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Abstract

The polymer-stabilized vertically aligned (PS-VA) liquid crystal display (LCD) driving mode
has high potential for manufacturing low power consuming displays due to the higher
transmittance and fast response as compared with the existing patterned vertically aligned and
multi-domain vertically aligned modes. In this paper we have investigated the reaction
mechanisms of monomer—liquid crystal blends to form a surface pre-tilt angle of liquid crystal
in vertical alignment LCD associated with a fishbone electrode structure. The observed sizes
of polymer bumps formed on the substrates were found to be dependent on the exposed UV
wavelength and were almost equal in both top and bottom substrates. When a large UV
wavelength was used, the phase separation mechanism of monomer in PS-VA mode was found

nearly isotropic rather than anisotropic in contrast to the previous studies.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The market of liquid crystal displays (LCDs) has grown
rapidly in recent times due to the dual effects of performance
enhancement and price reduction. From the performance
viewpoint, fast response time, wide viewing angle and high
contrast ratio are the key requirements for high-quality LCDs.
The liquid crystal (LC) modes used for manufacturing display
devices can be broadly divided into two distinct categories in
accordance with the initial alignment of LC molecules and the
direction of the applied electric field. One is the homogeneous
alignment mode which uses in-plane and fringe electric fields
to rotate the LC director almost in plane, called in-plane
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switching [1] and fringe-field switching [2—-6], respectively.
The other is rubbing-free vertical alignment (VA) [7-9] mode
in which many different approaches are commercialized. In
particular, VA mode has realized excellent dark state because
the polarization state of the incident linearly polarized light is
not changed while passing through the LC layers. Achieving
a good dark state is very important in display applications and
hence a number of display manufacturing companies employ
VA mode for manufacturing large-sized displays. The VA
mode can be divided into a few categories depending on
the controlling schemes of LC domains such as patterned
VA [10, 11] using the patterning of transparent electrodes,
multi-domain VA [12, 13] using the protrusion. However,
some drawbacks have been pointed out in these VA display

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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modes such as transmittance loss due to improper control of
LC domains and slower response time due to random motion of
vertically aligned LC molecules [14]. Recently, photo-aligned
UV vertical alignment [15] (UV?A) and polymer-stabilized
vertical alignment (PS-VA) [16-21] modes in which surface tilt
angle instead of perfect VA is defined over the whole surface are
introduced to improve the performance of VA mode displays.
In PS-VA mode, a small amount of ultra-violet (UV)
curable monomer is added to the LC mixture and then the
cell is exposed to UV radiation applying a voltage larger
than the threshold. Then phase separation of the monomer
from the LC mixture occurs during UV exposure. In fact,
before PS-VA mode, several LC modes such as polymer-
dispersed LC, polymer-stabilized nematic LC, phase-separated
composite organic film (PSCOF) [22,23] and so on, which
exploited the advantage of UV curing for producing displays,
were proposed. In the case of PSCOF, phase separation
mechanism is explained by a photo-polymerization-induced
phase separation. The UV-curable monomers move to the
glass substrate nearest to the UV exposure in this case and are
polymerized on that surface, and this is called anisotropic phase
separation. However, our studies on the PS-VA mode have
confirmed that the surfaces of the top and bottom substrates
have nearly the same polymer bump density. Therefore,
the phase separation mechanism is totally different from the
anisotropic phase separation, as we have reported in this
paper. Here, we report the reaction mechanism of UV-curable
monomers according to the wavelength of UV and investigate
the surface morphology formed by the polymerized monomers
using scanning electron microscopy (SEM) measurements.

2. Experimental

The cell for the present investigation was prepared by
sandwiching a couple of transparent indium tin oxide (ITO)
coated glass substrates. The ITO coating was patterned in
a fishbone shape on the bottom substrate; however, the top
substrate was made of plain ITO-coated glass. A cell gap of
3.5 um was uniformly maintained using plastic ball spacers.
The top view of the micro-slit structure of PS-VA mode is
shown in figure 1. The polymer type of VA layer was coated
on both substrates with a thickness of 1000 A. The fishbone
structure allowed the LC molecule to tilt symmetrically in all
quadrants over the electrode in the presence of a sufficient
field. The fishbone electrode conditions were as follows:
the width of the slit electrode (w) was 3 um and the inter
electrode distance (/) was 4 um. The present investigation
was carried out using the LC mixture obtained from Merck
(Korea), having a negative dielectric anisotropy (A¢) of —3.2,
birefringence (An) of 0.1 and nematic to isotropic transition
temperature of 80°C. A commercial diacrylate monomer of
0.5 wt% called reactive mesogen (RM) was added to the host
LC mixture and filled into the previously discussed cell. The
polymerization process for device fabrication was investigated
under different UV wavelengths of 365, 334 and 313 nm, using
a high-pressure mercury UV lamp attached with various band
pass filters. The intensity of UV light was controlled from
30 to 100mW cm™? by tuning the ac power attached with

