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Inverse four-domain twisted nematic liquid crystal display fabricated by the
enhancement of azimuthal anchoring energy
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An inverse four-domain twisted nematic (IFDTN) liquid crystal (LC) display was fabricated by
enhancing the azimuthal anchoring energy of the alignment layers. By stacking a vertical
alignment layer onto a planar alignment layer, we increased the azimuthal anchoring energy by
approximately 17-fold times compared to that with vertical alignment only. Due to the enhanced
azimuthal anchoring energy, we were able to achieve a four-domain twisted nematic LC structure
without dopant via the application of an external voltage. A simulation of the LC molecular
orientation with respect to the azimuthal anchoring energy, the viewing angle characteristics, and
the switching behavior of the IFDTN LC are presented. © 2011 American Institute of Physics.

[doi:10.1063/1.3559262]

. INTRODUCTION

It is well known that high optical performance, including
high transmittance, high contrast ratio, fast response time,
and wide viewing angle, are required in liquid crystal displays
(LCDs), especially for large area displays such as high defini-
tion televisions. Twisted nematic (TN) mode is most com-
monly used in LCDs due to its simple fabrication process,
fast response time, and high transmittance." However, it is
difficult to obtain a completely dark state when applying a
field under crossed polarizers due to the hard anchoring of the
alignment layers. For a completely dark state, an inverse TN
(ITN) structure was developed using a vertical alignment
layer and a nematic LC with a chiral dopant.” However, it is
difficult to obtain symmetric viewing angle characteristics in
TN and ITN because the optic axes in the midplanes of the
cells are uniformly tilted in a single direction.

To overcome this limitation of TN and ITN, many tech-
niques have been proposed for the production of LC multi-
alignment, such as in-plane switching (IPS),3 fringe field
switching (FFS),4 vertical alignment (VA) with a patterned
electrode,”® and four-domain TN (FDTN).” The IPS and
FFS modes provide wide viewing angle characteristics, but
their dynamic responses are relatively slow, and the contrast
ratios are less than those of the TN, FDTN and VA modes.?
The multi-domain VA mode with compensation films also
demonstrates good viewing characteristics, fast response
time, and high contrast ratio, but the transmittance is lower
than those of the TN and FDTN modes. In particular, the VA
mode provides an excellent contrast ratio due to the vertical
alignment of LCs in the absence of an external voltage field.

Schadt et al. proposed the photo-alignment method for
LCDs with linearly polymerized photopolymers,” and, as con-
tinuing researches, FDTN LCDs were demonstrated by pattern-
ing the alignment surface using linear photo-polymerization
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technology for wide viewing angle.'”'" This method has
simple process for mass-products and wide viewing angle
characteristics, but the contrast ratio is lower than VA
modes.

Therefore, we can anticipate achieving the best electro-
optical performance by combining the vertical alignment in
the initial state and the FDTN structure with an external
field, specifically, inverse FDTN (IFDTN). Figure 1 shows
the schematic diagrams of the IFDTN mode using LCs with
negative dielectric anisotropy and a reverse rubbing pro-
cess,'? before and after application of an electric field. With-
out an external field, the LCs are aligned in the vertical
direction with a pretilt angle due to the rubbed vertical
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FIG. 1. Schematic diagrams of the IFDTN mode using LCs with a negative
dielectric anisotropy (a) before and after the application of an electric field
with (b) stacked alignment layer and (c) vertical alignment layer alone.
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alignment layer [Fig. 1(a)]; the LC began to tilt and twist
due to the different rubbing directions on the bottom and top
substrates over a specific critical field [Fig. 1(b)]. An IFDTN
has been attempted by employing photo-alignment'® and a
micro-rubbing process'* on the vertical alignment layer.
However, even though the vertical alignment of LCs with
four different pretilt angles has been achieved, after applica-
tion of the electric field, the pixels displayed a uniform align-
ment instead of a twisted alignment, as shown in Fig. 1(c).
Patel and Cohen reported that this was a result of the weak
azimuthal anchoring energy of the vertical alignment layer.
In order to solve this problem, a chiral dopant has been
added to nematic LCs. However, this addition requires a
cumbersome four rubbing processes in each substrate for
four different domains."”

