words, during the polymerisation-induced phase
separation of the photo-polymerisation-type mono-
mer and LC mixture systems, while most of the
photo-polymerisation-type monomers congregated
toward the direction of UV light irradiation, the rest
would be precipitated due to micro-gravity effects and
deposited on the polymer alignment film surface of the
lower ITO glass substrate coating.

In addition, according to the surface tension (A7)
relationship between liquid and solid proposed by
Creagh et al., one can infer that the LC molecules
were either horizontally or vertically aligned, as
described by (see [153, 154]):

Ay =L — s, 4)

where v and ~g are the surface tension of the liquid
(LC) and solid (alignment film), respectively. One can
deduce the alignment of the LC molecules from the
positive or negative value of A+, i.e. when v > ~s, the
LC molecules are vertically aligned. For the converse,
they would be horizontally aligned. From Equation
(4) and the experimental results and observations, one
can infer that the surface tension of the LC molecules
was greater than that of the VACOF, which was one of
the reasons for the vertically aligned state of the LC
molecules.

3.3 Electro-optical properties of the NLC?2 system

We next measured the transmittance and contrast ratio
of the LC cell, as shown in Figure 11 (a) and (b). The
threshold voltage (Vy,), driving voltage (V,,), as well as
contrast ratio of LC cells with different mix ratios are
shown in Table 4. Figure 11(a) shows that when the
acrylic monomer B content of the LC mixture solution
was 0.30 wt%, the transmittance was the highest, due to
the better uniformity of the VACOF formed. In the
absence of an applied voltage, the LC molecules were
neatly vertically aligned on the VACOF surface (pre-
sumably due to the appropriate quantities of alkyl side
chain per unit surface area present in the acrylic mono-
mer Acio) [152]. Under the influence of an electric field,
the LC molecules assumed a uniform arrangement, and
became tilted towards the same direction. Under a
crossed POM, the transmittance ratio of the dark
state measured in the absence of an applied voltage
was lower than those of the other groups.

Conversion by Equation (2) yielded a contrast
ratio of up to 1300:1 (if one can further increase the
intensity of the incident light source in a sufficiently
dark state, one could presumably increase the contrast
ratio significantly), as shown in Figure 11(b) and
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Figure 11. The results of the transmittance and contrast
ratio measurements of the LC cells. (a) Transmittance vs.
applied voltage, and (b) contrast ratio versus acrylic
monomer B content (colour online).

Table 4. Threshold voltage, driving voltage and contrast
ratio of the NLC2.

NLC2 (B wt%) Vin (V) Von (V) Contrast ratio
0.28 1.52 2.22 619:1
0.29 1.61 2.24 958:1
0.30 1.64 2.27 1300:1
0.31 1.73 2.30 624:1
0.32 1.79 2.37 401:1

Table 4. Thus, we concluded that the uniformity of
the VACOF at this ratio was better than those of the
other groups and yielded the highest contrast ratio.
Also, by Equation (5), one can calculate the theoreti-
cal value of the V', of the LC used in the experiment to
be ~2.22 V [182, 183]:

Vth =1 /Keff/80|—A8|7 (5)

where VY, is the threshold voltage of the LC, K is the
effective elastic constant, ¢ is the free space permittiv-
ity and Ae is the dielectric anisotropy of the LC. From
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Equation (5), we can see that V, does not depend on
the cell thickness.

Comparison of the theoretical and experimentally
measured values of the LC (Table 4) revealed that the
LC mixture system used in this study lowered the V',
of the LC (Equation (5)). After the LC cell had under-
gone photo-alignment, the weaker anchoring energy
or larger pre-tilt angle of the alignment film surface
could effectively reduce the Vy, and achieve rapidly
driven display effects [126, 184—187]. In addition, we
surmised from Equation (5) that the K.y of the LC
itself increased with the incorporation of the acrylic
monomer. The VACOF thus formed was not an
electro-conductive material; therefore, as the align-
ment film became thicker, the applied voltage required
also became larger. The increase of the acrylic mono-
mer content is thus also a factor affecting the magni-
tude of the Vy,.

Thereafter, for the response time measurement, we
defined the rise time (77) of the LC molecules to be the
time required for the transmittance to rise from 10% to
90% as the dark state shifts to the bright state, and the
fall time (77) to be the time required for the transmit-
tance to fall from 90% to 10% as the bright state shifts
to the dark state, as shown in Figure 12. The T, and Tt
of the LC molecules are given by the following equa-
tions (see [182, 183]):

A

Voltage (V)

Transmittance (a.u.)

T, = m dz/(80|—A8| Vz—Kefchz)7 (6)

Tf = nldz/Keffﬂfzﬁ (7)

where 7); is the rotation viscosity of the LC and V'is the
applied voltage. One can see from the response time
measurements in Table 5 that 7y was slightly larger
than T,.