Figure 1. Micro-slit structure of PS-VA mode.

this experimental set-up. The SEM imaging of the cells was
performed after removing the LC using n-hexane solvent. The
phase retardation values of the prepared devices were measured
using 69050-axo (Axometrics Co.) which led us to estimate
the surface pre-tilt angles under different UV conditions.

3. Results and discussion

In the PS-VA mode, the alignment surface induces surface
tilt angle uniformly on LC molecules by polymerization of
monomer in the LC mixture with UV curing and the formed
polymer grains on the surfaces are evenly distributed over the
whole LC layer. However, the mechanism of polymerization
process has never been clearly reported. The following
equation demonstrates the critical factors of a polymerization
reaction:

—d[M]
dr

12
—> [M]oe X2 (1.1)

where [M] and R, are the total concentration of UV curable
monomer and the polymerization rate, kp, kg and k; are the
propagation, initiation and termination rate constants, [M]
is the initial concentration of the UV-curable monomer, ¢
is the quantum yield of initiation, I, is the initial intensity
of light, ¢ is the molar absorptive extinction coefficient and
b is the cell thickness. This equation provides the way to
control the polymerization process by controlling the rate
of polymerization using easily tunable parameters, such as
monomer concentration, intensity of incident light and cell
gap. Hence the polymerization process can be optimized by
tuning these variables.

The monomer structure is composed of a pair of benzene
rings and additional functional groups at terminal positions as
shown in figure 2. The absorption spectra of the monomer
are determined in 0.0001M1~! acetone solution using an
absorption spectrometer, and are depicted in figure 3. The
monomer absorbs UV radiation and hence the spectrum is
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peaked at a wavelength less than 300nm. As the photo-
polymerization rate strongly depends on the energy of incident
radiation, the polymerization process can be accelerated at
wavelengths less than 300nm and in the 365 nm range of
wavelength the polymerization rate is relatively low. We have
carefully controlled the curing wavelength of UV since strong
radiation may damage the host LC materials and the alignment
layer.

The fabrication process of the PS-VA device is depicted in
figure 4. The LC—monomer blend is filled into the previously
described cell structure. In the initial state, both LC and
RM are vertically aligned by the VA layer on both substrates.
When an operating voltage is applied to the cell, a tilt angle
is generated over both top and bottom substrates above the
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Figure 2. General structural formula of the monomer.
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Figure 3. Absorption spectrum of the used commercial UV-curable
monomer.

VA layer and fixed by the micro-slit pattern formed on the
bottom fishbone-patterned substrate. At this state, the first UV
exposure polymerizes a major part of the monomer in the LC
blend on the surfaces of the VA layer for both substrates. At
the next stage, the applied voltage is removed and then the
cell is again exposed to UV for a second time to remove any
residual monomer. Finally, the polymer chain is formed on the
surfaces of both substrates without any residual monomer in
the LC bulk layer.

Figure 5 shows the relation between the supplied energy
in the first UV exposure and surface tilt angle. It is evident
from figure 5 that the growth of pre-tilt angle is proportional
to the energy supplied by the UV source.