In this article, we fabricated the IFDTN LCD for the first
time within our first hand knowledge by stacking the vertical
alignment layer onto the planar alignment layer in order to
improve the azimuthal anchoring energy. Due to the
enhanced anchoring energy, we are able to achieve twisted
nematic structures without a dopant and additional two rub-
bing process in each substrate. The simulation of the LC mo-
lecular orientation depending on the azimuthal anchoring
energy, the viewing angle characteristics, and the switching
behavior of the IFDTN LC are presented.

Il. EXPERIMENTAL

Figure 2 shows the schematic diagram of the sample
fabrication process. Initially, indium tin oxide (ITO) glass
substrates were cleaned using detergent and rinsed with de-
ionized water. Next, a planar alignment material (SE7492,
Nissan Chem.) was spin coated as a first layer [Fig. 2(a)]
band baked onto a hot plate at 210°C for imidization. The
second vertical alignment material (AL1H659, JSR) was
diluted with mixtures of n-methyl-pyrrolidone, buthyrolac-
tone, and butoxyethanol in order to control the layer thick-
ness; the diluted material was spin coated onto the first
alignment layer and baked on a hot plate at 180°C, as shown
in Fig. 2(b). The substrate was then rubbed in an anti-parallel
direction by shifting the shadow mask, as shown in Fig. 2(c).
The two substrates were then assembled as a conventional
TN cell. Samples were prepared using different concentra-
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FIG. 2. Schematic diagrams of the (a), (b) stacked alignment layer system,
(c) reverse rubbing process, and (d) top view of the sample.
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tions of the vertical alignment material in order to control
the azimuthal anchoring energy. Kim et al. reported that the
pretilt angle of the LC on the stacked alignment layers
increases with an increase in the thickness of the second
layer, leading to saturation.'® We found that the pretilt angle
was saturated at approximately 87° if the concentration of
the vertical alignment material was greater than 5 wt %.
Figure 2(d) shows the top view of our IFDTN sample; the
dashed and solid arrows indicate the rubbing directions on
the top and bottom substrates, respectively. And the curved
lines represent twisting sense in each sub-domains since we
used LCs without dopant, we can get two different twisting
senses with two kinds of azimuthal directions. The pixel size
was approximately 300 um x 300 um, and the size of the
sub-pixel was approximately 150 um x 150 um. A cell gap
of 4 yum was maintained by glass spacers, and an LC with
negative dielectric anisotropy (MLC-6608, Merck) was
injected via capillary force at the isotropic phase tempera-
ture. For comparison, we fabricated a cell with only a verti-
cal alignment layer. The fabrication process and cell
conditions were the same as those for the IFDTN LC. Note
that the LCs that were used did not have a chiral dopant dif-
ferent from conventional TN or ITN.

lll. THEORETICAL MODEL

We numerically investigated the effects of anchoring
strength on the director profile in ITN cells in which the LCs
had no dopant. For simplicity, we assumed that the director
orientations varied only along the z-axis, perpendicular to
the substrates, and were constant in the x-y plane. The direc-
tor profile was obtained by minimizing the Frank-Oseen free
energy per unit area,

1 d
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where K, K,, and K3 are the splay, twist, and bend elastic
constants, respectively, A¢ is the dielectric anisotropy, 77 is
the nematic director, E is the applied electric field, ¢ is the
permittivity of free space, and d is the cell gap. The surface
free energy density, F;, for the director with alignment layer
polar angle 0 and azimuthal angle ¢ and an easy axis defined
by a polar angle 0y and an azimuthal angle ¢, is represented
by the generalized Rapini-Popular equation2

F, = %W@ sin®(0 — 0) + %W(/, cos?(0 — 0p) sin®(¢ — @),
()

where Wy and W, are the strengths of the polar and azimuthal
anchoring energies, respectively. The relaxation method was
employed to calculate the stable director orientations under
the application of an electric field."” The updated equations
for the director field 77 = (sin 0 cos ¢, sin 0sin ¢, cos 0) are
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FIG. 3. Numerical calculations of the (a) polar angle and (b) azimuthal
angle according to various azimuthal anchoring energies.

where f was the free energy density of the bulk region, «
and f are the relaxation constants, and 7 is the iteration
index. Director orientations of the substrates were obtained
according to the torque balance equations

<%> z:o,d: P (%_};’S> =04

where pis +l atz=0andis —1 atz=d.

