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The response speed of in-plane switching mode liquid crystal displays with three initial
director configurations—homogeneous, twisted nematic and 180° super twisted nematic—
was investigated via simulations. These simulations studied the relationship between the
change in the optical axis and the optical transmission in the three configurations, allowing us
to calculate the optical response times. The time-dependent change in the director was
calculated using the Erickson—Leslie equations and these two results combined. These results
predict that the response time during both the rise and decay periods of a super twist cell is
about four times faster than the other two configurations.

1. Introduction

Liquid crystals are widely studied because of their
promising possibilities in display applications [1]. In-
plane switching (IPS) mode liquid crystal displays
(LCDs) are used in superior quality displays because
of their excellent viewing angle, high contrast ratio and
low colour shift [2-4]. However, the dynamic response
speed of this display mode is slow compared with other
modes [5-8]. Several methods have been proposed for
the solution of this problem. By increasing the rubbing
angle between the rubbing direction and electrodes up
to 30°, the response speed of the rise period can be three
times faster than that for conventional 10° rubbing
angle [6], but the decay period remains unchanged. The
IPS mode with twisted nematic (TN) configuration can
also achieve a faster response speed in the rise period,
but has no improvement in the decay period [9]. To
improve the response speed during both rise and decay
periods, polymer-stabilized IPS has been proposed [10],
but light leakage is unavoidable due to scattering in the
off-state. To improve the response speed during both
the rise and decay periods based on the driving circuit,
the over-driving circuit method has been proposed [11].
However, such a driving technology is quite compli-
cated to implement. The wide viewing angle character-
istic and low colour shift can be held in each solution.

In this paper, we theoretically analyse the dynamic
response process of IPS mode LCDs with three different
configurations: homogeneous alignment, TN and 180°
super twisted nematic (STN). Simulation results show

*Corresponding author. Email: ronghua_guan@sohu.com

that the response speed of the IPS-STN mode is about
four times faster than optimal IPS and IPS-TN modes
during both rise and decay periods. Other optical
characteristics, such as viewing angle and colour shift,
of this mode with film compensation will be discussed
elsewhere.

2. Theory and results

Figure 1 illustrates the geometry of the IPS mode LCD
with three configurations: homogeneous alignment, TN
and 180° STN. Hereafter, we assume that the in-plane
electric field is uniform throughout the LC layer, and
that LC molecules are switched only within the plane
parallel to the substrates. To analyse the dynamic
transition process, the Erickson-Leslie equation is used
to calculate the LC director reorientation process [12,
13]. When backflow and inertial effects are ignored, the
dynamics of the LC director reorientation is described

/ \ { / /
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Figure 1. Geometry of the three configurations: homoge-

neous (left), TN (middle) and STN (right). The applied electric
field is parallel to the substrates.
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by the following equation [14]

) %
7o TR

Where E is the in-plane electric field, ¢ is the rotation
angle of LC director, ¢, is the vacuum dielectric
constant, y is the rotational viscosity, K, is the twist
elastic constant, and Ag¢ is the dielectric anisotropy of
the LC mixture. In IPS-TN and IPS-STN modes, the
chiral term in the dynamic equation has little effect on
reorientation time and can be ignored if the pretilt angle
is small [15]. In our simulation, the anchoring condition
at the interface of LC and substrate is assumed to be
strong, and the pretilt angle is assumed to be zero. The
polarization axis of incident light is parallel to the
rubbing direction in the adjacent substrate. For the IPS
mode with homogeneous alignment, the transmission of
an LCD with crossed polarizers is given by

T =sin*(20)sin’ rdAn)M] .

