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We investigated the homeotropic (or vertical) liquid crystal (LC) alignment properties
in a LC and photocurable monomer mixture system through UV irradiation. Different
homeotropic LC alignment behaviors were observed depending on the type of photocur-
able monomers and UV irradiation time. The LC alignment behavior showed a good
correlation with the wettability of the alignment films due to surface morphology on
the alignment layer surfaces by photopolymerization-induced phase separation. The
electro-optical characteristics of the LC cells fabricated with these polymer films were
as good as or even better than those fabricated from rubbed polyimide (PI) films, the
most commonly used LC alignment layers.

Keywords Liquid crystals; optical properties; polymers; thin films

1. Introduction

The mechanical rubbing of polyimide (PI) has been widely studied as a method of fabri-
cating liquid crystal (LC) alignment layers, due to its simplicity and rapidity, where the
LCs are aligned parallel to the rubbing direction [1, 2]. However, the rubbing process has
disadvantages such as electrostatic discharge, dust generation, and physical damage to the
alignment layer surfaces.

Noncontact methods of LC alignment have been investigated in order to overcome
the disadvantages of the rubbing method [3–7]. Photoalignment has been taken a notice of
promising noncontact alignment methods to be used for the next generation LC displays,
including flexible ones, due to its various advantages such as its cleanness, suitability for
large substrates, and unrestrictedness to surface morphology. A number of polymers having

∗Address correspondence to H. Kang, Tel.: +82 31 8061 1158. E-mail: kangh001@snu.ac.kr;
and D. Kang, Tel.: +82 2 820 0642. E-mail: dkang@ssu.ac.kr

Color versions of one or more of the figures in the article can be found online at
www.tandfonline.com/gmcl.
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102 H. Kang et al.

various photoreactive groups for photoisomerization, photodimerization, and photodegra-
dation have been studied for photoalignment layers [3, 4, 6].

Generally, homeotropic (or vertical) LC alignment was observed by using PI deriva-
tives having long alkyl or alkyloxy groups, such as semi-flexible copolyimides contain-
ing n-octadecyl side groups and (n-decyloxy)biphenyloxy side groups [8–10]. Recently,
homeotropic LC alignment was also achieved by using comb-like polymers, by irradiating
photoreactive polymers with UV light, or by fabricating micro and nanostructures [11–17].

Here, we studied a novel method to obtain the homeotropic alignment using LC and
photocurable monomer mixture systems, in which the homeotropic alignment was induced
on the phase-separated polymer thin film through UV irradiation. Well defined condition
for the homeotropic alignment and the electro-optical properties of the novel alignment
layers was also included.

2. Experiment

2.1 LC Alignment Process and LC Cell Assembly

We prepared a mixture of a negative dielectric anisotropic LC, MLC-7026-000 (ne =
1.5577, no = 1.4755, and �ε = –3.7, Merck Co., Pyeongtaek, Korea) and photocurable
monomer, NOA61 and NOA65 (Norland Products Inc., Cranbury Township, USA), in
a weight ratio of 95 to 5. The LC and photocurable monomer mixtures were infiltrated
into empty cells that were made of two indium-tin-oxide (ITO) coated glass substrates
separated by 4.5 μm spacers. The LC and photocurable monomer mixture cells were then
exposed under an unpolarized UV light for 1, 3, 5, and 10 min at 30 mW/cm2 (λ∼365 nm).
Pre-imidized alignment agent (AL60101, Japan Synthetic Rubber Co., Tokyo, Japan) film
was fabricated by spin-coating (3000 rpm, 20 sec) onto ITO coated glass substrates. The
AL60101 films were prebaked at 70◦C for 5 min and then were fully baked at 200◦C for
60 min. The polymer films were rubbed using a rubbing machine (RMS-50-M, Nam Il
Optical Components Corp., Incheon, Korea). The cells were filled with MLC-7026-000, in
isotropic state to avoid creating flow alignment by the capillary action. The manufactured
LC cells were sealed with epoxy glue.

2.2 Instrumentation

For scanning electron microscope (SEM) and contact angle measurement, the sample was
made by separating ITO coated glass substrates of LC cell and removing the LC on sub-
strates. The contact angles of distilled water on the sample films were determined with a
Kruss DSA10 contact angle analyzer equipped with drop shape analysis software. Differ-
ential scanning calorimetry (DSC) was carried out on a TA Instruments 2910 Differential
Scanning Calorimeter. The heating and cooling rates were 10 ◦C/min. The Tni are taken at
the maxima point (endothermic peaks) in the change in heat capacity with temperature in
the DSC thermogram. All thermal transitions were read from reproducible second or later
heating scans and first or later cooling scans. The cell gap was measured before filling the
LC and photocurable monomer mixture using a spectrophotometer (S2000, Ocean Optics,
Dunedin, USA). The polarized optical microscopy (POM) images of the LC cell were taken
using an optical microscopy (ECLIPSE E600 POL, Nikon, Tokyo, Japan) equipped with
a polarizer and digital camera. Electro-optical properties of the LC cells were investigated
using optical apparatus equipped with a He–Ne laser, polarizer, analyzer, and a photodiode
detector. The voltage-transmittance (V-T) was measured from the LC cell using the same
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104 H. Kang et al.