Figure 3 shows the numerical calculation results for dif-
ferent azimuthal anchoring energies when 10 V was applied.
The respective polar and azimuthal angles for easy axis were
3° and 0° for the bottom substrate and 3° and 90° for the top
substrate, and the polar anchoring energy was assumed to be
Wo=1x107217J/ m”. The material parameters of the LCs
used in this calculation are summarized in Table I. As shown

“4)

TABLE 1. The material parameters of the LCs used in numerical
calculation.

Parameters Value
Elastic constants (pN) K, 16.7
K> 8.4
K3 18.1
Relative dielectric constants 8| 3.62
&l 7.7
Refractive indices (at 500 nm) ne 1.5586
n, 1.4756
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in Fig. 3(a), the change in the polar angle with an increasing
azimuthal anchoring energy was negligible. The profile of
the azimuthal angle, however, changed significantly with
changes in W, [Fig. 3(b)]. In the case of a relatively low azi-
muthal anchoring energy, W, =1 x 10767 /mz, the LC
molecules on both substrates rotated to minimize the elastic
deformation, thereby producing a nontwisted, uniform align-
ment for the entire sample. With an increase in the azimuthal
anchoring energy, rotation of the LC molecules on the sub-
strates was prohibited due to the high anchoring force at the
surface; therefore, the LC molecules are twisted. From these
results, we determined that an alignment layer with a high
azimuthal anchoring energy was a prerequirement for
achieving an IFDTN structure. However, it has been reported
that the azimuthal anchoring energy of a rubbed alignment
layer is decreased 10°-fold with an increase in the pretilt
angle from 2.8° to 88.4°."8 More recently, Kim et al.
reported on the screening effect of surface anchoring energy
by stacking a vertical alignment layer onto a planar align-
ment layer,' suggesting that control and enhancement of the
azimuthal anchoring energy may be achieved by adjusting
the thickness of the vertical alignment layer on the planar
alignment layer.

IV. RESULTS AND DISCUSSION

Figure 4 shows the azimuthal anchoring energies and
textures of the samples with regard to the thickness of the
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FIG. 4. (a) Measured azimuthal anchoring energies and textures of the sam-
ples under a polarizing microscope according to the thickness of the vertical
alignment layer on the planar alignment layer, Textures of (b), (c), (d), (e)
IFDTN samples with various stacked layers, (f), (g), (h) IFD samples with a
single layer, and (i) the twisting direction of the IFDTN sample.
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vertical alignment layer on the planar alignment layer, as
determined using polarizing microscopy. The thickness can
be controlled by the concentration of the vertical alignment
material; by increasing the concentration of the vertical
alignment layer, the azimuthal anchoring energy decreases.
This results from the increasing thickness of the vertical
alignment layer, which blocks the effect of the planar align-
ment layer. The textures were observed by rotating the sam-
ple by 45° with respect to the crossed polarizers at an
applied voltage of 10V. The sample with a 5 wt % of vertical
alignment material had an anchoring energy of 6.6 x 107
J/m? and displayed a uniform texture in each pixel. With an
increase in the concentration of the vertical alignment layer
however, the alignment of the LCs in each pixel became
nonuniform as a possible result of a weakness in the azi-
muthal anchoring energy. The azimuthal anchoring energy
of the pure vertical alignment layer was approximately
3.98 x 1077 J/mz, 17 times smaller than that of the stacked
alignment layer with 5 wt % of vertical alignment material.
The solid line in Fig. 4 indicates the twist elastic energy of
the LCs, calculated using

2

Froiss = KZ% =259 x 107° J/m’, (5)

if it is simply assumed that the LCs are uniformly twisted in
the sample without any other deformation. If the azimuthal
anchoring energy is less than F,,;, then the LC molecules at
the surface must rotate from the rubbing direction because it
has to pay more energy to maintain the alignment. We
believe that an anchoring energy greater than F,,;, is
required in IFDTN.