+&0|Ae|E? sin ¢ cos ¢ (1)

(2)

Here, d is the cell gap, / is the wavelength of incident
light and Arn is the LC birefringence; o symbolizes the
change in the optical axis of the LC layer under an
applied electric field and is described in next paragraph.
For IPS-TN and IPS-STN modes, a compensation film
must be used to achieve a good dark-state at off-state
and high transmission at on-state, so the transmission
equation becomes complicated, but the compensation
term can be regarded as a constant [16]. Satake et al
show that the birefringence An varies with 4 and ¢, and
its effect on transmission is analysed for conventional
IPS mode [16]. These results show that the second factor
has no effect on the on-state voltage and little effect on
the transmission, because the LC molecules rotate in the
plane of the substrate, and the electro-optical transmis-
sion curve depends mainly on «. The equation is also
applied in IPS-TN and IPS-STN mode because of the
same rotational behavior of the LC molecules. So
equation (2) can be rewritten as Tocsin®(2x) for the
three modes.

The angle between the effective optical axis of LC
layer and the polarization axis of incident light is zero
for optimal IPS mode and n/4 for TN mode when the
electric field is zero. For 180° IPS-STN mode, the LC
layer can be regarded as the combination of double TN
configurations with the effective optical axis angles
being /4 and 3m/4 without an applied electric field.
Under an applied electric field, the change in the optical
axis of the LC layer is defined as «=1 [/ [§(z) — ®]dz
(IPdS mode) where @ is the rubbing angle; o=
Ll [9(2)—%dz (IPS-TI\dI mode); o =3 [¢ [¢(z) — 5]dz
(lower half) and o, =2 ; [¢(z) — 2] dz (upper half) for

the IPS-STN mode. Here o; =—a,=0, thus we can use «
to denote the change of optical axis in the IPS-STN
mode because of the anti-symmetric configurations
about the middle layer.

For the IPS mode with homogeneous alignment, the
rise time and decay time for the switching process are
expressed as [6]:

V
&o| Ae|E? [cos(th) —Sinz(j“) +sin(20) cos@x)| w2

(3a)

Trise =

20 d?

vd?
Tdecay = 7'[2—1(2 .

(30)

They are defined as the LC director reorientation times;
that is, the mean time for the normalized optical axis to
change from 1/e to 1 (rise process) and from 1 to 1/e
(decay process), respectively. For IPS-TN and IPS-STN
modes, we can not obtain analytical results of the
reorientation time, but can get numerical results from
equation (1).

The director arrangement at arbitrary time can be
calculated by using equation (1) after the electric field is
applied or removed. The change in the effective optical
axis of LC layer («) can then be calculated. We depict
the time-dependent normalized change, o(z)/o(t—%), of
the effective optical axis in figures 2-4 for the three
modes.

Figures 2-4 show the normalized change of the
optical axis as a function of time for various electric
fields. Figure 2 illustrates the optimized IPS mode with
30° rubbing angle, figure 3 the IPS-TN geometry, and
figure 4 the IPS-STN geometry. The various curves
showing different rise times correspond to different
electric fields, which vary from 0.1 to 1 Vum ™' in steps
of 0.1Vum™! in figure 2, and 0.1 to 2Vum ! in
figures 3 and 4. For convenience, the same parameters
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Figure2. Normalized change in optical axis for the optimal
IPS mode LCD with 30° rubbing angle.
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Figure3. Normalized change in optical axis for the IPS-TN
mode LCD.

are used in each simulation: d=3 um, Ae=7.8, K,=7pN
and y=0.1Pas. From figures 2 and 3, the response
speed of the IPS-TN mode is not faster than that of the
optimal IPS mode. Figure 4 shows that the response
speed of the IPS-STN mode is faster than that of
optimal IPS and IPS-TN modes. The optical response
time can be obtained from these figures by using a
relationship between normalized changes of the optical
axis and optical transmission.

The normalized change in optical transmission,
corresponding to normalized change in optical axis, is
defined as follows

.2
sin“[2(xo)
p_ st @
sin”(2o)
where, x is termed the normalized coefficient (0 < x < 1),
and symbolizes the normalized change in the optical
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Figure4. Normalized change in optical axis for the IPS-STN
mode LCD.

axis. The time taken for normalized transmission to
change from 0.1 to 0.9 (rise process) and from 0.9 to 0.1
(decay process) is defined as the optical response time.
Using equation (4), the normalized changes in optical
axis corresponding to the normalized transmission of
0.1 or 0.9 for different changes in optical axis are shown
in figure 5. The normalized changes in optical axis for
T=0.1 are 0.32 as a—0, and 0.2 as a—mn/4. The
corresponding values for 7=0.9 are 0.95 and 0.8. The
change in optical axis under various applied electric
fields is shown in figure 6.

