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Abstract

Optical compensation film using discotic liquid crystals has been commercialized to suppress light leakage of twisted nematic (TN)
liquid crystal (LC) cells in the dark state when the viewing directions are off-axes. In the conventional film, the tilt angle variation of
the discotic LC layers is linear, whereas that of the rod-like LC layers in the TN cell is non-linear with twist alignment. We investigated
the optical compensation effects in terms of iso-contrast ratio, gray scale inversion and color shift with linear and non-linear orientation
in a tilt angle or twist and non-twist orientation on TN-LC cells. The results showed that the optical compensation with non-linear ori-
entation exhibited an improved performance in suppressing light leakage in the dark state.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Twisted nematic-liquid crystal displays (TN-LCDs) [1]
have been widely commercialized for portable displays
such as cell phones, notebook computers, cameras and
navigations because of their lower power consumption,
high light efficiency and low cost due to higher processing
margin. However, their narrow viewing angle characteris-
tics represent an obstacle to the application to large size
displays such as monitors and TVs. Several liquid crystal
(LC) modes which intrinsically exhibit a wide viewing angle
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such as in-plane switching (IPS) [2], multi-domain vertical
alignment (MVA) [3,4] and fringe-field switching (FFS)
[5–7] have been researched and then commercialized to
large size, LC-televisions. Nevertheless, in large size-LCD
monitors, the TN-LCDs have become more popular due
to low cost and relatively easy fabrication.

Considering the viewing angle characteristics of the nor-
mally white TN mode [8], a white state shows good unifor-
mity in brightness according to the viewing direction.
However, when a vertical electric field is applied to gener-
ate gray scales and a dark state, the mid-director tilts up in
one direction, thereby breaking the symmetry of LC orien-
tation. Strong asymmetry in brightness according to the
viewing direction exists due to the phase difference in a ver-
tical direction at which the LC tilts upward. Furthermore,
strong light leakage at a dark state does occur at off-normal
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directions because of residual birefringence under crossed
polarizers, which decreases the contrast ratio (CR) at obli-
que viewing directions.

In order to remove such light leakage, a polymerized,
discotic LC film called wide-view (WV)-film has been devel-
oped [9–12]. In this WV-film, the tilt angle of discotic LC
layers changes linearly from horizontal to vertical align-
ment without having twist angle. In this paper, we evalu-
ated the image qualities in terms of iso-CR, gray scale
inversion and color shift, depending on the orientation of
the discotic LC layers in the film.
Fig. 2. Cell structure of the compensated TN-LC cells with a discotic LC
layer.
2. Switching principle and simulation conditions

LC molecules in TN cells have rod-like shape and are
therefore optically positive uniaxial (nx = ny < nz). When
the compensation films based on discotic LC with disk-like
shape and negative birefringence (nx = ny > nz) are applied
to the TN cell, the optical compensation compresses light
leakage in the dark state in all viewing directions more
effectively than other methods do, because optical isotropy
can be achieved with proper orientation of discotic LC, as
shown in Fig. 1. The normalized light transmission (T) of a
device under a crossed polarizer is proportional to sin2[d(h,
U,k)/2], where d is the phase difference, h and U are the
polar and azimuthal angles in spherical coordinates,
respectively, and k is the wavelength of the incident light.
Therefore, to compensate perfectly, the following condi-
tion, dLC = dfilm, should be satisfied in all viewing direc-
tions. In other words, the magnitude of the phase
difference of the film should be the same as that of the
TN cells but the sign should be opposite to each other.
Consequently, to compensate for the angular dependent
phase difference in LC molecules with non-linear distribu-
tions of the dark state TN cells, discotic molecules need
to be aligned in hybrid orientations that change from par-
allel to vertical alignment, as in the case of the dark state
TN cells.

Fig. 2 shows the cell structure for optical compensation
using discotic LC and the discotic layers were located
between the TN cell and polarizer. The TN cell has a
left-handed, normally white, O-mode and a cell retardation
Fig. 1. Optical compensation principle using rod-like LC and discotic LC.
value of 0.42 lm which is lower than the optimum value of
the normal TN cell, considering the color characteristics
when the compensation film was used. The LC with phys-
ical properties such as a positive dielectric anisotropy
(De = 7.0), elastic constants (K11 = 11.7 pN, K22 = 5.1 pN,
K33 = 16.1 pN) and birefringence at 550 nm (Dn = 0.0764)
is used. The surface pretilt angle is 3� and the cell gap is
5.5 lm.