In order to obtain additional evidence of LC alignment,
we observed the microscopic textures of the samples in each
of the two extreme cases, as shown in Fig. 4. One sample
was prepared by stacking a 5 wt % vertical alignment mate-
rial onto the planar alignment layer [sample I]. The second
sample was prepared with a pure vertical alignment material
[sample II]. Both samples demonstrated a good dark state
without the use of an external voltage due to the vertical
alignment of the LCs, as shown in Figs. 4(b) and 4(f). When
we applied 10 V, the LCs tilted, and both samples showed
white states. Figures 4(c) and 4(g) show the respective tex-
tures of Samples I and II when the rubbing directions on the
top and bottom substrates coincided with the crossed polar-
izers. The texture of sample I shows a very uniform align-
ment with sharp boundaries [Fig. 4(c)]. However, sample II
shows a nonuniform alignment in each sub-pixel. Addition-
ally, the boundaries in this sample are not well defined,
which indicates the distribution of the LC alignment at the
boundaries [Fig. 4(g)]. When we rotated the samples 45°,
sample I showed very uniform textures in each sub-pixel and
sharp boundaries, the same as in Fig. 4(c); the light intensity
also decreased [Fig. 4(d)]. From the simulation and anchor-
ing energy measurements, the LCs were known to be uni-
formly twisted in sample I, with an azimuthal anchoring
energy of 6.6 x 107® J/m?%. The sharp boundaries indicated
the different twisting senses.'? Using a quarter-wave plate,
we were able to observe different colors depending on the
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twisting senses, as shown in Fig. 4(e), where we presented a
schematic diagram of the twisting directions in each sub-
pixel in Fig. 4(i).

In contrast, sample II showed very complicated align-
ment textures when it was rotated by 45° [Fig. 4(h)]. The azi-
muthal anchoring energy of the pure vertical alignment layer
was low, approximately 3.98 x 10~7 J/m?, which is as low as
to produce a nontwisted alignment, as shown in Fig. 4(a).
Since each pixel had a different rubbing direction on the top
and bottom substrates, the alignment was able to be deformed
at the boundaries in order to minimize elastic deformation,
which thereby propagates into the sub-pixel. Therefore, very
complicated textures were obtained in each sub-pixel. From
these results, we concluded that the sample with stacked
alignment layers and the proper concentration of the vertical
alignment material resulted in the formation of an IFDTN
structure.

Figure 5 shows the electro-optical properties of the
fabricated samples. The IFDTN with the stacked align-
ment layers shows an approximately 15% higher transmit-
tance than that of the sample with vertical alignment
layers only, as shown in Fig. 5(a). This is due to the well
defined boundaries and uniformity of the LC alignment.
In the conventional VA mode, a slow rising time is a
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FIG. 5. (a) Measured voltage-transmittances and (b) viewing angle charac-
teristics of the IFDTN sample. The white line inside the figure indicates a
50:1 contrast ratio.
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major concern for TV applications; the tilting direction of
the LC molecules is not clearly defined due to the very
weak azimuthal anchoring energy with an applied electric
field. In our proposed IFDTN mode, however, since the
azimuthal anchoring strength was greater than that of the
conventional VA mode, a faster rising time of 13.2 msec
at a driving voltage of 6 V was observed. The viewing
angle characteristics are presented in Fig. 5(b). The meas-
urements were performed with commercial equipment
(EZ-contrast, Eldim). In order to reduce the off-axis light
leakage at 0 V, a bi-axial compensation film was attached
during the measurements. The white line in Fig. 5(b) indi-
cates a 50:1 contrast ratio. It is evident that wide and
symmetric viewing characteristics were achieved in the
proposed IFDTN sample.

V. CONCLUSIONS

We fabricated the first IFDTN LCD through the
enhancement of the azimuthal anchoring energy of the align-
ment layer by stacking a vertical alignment layer onto a ho-
mogeneous alignment layer. The anchoring energy of the
stacked alignment layers increased by approximately 17-fold
compared to that of the vertical alignment material alone.
Due to the enhanced azimuthal anchoring energy, we were
able to achieve a four-domain twisted nematic LC structure
without dopant through the application of an external volt-
age. The fabricated IFDTN LCD shows wide and symmetric
viewing characteristics which are appropriate for large
LCDs. We have determined that the simplest way to fabri-
cate an IFDTN is by using a photo-alignment technique, as
mentioned introduction section, and is dependent on the

J. Appl. Phys. 109, 084501 (2011)

development of the proper vertical alignment materials with
high azimuthal anchoring energies.
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