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Dynamic simulation of Pi-cell liquid crystal displays

HONGFEI CHENG* and HONGJIN GAO
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Tsinghua University, Beijing 100084, PR China

(Received 28 November 2000; in final form 15 February 2001, accepted 24 March 2001)

The dynamics of n-cell liquid crystal displays was studied by detailed computer simulation.
The time evolution of the director configuration and the velocity of flow reveals the mechanism
of the fast response of m-cells. The effect of pretilt angle on the dynamics of n-cells was

also studied.

1. Introduction

Pi-cells were first introduced in the early 1980s as fast
light shutters [ 1]. Their response time is typically a few
milliseconds, much faster than most other nematic liquid
crystal displays (LCDs). They have also attracted con-
siderable interest for improving the viewing angle of
liquid crystal displays because of their self-compensated
director configuration [2—-127. Pi-cells are one of the
most competitive LCD technologies for future displays.

Although the dynamic response of m-cells is unique
among nematic liquid crystal devices, their dynamic
properties have not yet been studied by detailed com-
puter simulation. In the dynamic behaviour of liquid
crystal displays, the flow of liquid crystal can have an
important influence under certain circumstances. For
example, the well known optical bounce phenomenon
of the twisted nematic (TN) LCD, which occurs after
switching off a high applied voltage, is caused by the
backflow effect [ 13, 14].

In this article, the dynamics of n-cells will be studied
by detailed computer simulation. The transient property
of m-cells is obtained by solving the Ericksen—Leslie
hydrodynamic equations. The light transmittance is
computed by the Jones matrix method [15].

2. Description of method
The Ericksen—Leslie hydrodynamic equations are

d¢(pv;)+ 8;(pv;v;+ po; ;— O_;'li_ ‘751'_ d)=0
I1dn,/de® = h+ b+ yn,

where i and j denote x, y, or z components, p is the fluid
density, v is the fluid velocity, p is the hydrostatic
pressure, 0 is the stress tensor from elastic distortion,
' is the stress tensor induced by electric and magnetic
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fields, ¢’ is the viscous stress tensor, /4 is the molecular field
from elastic free energy, 4" is the viscous molecular field,
I is the rotational inertial density of the fluid, and y is a
Lagrangian multiplier; n is the unit vector of liquid
crystal director. In this work, we limited the problem to
the one-dimensional case where all the variables depend
on z and ¢. The boundary conditions are that at the
substrates, the velocity components vanish and the
directors are fixed and time-independent. The explicit
expressions for the various quantities can be found in
the continuum theory of Ericksen and Leslie [ 16, 17].

To simulate the dynamics behaviour of the n-cell, we
solved the equation of Ericksen—Leslie hydrodynamic
theory and then obtained the transient director distri-
bution. The inertial terms in the equation were neglected
in the simulation because their influence is very small in
comparison with the viscous term. After obtaining the
transient director distribution, we calculated the trans-
mittance using the Jones matrix method. Since there are
very few measurements of all the viscosity coefficients,
here we use the six Leslie viscosity constants for MBBA
[14, 18].

3. Results
The parameters used in the simulation are listed in
the table. The n-cell has crossed polarizers; the liquid
crystal director is at 45° to the crossed polarizers. We

Table. The parameters used in numerical computation.

Cell gap d=35.0pm oy =0.0359 gcm™'s7!
Wavelength 7. =550.0 nm oy =—04283 gem™ s}
Ky 1.24 X 10" 7 dyn o3 = —0.0066 gecm ™' 57!
K, 0.6 X10~7 dyn o, =04598 gcm™'s7!
K 1.71 X 10" 7 dyn as =02559 gecm™'s7!
g 13.8 g =0, + o3+ o5
(Onsager’s relation)
& 6.6
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calculated the free energies of the bend and splay con-
figurations at different pretilt angles. Figure 1 shows the
free energy as a function of applied voltage for the pretilt
angle 5°. The voltage at which the bend and splay
configurations have equal free energy is defined as the
critical voltage Ve. V¢ values for pretilt angles 5°, 20° and
35°%are 2.5, 1.6 and 1.0 V, respectively. V¢ decreases with
increasing pretilt angle. In order to obtain the desired
n-phase retardation, the transmittance as a function of
dAn was calculated at the bias voltage of V. (d is the
cell gap). The first transmittance peak corresponds to
the dAn value for m-phase retardation. The dAn values
of m-phase retardation for pretilt angles 5°, 20° and 35°
are 0.91, 0.99 and 1.36 um respectively. The dynamic
response of m-cells was studied for two main cases; the
holding voltage V4 on the n-cell was dropped to either
zero or Ve. In principal, a biased voltage is needed to
maintain the bend state. To achieve a high switching
speed, the applied holding voltage V} is dropped to zero
instead of V., and after the material relaxes to the proper
state, the bias voltage is applied to maintain the material
in the bend configuration.