The optical design of the discotic layer was applied to an
optimized condition. The out-of-plane retardation value
[Rth = d{(nx + ny)/2 � nz}] of the triacetyl cellulose (TAC)
film used was 62.8 nm at 550 nm of incident light, where
d indicates the film thickness. Refractive indexes in x, y, z

coordinate system of discotic film are nx = 1.6040,
ny = 1.6040 and nz = 1.543 at 550 nm of incident light
and the out-of-plane retardation value of discotic film used
was 152.5 nm at 550 nm of incident light. The electro-optic
properties, such as the viewing angle dependence of gray
scales and iso-CR contours, were calculated under the vis-
ible light with a one-dimensional simulator (LCD-Master
from Shintech, Japan) in which the transmittance was cal-
culated by 2 · 2 extended Jones matrix method [13]. The
transmittances for the single and parallel polarizers were
assumed to be 41% and 35%, respectively.

3. Results and discussion

Fig. 3 shows schematic configurations of the rod-like LC
orientation in a half TN cell and of the discotic LC orien-
tation in a hybrid aligned compensation film. Considering
the LC orientation in the dark state of the half TN cell,
the tilt angle (hLC) changes from about 3� to 87� from
either top or bottom surfaces to mid-director non-linearly
with the twist angle (/LC). Nevertheless, conventional
WV film has a hybrid alignment with linear change in the



Fig. 3. Schematic configuration of rod-like LC orientation in a half TN cell and discotic LC orientation in a hybrid aligned compensation film with
changing its optic axis from vertical to homogenous, layer by layer with: (a) linear tilt change without twist, (b) non-linear tilt change without twist, and (c)
non-linear tilt change with twist orientation.

Fig. 4. Director profiles of TN-LC and discotic LC layer: (a) tilt angle in
the dark state TN-LC, (b) linear tilt orientation in discotic layer, (c) non-
linear tilt orientation in discotic layer, (d) twist angle in the dark state TN-
LC and (e) non-linear tilt and 45� twist orientation in discotic LC layer.
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tilt angle (hD) of discotic LC layer as shown in Fig. 3a. In
this paper, however, the WV film with the tilt angle chang-
ing non-linearly from 3� to 87�, i.e. exactly the same varia-
tion of the hD like in the TN cell, is considered, as shown in
Fig. 3b. Therefore, at the same layer in vertical direction of
the WV film, the tilt angle, hD, in Fig. 3a is not the same
each other as that ðh0DÞ in Fig. 3b. Finally, the discotic film
with its changing director non-linearly in the h0D and 45�
twist angle (/D) as shown in Fig. 3c was evaluated. Here,
linear orientation means that the optic axis of the discotic
LC layers changes constantly with form of linear function
along vertical z direction; whereas non-linear orientation
means it does not change constantly with the same varia-
tions of tilt angle like those in the TN cell.

Fig. 4 indicates the tilt and twist angles of the TN cell in
the dark state according to cell gap and also the distribu-
tion of optic axes in discotic LC. In the TN cell, the tilt
angle distribution of LCs had a symmetric LC orientation
from the middle of the TN cell to either top or bottom sur-
faces, whereas the tilt angle changed non-linearly along the
z-axis of the TN cell, as shown in Fig. 4a. In this paper,
three cases which were defined by the orientation of the dis-
cotic LC layers with hybrid alignment were considered: lin-
ear tilt orientation in discotic layer (C-1 cell) as shown in
Fig. 4b, non-linear tilt orientation in discotic layer (C-2
cell) as shown in Fig. 4c and both non-linear tilt and 45�
twist orientation in discotic layer (C-3 cell) as shown in
Fig. 4c and e and those axes of the discotic LC change from
each bottom to top surfaces in upper (from 0 to 0.5 in z/d-
axis) and lower (from 1 to 0.5 in z/d-axis) discotic films,
respectively. Considering only the rod-like LC profile of
the dark state TN cell, discotic LC layers with a non-linear
tilt angle and a non-linear twist angle of 45� were the most
similar matches to that of the dark state TN cell. Neverthe-
less, the orientation of the discotic LC layers did not match
perfectly to that of the rod-like LC layer in our calculation,
as shown in Fig. 4 (see director profiles in circles).

Fig. 5 shows the iso-luminance contours in the bright
and dark states and the iso-contrast contours of the com-



Fig. 5. Iso-luminance contour in the bright and dark states and iso-contrast contour of compensated TN-LC cells: (a) C-1, (b) C-2 and (c) C-3 cells.
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pensated TN cells in the optimum retardation value of the
discotic layer. Luminance uniformity in the bright state
was similar in all three cases but light leakage in the dark
state was totally different. Light leakage in the dark state
of the C-2 and C-3 cells was much smaller than that in
the C-1 cell, especially in the up and down directions. How-
ever, light leakage in the dark state of the C-2 and C-3 cells
at over polar angle of 40� in the right and left directions
was not suppressed perfectly. Nevertheless, light leakage
in the dark state of the C-3 cell was slightly smaller than
that in the C-2 cell. Considering the light leakage in all
viewing directions, the C-3 cell, considering the tilt and
twist orientation of the discotic LC layers, produced the
smallest light leakage.