Figure 2. Orthoscopic and conoscopic (inset) POM images of the LC/NOA65 mixture cells with
the LC and NOA65 mixture ratio ranging from (a) 99:1, (b) 97:3, (c) 95:5, (d) 90:10, and (e) 80:20,
respectively, under following UV irradiation for 10 min.

method as that reported by others [18, 19]. The threshold voltage (V th) in the V-T curve
are defined as the voltages at which the transmittance was increased to 10% of the initial
transmittance value [18, 19]. The response times are measured by periodically applying
a square voltage (10 V) pulse width different amplitude to the LC cell by an arbitrary
waveform function generator (Sony Tektronix, AFG320). The rising (T r) and falling (T f)
response times for the white-to-black and black-to-white changes, respectively, are defined
as the time to transition from 10% to 90% transmittance and vice versa [18, 19]. The total
response time (T t) is determined by the average of T r and T f.

3. Results and Discussion

Alignment behavior may be determined according to the nature of the LC and photocur-
ble monomer to be used in the cell. Two commercially available photocurable materials
(UV curable polyurethane-related monomers) such as NOA61, NOA65 having nonpolar
characteristics were selected in order to obtain the homeotropic LC alignment properties.

Figure 1 shows orthoscopic and conoscopic (inset) POM images of the LC/NOA65
and LC/NOA61 cells with a 95/5 mixture ratio under the following UV irradiation times:
1, 3, 5, and 10 min under UV exposure with an intensity of 30 mW/cm2 (λ∼365 nm). First
of all, at up to 5 min UV exposure, the LC/NOA65 cells showed homeotropic alignment
with only a few defects. Uniform homeotropic alignment was not observed during shorter
exposure times due to the incomplete photopolymerization. After 10 min, LC/NOA65 cells
showed a complete homeotropic alignment without any noticeable defects. However, in
the case of the LC/NOA61 mixture cell, the clear homeotropic LC alignment was not
observed, because of incomplete phase separation between LC and NOA61 the interfaces.
The photoproducts including monomer remained in the bulk LC might become defect
image after UV exposure (Figs. 1(e)–(h)). We tried to observe the transition temperature
of neat MLC-7026-000, LC in the LC/NOA65 cell after UV irradiation for 10 min, and
LC in the LC/NOA61 cell after UV irradiation for 10 min using DSC thermogram. The
Tni of the MLC-7026-000 was observed at around 80◦C. We could not observe distinct
changes of DSC thermogram between the neat MLC-7026-000 and LC in the LC/NOA65
cell after UV irradiation for 10 min. However, in case of the LC in the LC/NOA61 cell,
weak endothermic peaks induced by the photoproducts remained in the bulk LC as well as
strong endothermic peaks induced by the MLC-7026-000 was observed, respectively.

The POM image of the LC cell made from LC/NOA65 mixture in a weight ratio 99:1,
exhibited homeotropic alignment with some defects, as shown in Fig. 2(a). The LC cells
fabricated with a weight ratio of 97:3 and 97:5 showed an uniform homeotropic alignment
over the whole area, as shown in Figs. 2(b) and 2(c). However, LC cells fabricated with
higher photocurable monomer contents (90:10 and 80:20) showed alignment with many
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Liquid Crystal and Photocurable Monomer System 105

Figure 3. The schematic illustration of homeotropic LC alignment from the phase separated polymer
film through UV irradiation; (a) before UV irradiation, (b) after UV irradiation.

defects. In case of the higher photocurable monomer contents, the photopolymerization-
induced phase separation generates a fibrillar network and/or elongated domain of the
photoproducts in the bulk, which hinders the uniform LC alignment.

Figure 3 illustrates the possible scenario of phase separation of the LC and the photocur-
able monomer mixed in the isotropic state (Fig. 3(a)). When the LC cell is irradiated using
an unpolarized UV light, the photocurable monomer is cured, and the LC/photocurable
mixture undergoes photopolymerization-induced phase separation in the vertical direction.
The phase separation in the LC/photocurable mixture is believed to be induced by the
differences in the surface energy of each component [20, 21]. At a certain UV irradiation
condition, a photocured polymer network forms on the substrates and the LC molecules
orient vertically from the surface as shown in Fig. 3(b).