The main reason was that the rise time is the
time required for the LC molecules to generate elec-
tro-optical effects after being acted on by the elec-
tric field, while the fall time is the time required for
the LC molecules to be restored to their original
locations on their own after removal of the electric
field. Therefore, Equation (7) does not involve the
applied voltage. However, from Equations (6) and
(7) we can see that when using the same LC materi-
als, the physical parameters of the LC itself aside, T
and Ty are proportional to the square of the cell
thickness d. Therefore, using a smaller cell thickness
would increase the total response time of the LC
cells.

Since the anchoring energy of the alignment film
surface formed after UV light irradiation was weaker
[126, 183, 184], the time required for vertical rotation
of the LC molecules was shorter. Therefore, the T,
measured for each group of LC cells was around
8-9 ms. When the electric field was removed, the
time required for the LC molecules to return to
their original locations was slightly longer than the
rise time. However, from our experimental results,
changing the ratio of the photo-polymerisation-type
acrylic monomer in the LC would likely increase the
K¢ but would not have much impact on the viscos-
ity of the overall system. The total response times
ranged from around 16 to 18 ms (Figure 13 and
Table 5), and were consistent with the current
response speed required in LCDs. In addition, the
magnitude of the dielectric anisotropy is one of the
factors affecting the response time, threshold voltage
and driving voltage.

Table 5. Response time measurements for the NLC2.

Time (a.u.)

Figure 12. Definition of the rise time and fall time of the LC
molecules.

NLC2 Rise time Fall time Total response time
(B wt%) (ms) (ms) (ms)
0.28 8.13 8.21 16.34
0.29 8.18 8.35 16.53
0.30 8.21 8.50 16.71
0.31 8.58 8.88 17.46
0.32 8.73 9.13 17.86
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Figure 13. The measurement of the response time with the
acrylic monomer B content at 0.30 wt%.

3.4  The interaction of alkyl acrylic monomers with
different carbon chain lengths with the LC and the
study of resulting electro-optical characteristics

The VA of the LC molecules and the electro-optical
characteristics, when alkyl acrylic monomers with dif-
ferent carbon chain lengths were attached to the main
chain type acrylic monomer B, were investigated. We
mixed alkyl acrylic monomer A with three different
carbon chain lengths (Acs, Acio, Aci4) in this experi-
ment to obtain the NLC1, NLC2 and NLC3 LC mix-
ture systems, respectively, with the ratios as shown in
Table 2. From the interactions between the LC mole-
cules and the alkyl carbon chain [71, 157, 158], one can
infer that the longer the alkyl carbon chain length, the
better the solubility of the oxygen-alkyl side chains
with the LC molecules (the stronger the mutual inter-
actions, the larger the contact area with the alkyl
carbon chain, and thus the greater the van der Waals
force) [17, 25, 67, 152, 181]. This way, the LC mole-
cules could be more easily vertically aligned on the
VACOF surface; in short, one could control the pre-
tilt angle of the LC molecules by changing the alkyl
carbon chain length [22, 71, 154, 162].

After UV light irradiation for ~15 min, the NLCl1,
NLC2 and NLC3 LC mixture systems were further
observed under the POM (Figure 14). One could see
that for the NLCI mixture system, due to the shorter
alkyl carbon chain for NLC1, the contact area with the
LC molecules was smaller, and the mutual interactions
were lower. Therefore, from this result and Equation
(5), one could infer that the anchoring energy for the
VACOF was weaker.

Other than slightly reducing the V4, and V,,, (Table 6),
the shorter alkyl carbon chain of the NLCI1 system
also affected how the LC molecules were vertically
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aligned on the VACOF surface. Therefore, in the
absence of an applied voltage, the overall dark state
was not dark enough due to minor light leakage in
the LC cell (Figure 14(a), V' = 0). Also, when the
LC molecules were rotated, minute discontinuous
black stripes (schlieren structure) would be formed,
resulting in a multi-domain rather than a uniform
single-domain image for the LC cell (Figure 14(a),
Vsat = 6 V). The transmittance and CR were further
reduced, as shown in Figure 15 and Table 6.

In addition, observation of the NLC3 mixture sys-
tem under POM in the absence of applied voltage
revealed that the measured transmittance of the dark
state was similar to that of the NLC2 (Figure 14(c),
V' = 0), but the LC molecules also exhibited slight
defects after rotation by the electric field (Figure
14(c), Vi = 6 V). Most likely, the longer (and thus
more flexible) alkyl carbon chains of the NLC3 (Ac4)
led to some of them being entangled, resulting in the
formation of defects and lowering slightly the trans-
mittance and CR (Figure 15 and Table 6). In addition,
the longer alkyl side chains of the NLC3 resulted in a
larger anchoring energy, and the slightly larger mea-
sured values of the V7, and V,, than for NLC1 and
NLC2 [126, 184, 185].

