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A residual direct current (DC) voltage property in the twisted nematic liquid crystal display (TN-LCD) using photoaligned polyimide is studied by the

capacitance–voltage hysteresis method. A residual DC is greatly reduced in the photoaligned cell with an additional polymerized layer on a

photoaligned layer with the help of a UV-curable reactive mesogen. The surface of the photoaligned layer becomes much more polar than that of

the rubbed layer, possibly leading to a larger trapping of ions on the photoaligned layer than on the rubbed polyimide layer. The polar surface can

be modified with an additional proposed polymer layer and, thus, the low residual DC voltage can be achieved.

# 2012 The Japan Society of Applied Physics

R
ecently, liquid crystal displays (LCDs) have been
used for all display fields such as notebooks,
monitors, mobile phones, and LCD televisions. For

the industrial production of LCDs, a uniform alignment of
liquid crystal (LC) molecules should be achieved through an
anisotropically treated surface on substrates. The process
should be easily achievable and a low-cost onewith no defects
at all. Some of the most widely used technologies for LCD
fabrication involve homogeneously aligned LCmodes such as
twisted nematic (TN)1–4) mode, in-plane switching (IPS)5)

mode, and fringe-field switching (FFS)6–9) mode. To achieve a
homogenous alignment, a substrate requires an additional
process that induces LC directors to a preferred direction.
Various methods such as rubbing,10–13) oblique deposition of
inorganic oxides such as SiO2,

14) use of Langmuir–Blodgett
film,15) and nonrubbing16) for obtaining uniform alignment
have been proposed. Among them, planar anchoring of the
nematic director in the conventional LCD has been mainly
achieved by rubbing a polymer film, polyimide (PI) that is, by
generally creating microgrooves on the polymer surface and
inducing surface anisotropy in molecular orientation on
the surface of the polymer. However, the rubbing process
inevitably has several demerits such as the generation of
electrostatic charges and dust from friction between the
rubbing cloth and polymer surface. Moreover, it is difficult to
obtain a uniform alignment for the large-size display or
multidomain LC alignment for a wide viewing angle.

To solve these problems, research studies on noncontact
alignment treatment such as ultraviolet (UV) irradiation,17,18)

ion beam,19,20) and plasma irradiation21,22) have been
reported. Among these noncontact processes, the photo-
alignment technique has the greatest potential to replace the
conventional rubbing method. Recently, we have reported a
novel photoalignment material based on soluble aromatic
polyimide with chloromethyl side groups, which exhibits
excellent photosensitivity and superior thermal stabi-
lity.23–25) However, the noncontact processes also have some
disadvantages such as weak anchoring energy and high
residual direct current (DC) voltage. In order to generate
LC alignment using photodecomposable PI films, a short-
wavelength UV irradiation is needed. When the photo-
decomposable PI film is exposed to UV irradiation, the
backbones of the PI chains lying in the same direction with

the linearly polarized UV are decomposed and as a result
the surface of the photo-alignment layer gains polarity.26)

The trapped ions on the surface with high polarity later
create several problems by lowering the resistivity of the
LC material and thus degrade the image quality and
reliability of the device. Image sticking and flickering
problems also arise in the product due to the increase of
the number of trapped ions in interfaces between LC
and alignment layers. To achieve more reliability from a
photoalignment technique, therefore, the above-mentioned
problems should be rectified.

In this paper, we have studied the reduction of a residual
DC in a photo-aligned twisted nematic liquid crystal display
(TN-LCD) by using a UV-curable reactive mesogen
(RM)27–29) to improve the image sticking phenomenon. This
phenomenon has been discussed by comparing the surface
energy of the newly developed film with those obtained by
conventional rubbing methods.

For the experiment, we fabricated photo-aligned, photo-
aligned with RM, and rubbed TN cells with cell gaps of
4.7, 4, and 4.6 �m, respectively. As an alignment material,
we synthesized a soluble aromatic polyimide containing
chloromethyl side groups, which can align liquid crystals
either by rubbing or by photoalignment, according to our
previous paper.23,24) The photoaligned layers were exposed
to polarized UV light (254 nm, 1.3mW/cm2, 60min) using
UV exposure system with 42% of an extinction ratio
(Nanotek NT-HGIK-V09-SOR) prior to the fabrication of
TN cells. We used an LC material (from Merck) with a
positive dielectric anisotropy (�" ¼ þ7:4 at 1 kHz) and
with elastic constants K11 ¼ 11:7 pN, K22 ¼ 5:1 pN, and
K33 ¼ 16:1 pN at 20 �C.