The surface morphology and wettability of the film were measured using SEM
(Fig. 4) and a contact angle measurement (Fig. 5), respectively, in order to confirm
the mechanism of the homeotropic alignment in the LC/photocurable monomer mixture

Figure 4. SEM images of the (a) spincoated pure NOA65, the (b) top and (c) bottom substrate of the
95:5 LC/NOA65 mixture cell and (d) spincoated pure NOA61, the (e) top and (f) bottom substrate of
the 95:5 LC/NOA61 mixture cell.
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106 H. Kang et al.

Figure 5. Water contact angle images of the spincoated pure NOA65, the top and bottom substrate
of the 95:5 LC/NOA65 mixture cell and spincoated pure NOA61, the top and bottom substrate of the
95:5 LC/NOA61 mixture cell.

cell via phase separation. The top and bottom substrates of the LC cells were care-
fully separated and the LC on the substrates was selectively removed using solvents.
Figures 4(b) and 4(c) show the SEM images of the top and bottom substrate of the
LC/NOA65 mixture cell, respectively. In those images, the gravel texture from the phase
separated NOA65 can be observed at the top substrate, while the network pattern can
be seen at the bottom substrate. However, as shown in SEM images (Figs. 4(e) and 4(f)),
sparse gravel texture was observed from the top and bottom substrate of a LC/NOA61
mixture cell due to the incomplete phase separation between LC and NOA61. The pho-
topolymerization rate of thiol−ene-based photocurable monomers such as NOA65 and
NOA61 is higher at the region located close to the UV light source. Therefore, more
photocurable monomers are reacted at there, generating a gradient of the photocurable
monomer concentration, thereby inducing a migration (or diffusion) of the photocurable
monomer from the bulk to the irradiated substrates and also a migration of the LC molecules
in the opposite direction. We believe that the migration rate difference between the pho-
tocurable monomers and LCs affected by the intrinsic properties such as surface tension
and viscosity of the each component is important. The migration rate difference between
LC and NOA65 was sufficient for complete phase separation and thus gravel and network
patterns were observed from the top and bottom substrate of a LC/NOA65 mixture cell, re-
spectively. However, the migration rate difference between LC and NOA61 was insufficient
for complete phase separation and thus sparse gravel pattern was observed at both the top
and bottom substrates of a LC/NOA61 mixture cell. To compare the surface morphology,
we performed a contrast experiment using substrates coated with pure NOA65 and NOA61
film. Figures 4(a) and 4(d) show the surface texture of the substrate of the pure NOA65
and NOA61 film, respectively. As can be seen, the pure NOA65 and NOA61 surfaces
are smooth without any noticeable patterns. This SEM results confirm that the gravel and
network patterns were obtained through the phase separation process via UV irradiation.

The water contact angle of pure NOA65 film was found to be 54.0◦ while the water
contact angles of the top and bottom substrates of the LC/NOA65 mixture cell were
found to be 93.0◦ and 89.2◦, respectively, as shown in Fig. 5. The water contact angle
increases by 39.0◦ and 35.2◦ in the top and bottom substrates. It has been well known
that a low surface energy or low wettability results in high water contact angles [22].
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Liquid Crystal and Photocurable Monomer System 107

Figure 6. Voltage-transmittance (V-T) curve of the LC cells fabricated using the UV treated
LC/NOA65 mixture and rubbed polyimide film.

Generally, the LC molecules are oriented vertically with respect to the substrate if the
surface energy of the substrate (γ s) is smaller than that of LC (γ L) [23]. In this system,
polymer gravel and network patterns resulting from the phase separation of LC/NOA65
mixture via photopolymerization increase the surface roughness and, thereby, induce a
higher water contact angle. As a result, homeotropic LC alignment was obtained in the
LC/NOA65 cells, where network or gravel morphologies had formed at the substrates due
to phase separation. On the other hand, the water contact angle of the substrate of pure
NOA61 film was found to be 65.8◦ while the water contact angles of the top and bottom
substrates of the LC/NOA61 mixture cell were found to be 82.9◦ and 74.5◦, respectively.
The water contact angle increases by 17.1◦ and 8.7◦ in the top and bottom substrates.
Conclusively, the substrates of the top and bottom of the LC/NOA61 mixture cell and the
pure NOA65, NOA61 film induce random tilted and planar alignment of the LC molecules
due to their relatively low water contact angles.