Finally, from the definition of Figure 12, we mea-
sured the response time of the three LC mixture
systems NLC1, NLC2 and NLC3 (Table 7). For the
NLC1 mixture system, the anchoring energy was
weaker due to the shorter alkyl carbon chains, and
the time required for the rotation of the LC molecules
by the electric field was shorter (7, ~ 7 ms). When the
electric field was removed, the time taken for the LC
molecules to return on their own to the original loca-
tions was longer (7¢ ~ 11 ms). Increasing the alkyl
carbon chain length therefore enhances the overall
anchoring energy of the VACOF surface and accel-
erates the response time. From the preliminary
results in this section, we therefore concluded that a
mixture system with the appropriate alkyl carbon
chain length, such as the NLC2 mixture system,
would yield better electro-optical properties than
say NLC1 and NLC3.

4. Conclusions

Based on the report by Kumar et al., we know that the
effective control of parameters such as the UV light
irradiation, curing temperature and cell thickness
would yield PSCOF with smooth surface. Therefore,
in this study, we attempted to obtain structures such as
VACOF with smooth surface by replicating their
experimental procedures. In the experiment, we
mainly mixed different types of acrylic monomers
and photoinitiator at the proper ratios, and created
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Figure 14. Polarising optical microscopy of the 3 LC mixture systems: NLC1, NLC2 and NLC3. (a) Acs, (b) Acio, (€) Acs

display state before and after applied voltage.

Table 6. Threshold voltage, driving voltage and contrast
ratio of the three LC mixture systems: NLC1, NLC2 and
NLC3.

LC mixture system Vin (V) Von (V) Contrast ratio
NLC1 1.57 2.20 650:1
NLC2 1.64 2.27 1300:1
NLC3 1.69 2.33 1050:1

double-layered VACOF with the use of polymerisa-
tion-induced phase separation and UV light irradia-
tion, to simulate such traditionally used PI methods as
the polymer alignment film. We also conducted

further studies of the electro-optical properties for
the VA system.

First, from the experiment, we found that when the
LC mixture solution was infused into the empty cell,
the directional flow of the solution resulted in effects
similar to rubbing alignment, enabling the LC mole-
cules to be aligned toward the same direction. After
UV light irradiation and application of a voltage on
the LC cell, the LC molecules exhibited an overall
uniaxial orientation and yielded a uniform single
domain, a preliminary identification of the photo-
alignment mechanism for the LC molecules. In the
NLC?2 system, we found that when the content of the
acrylic monomer B was 0.3 wt%, the contrast ratio
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Figure 15. The results of the transmittance and contrast
ratio measurements of the three LC mixture systems:
NLCI1, NLC2 and NLC3. (a) Transmittance versus applied
voltage, and (b) contrast ratio versus acrylic monomer B
content.

Table 7. Response time measurements for the three LC
mixture systems: NLC1, NLC2 and NLC3.

LC mixture Rise time Fall time Total response
system (ms) (ms) time (ms)
NLCI 7.13 10.79 17.92
NLC2 8.21 8.50 16.71
NLC3 8.03 8.33 16.36

reached a value of around 1300:1. The presence of
appropriate quantities of the alkyl side chain on the
VACOF surface had resulted in the optimum VA state
for the LC molecules. After the mixing of the LC with
the acrylic monomer, the threshold voltage (7};,) of the
LC was significantly reduced due to the weaker
anchoring energy of the photo-alignment film surface,
resulting in fast driving and energy efficiency. In addi-
tion, the total response time of the NLC2 system was
around 16-18 ms, and consistent with the current
needs and applications for LCDs.

This study also examined in-depth the interactions
between the LC molecules and alkyl acrylic monomers
with different carbon chain lengths. From our experi-
ment, the alkyl carbon chain length wields consider-
able impact on the VA state of the LC molecules. For
the NLCI system, due to the shorter alkyl side chains
for the VACOF, there existed smaller contact area
with the oxygen-alkyl side chains of the LC molecules.
The smaller mutual interaction resulted in a smaller
anchoring energy, and thus the VA of the LC mole-
cules as a whole was poorer. This in turn affected such
electro-optical properties of the LC cell as transmit-
tance, contrast ratio and the total response time. In
comparison to the NLC3 system, we also found that if
one were to improve these shortcomings, in addition
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to enhancing the anchoring energy of the alignment
film surface, increasing the alkyl carbon chain length
alone would not suffice and alkyl carbon chains of the
appropriate length are also needed. Summarising the
above preliminary experiment results, we believe that
this photo-alignment technology holds great potential
and promise for future applications, and we look for-
ward to using this technology to produce LC devices
with characteristics such as high contrast ratio.
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