Since the C-2 and C-3 cells exhibited the lowest light
leakage in the viewing directions, the region in which the
CR was larger than 100 in the C-2 and C-3 cells was about
60� and 40� in the upper and lower directions, respectively,
while it was only about 30� and 30�, respectively, in the C-1
cell. In addition, CR in the diagonal directions was greatly
improved in the C-1 and C-2 cells, whereas that region in
the horizontal direction was slightly reduced in the C-2
and C-3 cells compared to that in the C-1 cell. Now consid-
ering the region in the C-1 cell in which CR is 10, the region
was over 80� of polar angle in the left, right and down
directions, as shown in Fig. 5a, whereas in the upper direc-
tion, the region was only 50� and, even further, the region
in which CR is five existed at less than 60�. On the other
hand, in the C-2 and C-3 cells, the region in which CR is
10 existed at over 80� of polar angle in all directions, except
that it existed at 75� and 79� of polar angle in the down
direction in the C-2 and C-3 cells, respectively.

To evaluate the LCD image quality, the presence of gray
scale inversion needs to be checked. The angular depen-
dence of the eight gray levels along the vertical directions
in the compensated TN cells was evaluated as shown in
Fig. 6. There was a small difference of gray scale inversion
among the three cases. Gray scale inversion was much
improved in all three cases compared to that in the normal
TN cell, although even the compensated TN cells still
showed gray scale inversion and the regions free of gray
scale inversion were only under 20� (L7) and 30� (L0) in
the up and down directions, respectively. One noticeable
finding was that the luminance in the bright state decreased



Fig. 6. Viewing angle dependence at the eight gray levels along the vertical direction of compensated TN cells: (a) C-1, (b) C-2 and (c) C-3 cells.

694 S.H. Hwang et al. / Current Applied Physics 7 (2007) 690–696
more rapidly in the C-1 cell than that in the other two cells
in the upper directions. Consequently, the C-2 and C-3 cells
showed slightly better performance in terms of gray scale
inversion than the C-1 cell did.

Fig. 7 presents a comparison of the color shift occur-
ring in changing the polar angle from 0� to 70� in all azi-
muth angles on the CIE 1976 u 0, v 0 coordinates [14]. The
color shift of TN-LC cell is relatively larger than that of
other LC modes such as IPS [15,16] and FFS [17].
Although there was a small difference in luminance unifor-
mity among the three cases in the bright and mid-gray
states, the color shift was larger in the C-2 and C-3 cells
than in the C-1 cell in the dark state. We calculated Du 0v 0,
which is defined as the distance of color shift from maxi-
mum to minimum value at a polar angle of 60� along all
azimuth angles. In the bright state, there was a small differ-



Fig. 7. Comparisons of color shift at all azimuth angles on a CIE 1976 u 0, v 0 coordinates system: (a) C-1, (b) C-2 and (c) C-3 cells.
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ence in Du 0v 0 among the three cells: 0.06289 in C-1, 0.06371
in C-2, and 0.06182 in C-3. However, in the dark state,
Du 0v 0 of the C-2 cell was the largest (0.30951) and of
the C-1 cell was the smallest (0.21030), which indicates
the trade-off relationship between light leakage and color
shift.

Recently, a wide viewing angle in the horizontal direc-
tion has been emphasized with the development of wide
type LCDs. Fig. 8 shows the off-axis color uniformity
along the horizontal direction in the bright, mid-gray
and dark states. Here, Du 0v 0 means the distance of color
shift from normal to viewing direction on a 1976 CIE
coordinates system. Although the color uniformity did
not differ greatly among the three cells, the C-1 cell
showed the relatively strong color shift in the bright state
and showed slightly weak color shift as the luminance
decreased to the gray and dark state compared to other
two cells. However, the differences between three cells
are not so big.
4. Conclusions

We have studied film compensations depending on the
orientations of discotic LC to improve the viewing angle
for TN-LCDs by considering three different cells: C-1,
C-2 and C-3. In terms of CR, the C-2 cell, with a non-lin-
ear tilt orientation in the discotic LC layer, showed better
performance than the C-1 cell with a linear tilt angle,
whereas the C-3 cell with a non-linear tilt and 45� twist
orientation was comparable to the C-2 cell. In terms of
color shift, the three cells showed similar performance in
bright and mid-gray state, although the C-1 cell showed
less color shift than the C-2 and C-3 cells in the dark state.
Although color uniformity along the horizontal direction
did not show a considerable difference, the C-1 cell
showed better color uniformity than the other two in gray
and dark state. In addition, the degree of gray scale inver-
sion exhibited a similar performance. To summarize, the
film compensation in TN-LCDs should be optimized



Fig. 8. Off-axis color uniformity along the horizontal direction in the (a) bright, (b) mid-gray and (c) dark states.
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according to the application fields which favor improved
CR or color performance.
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