The optical response times are less than 35ms (rise
time) and about 16-18 ms (decay time) for optical IPS
and IPS-TN modes (from figures 2 and 3), and less than
9 ms (rise time) and ~4 ms (decay time) for the IPS-STN
mode (from figure 4). The response time for the IPS-
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Figure 5. Normalized change in optical axis with change in
the optical axis (x) at the normalized change in optical
transmission of 0.1 and 0.9.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
00<=
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Electric field (Vrms/um)

Optimal IPS

IPS-TN

IPS-STN

change of optical axis

Figure6. Change in optical axis with variation of applied
electric field for the three modes.



15:43 25 January 2011

Downl oaded At:

470 G. Rong-Hua et al.

1.0
0.9
0.8
0.7
0.6-
0.5
0.4
0.3
0.2
0.1
OB A N—
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Electric filed (Vrms/pum)

Optimal IPS

Transmission

Figure7. Voltage-dependent transmission of the three modes
by using T=sin>(20).
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Figure8. (a) Time-dependent transmission and (b) time-
dependent normalized transmission, in optimal IPS mode with
30° rubbing angle.

STN mode is about a quarter that in IPS-TN or optimal
IPS modes. In the 180° IPS-STN mode, liquid crystal
molecules in the middle layer do not rotate under the
external electric field. Therefore, the middle layer is
equivalent to a strongly anchoring boundary layer. Due
to such an unchanged boundary layer, the 180° IPS-
STN cell is divided into two effective thinner cells, each
with half of the original cell gap [17]. Its response times
are improved approximately four-fold, being propor-
tional to the square of the cell gap. This is very
important in the design of superior quality displays.

3. Optical response speed

In figure 7, the voltage-dependent steady state normal-
ized transmission of the three modes is shown by using
T'=sin’ (20)). The saturation electric field of the optimal
IPS mode, corresponding to the maximum transmis-
sion, is ~1.0 V,nsum ™~ '. The transmission decreases as
the electric field increases when it is larger than
1.0 Vs um_l. The transmissions of the IPS-TN and
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Figure9. (@) Time-dependent transmission and (b) time-
dependent normalized transmission, in IPS-TN mode.
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IPS-STN modes are lower than that of the optimal IPS
mode, and have no maximum because the change in
optical axis can only tend to n/4, but can not reach it
except when the applied electric field is infinite or the
condition at the interface between LC and substrate is
weak anchoring. The transmission can be improved by
using compensation film [18].

In figures 8 (a)-10(a) time-dependent transmissions
obtained by using T=sin*(20) are shown for increasing
electric field. Figures 8 (b)-10 (b) show time-dependent
normalized  transmissions obtained by  using
T= % for the three modes under increasing
apphed electrlc field. The change in applied electric field
is the same as that in figures 2-4. The optical response
times are easily obtained from figures 8 (b)-10(b). The
decay time is not a constant and increases slowly as the
applied electric field increases. This result agrees with
experiment results [9]. The results of optical response
times (rise and decay times) are the same as those in the
above section.
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Figure10. (a¢) Time-dependent transmission and (b) time-
dependent normalized transmission, in IPS-STN mode.

4. Conclusion

We analysed the response speed of the in-plane switch-
ing mode LCD with three different initial configura-
tions: homogeneous alignment, TN and 180° STN.
Based on our simulation results, not only response
speed is affected by the rubbing angle and cell gap, but
also by the twist angle of the LC layer. Among these
three configurations, the IPS-STN mode LCD with 180°
super twist configuration can improve the optical
response speed approximately four-fold during both
rise and decay periods.
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