In order to analyse the surface morphology formed by the
polymerized monomer, the LC is removed from the devices
prepared under different wavelengths of UV irradiation. The
cells are disassembled to characterize the substrates using the
SEM imaging technique, as shown in figure 6. The figures
show polymer bumps of varying sizes. The sizes of the
polymer bumps are found to be smaller for shorter wavelengths
of irradiated UV. For UV irradiation wavelength of 313 nm
(figure 6(a)) the polymer bumps appearing on the top substrate
are quite different from those on the bottom one. This is
due to higher UV absorption (figure 3) on the top substrate
in comparison with the bottom one at this wavelength. As the
reaction rate is increased with reduction in UV wavelength, the
top substrate shows smaller polymer bumps than the bottom
substrate. However, with increasing wavelength of UV, that
is, on reducing the energy delivered to the cells, the size of
the polymer bumps appearing on both substrates becomes
comparable as observed in figure 6(b)—334nm and 6(c)—
365 nm. Thus, it is better to reduce the rate of polymerization
for achieving homogeneity as well as an optimal size for
the polymer bumps. Again, short wavelengths may damage
the LC host and organic materials including the alignment
layer. Accordingly, a wavelength of 365 nm is advisable for
acquiring the same characteristics on both substrates without
any damage. As a result of equal distribution of similar
polymer bump size in both substrates, we can assume that
the isotropic phase separation has occurred under a specific
wavelength condition. Figure 7 depicts the vertical image of
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Figure 4. Schematic representation of PS-VA device fabrication.
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Figure 5. Pre-tilt over LC as a function of energy delivered by first
UV exposure.

Top substrate Bottom substrate

Figure 6. Comparison of polymer bumps of top and bottom
substrates of the decoupled device by 50 000 times magnified SEM
imaging.

the assembled cell after removing the liquid crystal. The figure
proves the absence of polymer network in the middle layer of
the cell as it appears dark in the image. This phenomenon is
observed at a very low concentration of monomer and hence
it can be expected that the content of monomer is so less to
form the bulk polymer network in this case assuming that the
monomer moves to the alignment surface or separates in phase
before UV curing. From the SEM images, the number of
polymer bumps appearing in a fixed area is counted using the
image J 1.43u software (Wayne Rasband National Institutes

Figure 7. Vertical SEM image of 20 000 times magnified assembled
cell having gap 3.5 um. The dark image indicates no polymer
network in the bulk of LC layer.
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Figure 8. Number of polymer bumps as a function of energy
delivered by first UV exposure.

of Health, USA). Figure 8 shows the relationship between the
density of polymer bumps and exposed UV energy. As shown
in this figure, we can confirm that the number of polymer
bumps is increased gradually at 20J cm~2. In particular, the
density of polymer bumps is found to be similar in the top and
bottom substrates.

Figure 9 shows the phase separation modelling of PS-VA
mode. Based on SEM images, two possible phase separations
of monomer along the LC layers, isotropic and anisotropic,
can be considered. In the isotropic phase separation, the
monomer’s concentration is higher in the vicinity of the
alignment surface and relatively lower in the middle layer
possibly due to surface interaction energy difference between
the LC-VA layer and the monomer-VA layer (see figure 9(a)),
resulting in a phase separation between the monomer and the
LC before UV exposure. In other words, the majority of
the monomer content in the monomer-LC blend reacts at the
alignment surface and a small amount of monomer participates
in the middle layer by diffusion migration. Consequently, the
polymer bumps are formed equally on the top and bottom
substrates with similar sizes especially under exposure of long-
wavelength UV. However, in the anisotropic phase separation,
asin the case of PSCOF, the monomers are uniformly dispersed
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Figure 9. Schematic representation showing phase-separated monomer before first UV exposure in PS-VA cells: (a) proposed model and

(b) conventional model.

so that the concentration of monomer is constant along the LC
layer without any gradient phase separation between LC and
monomer (see figure 9(b)). Then, the photo-induced reaction
starts immediately from the side of the substrate where it is
exposed to UV radiation, and eventually the monomer moves
to the substrate surface, forming polymer bumps or networks
only on the side of UV exposure.

In the case of PS-VA cell, the monomer reaction is
estimated in the isotropic phase separation, which means the
monomer moves to both substrates before UV exposure, and
polymer bump is formed evenly on both surfaces. This paper
also shows the importance of the UV curing process associated
with the wavelength of the incident light in achieving isotropic
phase separation in PS-VA mode.

4. Summary

We have studied the phase separation process of a monomer
from a LC-monomer mixture in new-generation LCD
technology PS-VA mode which provides high transmittance
and fast response time. The displays in the said mode are
prepared by two-step UV curing processes using a small
amount of monomer (0.5 wt%) in LC. The typically optimized
processing technique produces LC’s surface tilt angle over
the substrate by entangled polymer bumps and a longer UV
wavelength than 313 nm generates equally distributed size and
number of polymer bumps. We assume that the isotropic phase
separation occurs before UV exposure, which is also supported
by the SEM images on the alignment surface.
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