For the TN cells photo-aligned with RM, an LC/RM mix-
ture that was prepared by mixing the LC with RM (Merck
RM 257) containing 1wt% photoinitiator (Merck Irgacure
651) in the weight ratio of 99:6 : 0:4 was used. Initially, the
RM molecules are twisted homogeneously following the
local LC orientation due to the use of crossly placed photo-
aligned homogeneous alignment layers on each substrate.
Next, the concentration of the RM molecule becomes higher
in the vicinity of the alignment surface and relatively lower
in the middle layer as reported in our previous paper.30)

When the concentration of the RM molecule is very small
compared with the concentration of LC, a phase separation
between RM molecules and LC occurs before UV exposure.�E-mail address: lsh1@chonbuk.ac.kr
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Under this condition, the cell is exposed to UV light
(365 nm, 1.5mW/cm2, 17min) and thus, the RM molecules
are polymerized at the surfaces. Consequently, the LCs in
the bulk relax to the crossly placed original homogeneous
state while the surfaces have crossed orientation along the
director with an additional polymer layer.

The textures of the three different cells were studied under
a polarizing optical microscope (POM; Nikon DXM1200)
with and without applied voltage. To confirm the residual
DC voltages, the voltage-dependent capacitance was meas-
ured using an LCR meter 4284A (Agilent Technologies).
Finally, surface energies of the three substrates with dif-
ferent surface ingredients were estimated by measuring the
contact angles by using distilled water (H2O) and diiodo-
methane (CH2I2) droplets.

After fabrications, in order to confirm if the cell is
switching properly, the dark and white states were observed
using a POM in transmittance mode. Figure 1 shows POM
images in the dark and white states of the photo-aligned,
photo-aligned with RM, and rubbed TN cells. In the off
states of each case, only the different transmittance colors
with high brightness were observed because of differences
in the cell gaps, as shown in Fig. 1. In addition, no defects
related to the RM monomer are observed [see Fig. 1(b)]. As
a result, it was confirmed that uniform transmittances were
generated in all the cases, as shown in Figs. 1(a)–1(c). In
the on states of each case, uniform dark states without
a desclination line were observed in all the cases. This
indicates that the vertical electric field tilts up the LC
molecules to the field direction in the whole region, as
shown in Figs. 1(d)–1(f ). Thus, for the newly designed cell,
having a photoaligned layer with RM did not create any
defect due to the addition of RM on the photoaligned
surface, which was also confirmed from the dark state of the
corresponding cell.

To estimate the residual DC voltages, the voltage-
dependent capacitance was measured using an LCR meter.
In these measurements, DC voltage was applied to the cell
by increasing and decreasing the voltage from �10 to +10V
with a step bias voltage of 0.1 V/s. Hysteresis levels a and b
defined as the difference in voltages between increasing and
decreasing show 50% of maximal capacitance (see Fig. 2).
The residual DC voltage is defined as

Residual DC ¼ aþ b

2
:

Figure 2 shows the residual DC voltage characteristics of
the TN cells with different surface treatments on alignment
layers. The residual DC voltages are 0.60, 0.20, and 0.35V
in Figs. 2(a), 2(b), and 2(c), respectively. It is shown that the
TN cell of the RM-coated photoaligned layer exhibits the
smallest hysteresis of LC capacitance as shown in Fig. 2(b).
From this result, we can confirm that the polymerized RM
layer is somehow screening the trapped ions in the photo-
alignment material.

To find out why the residual DC of the photoaligned
TN cell is larger than those of the others, we calculated
the surface energy of each alignment layer. The contact
angles of three substrates with different surface states were
measured by using diiodomethane (CH2I2) and distilled
water (H2O). The polar, dispersion, and total surface energy
were calculated from the result of contact angle measure-
ments by using the Owens–Wendt–Geometric mean equa-
tion,31) which is suitable for obtaining the surface energy of
most of the polymer. The Owens–Wendt–Geometric mean
equation is given as

Fig. 1. POM images in the bright and dark states of photoaligned (a, d),

RM-coated photoaligned (b, e), and rubbed (c, f ) TN cells, respectively.

(a)

(b)

(c)

Fig. 2. Voltage-dependent capacitance hysteresis in the (a) photoaligned,

(b) RM-coated photoaligned, and (c) rubbed TN cells.
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where �s is the surface energy of the alignment layer, �1, �2,
�1, and �2 are the surface energies and contact angles
of distilled water and diiodomethane, respectively. Super-
scripts d and p are dispersion energy and polar energy,
respectively.