The electro-optical performance of the LC cells fabricated using the UV treated
LC/NOA65 mixture cell and rubbed PI film (AL60101 from Japan Synthetic Rubber Co.,
Ltd.) was determined by measuring the voltage-transmittance (V-T) curve and response
time values using the same condition (Fig. 6 and Table 1). In this study, same nematic LC
with a negative dielectric anisotropy, MLC-7026-000, which shows a suitable switching
behavior for vertical alignment (VA) mode, was used. At first, we measured the pretilt
angles of the LC cells made from LC/NOA65 mixture and rubbed PI film. The pretilt
angles about 90◦ and 89.5◦ of the LC cells made from LC/NOA65 mixture and rubbed PI
film was observed, respectively. The LC/NOA65 cell has a lower operating voltage and
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108 H. Kang et al.

Table 1. Threshold voltage and response time values of the LC cell

Response time (ms)
Threshold voltage (V)

Sample V th T r T f T t

LC/NOA65 3.4 15 10 12.5
AL60101 3.8 26 12 19

faster response time than those of the LC cell made from the rubbed PI film. For example,
the V th value (3.4 V) of the LC/NOA65 mixture cell was lower than those of the LC cell
fabricated with the rubbed PI films (V th = 3.8 V), possibly due to the anchoring energy
effects of the alignment layer surfaces [18, 24] and/or doping effect induced by unreacted
photocurable monomer and partially reacted photocured products in LC mixtures [25]. The
response times, T r of 15 ms and T f of 10 ms, for the LC/NOA65 mixture cell are faster than
those, T r of 26 ms and T f of 12 ms, for the rubbed PI film, possibly due to the dielectric
and anchoring energy effects of the alignment layer surfaces [18, 24] and/or doping effect
induced by unreacted photocurable monomer and partially reacted photocured products
in LC mixtures [25]. The electro-optical performance of the LC cell from the UV treated
LC/NOA65 mixture was as good as or even better than that from the rubbed PI film, which
suggests that these novel alignment films can be used for LC display applications. There-
fore, we believe that these polymer films can be good candidates as an alignment layer for
flexible LC display applications, such as VA mode.

The thermal stability of the LC cells made from the LC/NOA65 mixture was estimated
from the POM images after heating the LC cell for 10 min at various temperatures, such as
100, 150, 200, and 250◦C, respectively (Fig. 7). The POM images of the LC cells fabricated
with these films indicate that the homeotropic LC aligning ability was maintained when
heated for 10 min at 250◦C. Therefore, the processing temperature of this polymer for LCD
applications should be below 250◦C.

Recently, considerable effort has been made to develop plastic substrates for flexible LC
displays [26]. All of the LC cells made from the LC/NOA65 mixture on PET (polyethylene
terephthalate) substrates exhibit similar LC alignment behavior compared with the LC cells
made from same alignment films on ITO substrates as previously shown in Fig. 1. We

Figure 7. POM images of the UV treated LC/NOA65 mixture cells with annealed for 10 min at (a)
100◦C, (b) 150◦C, (c) 200◦C, and (d) 250◦C.
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Liquid Crystal and Photocurable Monomer System 109

Figure 8. Pretilt angles of the UV treated LC/NOA65 mixture cells on PET substrate as a function
of number of bending.

found that the LC cells fabricated using the phase separated NOA65 films on plastic PET
substrates show homeotropic LC alignment behavior. For example, the photo images of
the LC cell made from the NOA65 film on the PET substrate clearly show homeotropic
LC alignment behavior (inset image of the Fig. 8). Furthermore, this LC cell showed very
nice homeotropic LC aligning ability with a high pretilt angle of about 90◦ which was
maintained after bending it 100 times (Fig. 8). Therefore, these films can be considered as
candidate LC alignment layers for flexible LC displays, such as in VA mode applications.

4. Conclusions

A novel method for the homeotropic (or vertical) LC alignment in the LC and photocurable
monomer mixture cell by using the UV irradiation was investigated. We observed the
alignment transition of the cells by varying the mixing ratio of LC/photocurable monomer
and UV irradiation time and photocurable type. We also found that surface morphology
plays an important role in the formation of the homeotropic LC alignment. The homeotropic
LC alignment behavior was correlated well with the wettability of the alignment films due to
the surface morphology such as gravel and network patterns on the alignment layer surfaces
by photopolymerization-induced phase separation. Good electro-optical properties were
observed for the cells made from the LC and photocurable monomer mixture. For example,
the V th and response time of these LC cell were 3.4 V and 12.5 ms, respectively, indicating
that these LC cells were similar to those fabricated from rubbed PI films. Therefore, these
novel methods provide great potential for application in flexible LC devices using vertically
aligned LCs.
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