The measured �1 (H2O) and �2 (CH2I2) of the photo-
alignment layer, RM-coated photo-alignment layer, and
rubbed alignment layer are 60 and 44�, 77 and 31�, and 76
and 37�, respectively. Surface energies of distilled water and
diiodomethane are obtained from the literature.32) Table I
shows the calculated surface energy components of three
samples. The total surface energy was slightly decreased in
the order of photoaligned layer > RM-coated photoaligned
layer > rubbed layer. While the dispersion energies of all
three samples were similar to each other, the polar energy
term shows a significant difference. The polar energy of the
photoaligned layer is estimated to be 12.70mN/m, which is
the highest among the three samples due to the generation
of polar groups such as amine acid and carboxylic acid on
the surface during the UV irradiation.24) As a result, residual
DC of the photoaligned TN cell has been increased, because
ions are piled on the surface of the polar photoaligned layer.
On the other hand, the RM-coated photo-aligned sample
exhibits significantly reduced polar energy (3.26mN/m),
which is even smaller than that of the rubbed layer. The
above result also suggests that the polymerized RM layer
covering the photo-aligned polyimide layer effectively
reduces the exposure of surface polar groups to the TN cell
while retaining the homogeneous orientation of LC.

To confirm the reliability of cells, we measured residual
DC voltage as a function of time, as shown in Fig. 3. It is
shown that the residual DC voltage of the RM-coated TN cell
with the photoaligned polyimide has almost no change even
after 7 days comparable to that the of TN cell with a rubbed
layer. On the other hand, the same parameter increases
by a large amount in the case of the TN cell with pure
photoalignment for the same period of time. The reason is
that the ions are more accumulated on the surface of the
pure photoaligned layer with high polarity, especially under
applied voltage during the residual DC voltage measurement.

To summarize, we have investigated the image-sticking
property in the TN cell with a photo-aligned polyimide align-
ment layer by measuring the residual DC voltage and polar
surface energy. To overcome the image-sticking problem
caused by ion trapping on the photo-aligned polyimide
surface, we suggest a novel method of in situ photopolymer-

ization of RM on the surface of the alignment layer, which
screens the polar surface of the photo-irradiated polyimide
while retaining the homogeneous orientation of LC. It is
found that the residual DC voltage and polar surface energy
are simultaneously reduced close to that of the rubbed layer.
This indicates that the polymerized RM layer on the surface
of the substrate helps to reduce the residual DC voltage and
may improve image sticking properties in the photoaligned
TN cell. This can be an important step to improvise the
photoalignment technique without any ions generated.
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Table I. Surface energy components of the photoaligned layer, RM-coated

photoaligned layer, and rubbed layer (unit: mN/m).

Photoaligned

layer

RM-coated

photoaligned layer
Rubbed layer

Dispersion energy 37.54 43.80 41.08

Polar energy 12.70 3.26 4.30

Total surface energy 50.24 47.06 45.38
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Fig. 3. Residual DC voltage as a function of time in the photoaligned,

RM-coated photoaligned, and rubbed TN cells.

Y. J. Lim et al.Appl. Phys. Express 5 (2012) 081701

081701-3 # 2012 The Japan Society of Applied Physics

http://dx.doi.org/10.1063/1.1653593
http://dx.doi.org/10.1063/1.114849
http://dx.doi.org/10.1143/JJAP.34.L1368
http://dx.doi.org/10.1143/JJAP.42.2730
http://dx.doi.org/10.1063/1.115309
http://dx.doi.org/10.1063/1.122617
http://dx.doi.org/10.1088/0022-3727/39/11/009
http://dx.doi.org/10.1364/OE.19.008085
http://dx.doi.org/10.1039/c2jm30635b
http://dx.doi.org/10.1080/10587259208028733
http://dx.doi.org/10.1063/1.121226
http://dx.doi.org/10.1021/ma9711708
http://dx.doi.org/10.1063/1.1523143
http://dx.doi.org/10.1063/1.1654331
http://dx.doi.org/10.1143/JJAP.34.3607
http://dx.doi.org/10.1143/JJAP.31.2155
http://dx.doi.org/10.1143/JJAP.39.1272
http://dx.doi.org/10.1143/JJAP.39.L993
http://dx.doi.org/10.1143/JJAP.37.L55
http://dx.doi.org/10.1126/science.1059866
http://dx.doi.org/10.1080/02678290410001703145
http://dx.doi.org/10.1016/j.tsf.2008.08.189
http://dx.doi.org/10.1080/15421400490435431
http://dx.doi.org/10.1063/1.1797560
http://dx.doi.org/10.1080/15421400600934252
http://dx.doi.org/10.1889/1.1821335
http://dx.doi.org/10.1063/1.2752105
http://dx.doi.org/10.1088/0022-3727/42/14/145412
http://dx.doi.org/10.1088/0022-3727/44/32/325104
http://dx.doi.org/10.1002/app.1969.070130815