The configuration evolution after switching off the
holding voltage V4 for pretilt angle 5° is shown in
figure 2. In figure 2, the applied holding voltage Vy
on the m-cell was dropped to zero. The configuration
approaches the equilibrium state monotonously; while
for a TN cell, the director in the middle of the layer tips
over momentarily after switching off a strong applied
field [ 13, 147]. The velocity of flow in the x-direction is
shown in figure 3. The x-direction is in the plane of the
liquid crystal director of m-cell. The flow pattern is
unique in comparison with a TN cell: the velocity has
same direction (all positive value) along the z-direction.
For any position along the z-direction, the velocity of the
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Figure 1. Free energy plotted as a function of voltage for
pretilt angle 5°.

180 —

160 |
140 |
8 1204
o
&
& 1004
~ B
[ =
o 804 t=0
c
©
60
=
40
20 -/
0‘!7 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

z/d

Figure 2. Time-varying configuration after switching off
Vi =14 V. The time interval between each pair of neigh-
bouring curves is 8¢ = 0.1 ms. Vy changes abruptly to 0 V;
pretilt angle is 5°.
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Figure 3. Space and time dependence of flow velocity com-

ponent V, after switching off 74 = 14 V. The time interval

between each pair of neighbouring curves is 8¢ =0.1 ms.
Vi changes abruptly to 0 V; pretilt angle is 5°.

n-cell approaches zero monotonously without oscillation
while a TN cell has a very complex flow velocity pattern
after switching off the holding voltage.

To compare the effects of different holding voltages,
figure 4 shows the flow velocity for V4 =6 V. The con-
figuration evolution was also studied for different pretilt
angles; figure 5 shows the configuration evolution for
pretilt angle 35°.

Figures 6 and 7 show the calculated transmittance as
a function of time after V4 =14 V is switched off. The
applied holding voltage Vy on the n-cell was dropped to



18: 00 25 January 2011

Downl oaded At:

Dynamic simulation of Pi-cell 1339

30 4

t=0
25
20
15 H
=]
s
\‘: 10 -
X
;x 5
04
-5
-10 T T T T 1
0.0 0.2 0.4 06 0.8 1.0
z/d

Figure 4. Space and time dependence of flow velocity com-
ponent V, after switching off 73 =6 V. The time interval
between each pair of neighbouring curves is 8¢ =0.1 ms.
Vu changes abruptly to 0 V; pretilt angle is 5°.
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Figure 5. Time-varying configuration after switching off
Vu =14 V. The time interval between each pair of neigh-
bouring curves is 8¢ =0.1 ms. V; changes abruptly to 0;
pretilt angle is 35°.

Ve and zero, respectively. From figure 6, if the critical
voltage V¢ is biased at the off state, the response time T,
is faster for the smaller pretilt angle 5° and there is very
little difference between pretilt angles 20° and 35°. In
figure 7, the response time shows the same tendency,
in that T, increases as the pretilt angle increases. The
response time 7, is defined as time required to reach
90% of the maximum transmittance.

Figures 8 and 9 show the calculated transmittance as
a function of time after V3 =6V is switched off. The
applied holding voltage Vy on the n-cell was dropped to
V- and zero, respectively. The response time T, for these
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Figure 6. Time-varying transmittance after switching off
Va =14 V; Vy changed abruptly to Jc.
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Figure 7. Time-varying transmittance after switching off
Vu =14 V; Vu changed abruptly to O V.

two conditions has the same tendency in that T, increases
as the pretilt angle increases. But T, for V3 =6V is
slightly shorter than 7, for V}; =14 V. This is because
the holding state at V,; =14 V is farther away from the
equilibrium state.

Next we discuss the case when holding voltage Vy is
suddenly switched on. Figure 10 shows the configuration
evolution for pretilt angle 5° after 7, =6V is switched
on. Figure 11 shows the flow velocity for pretilt angle
5° after ¥, =6V is switched on. Figure 12 shows the
transmittance as a function of time. The response time
T; decreases as the pretilt angle increases. T; actually
depends on the magnitude of the holding voltage Vy; it
decreases significantly as the V}; increases. The response
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Figure 8. Time-varying transmittance after switching off
Vi =6 V; Vy changed abruptly to J¢.
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Figure 9. Time-varying transmittance after switching off
Via =6 V; Vy changed abruptly to O V.

time T; is defined as the time required to reach the point
where the transmittance is 10% higher than its minimum
transmittance.

4. Conclusions

We have investigated the dynamics of =-cells by
solving Eriksen—Leslie hydrodynamic equations. This is
first time that the dynamic response of n-cells has been
studied in detail.

After switching off or on the holding voltage V4, the
tilt angle approaches the equilibrium state monotonously.
The velocity of flow across the cell also points in the
same direction: all positive or negative. This is where
n-cells are distinguished from TN cells. After switching
off the holding voltage Iy, the director near the centre
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Figure 10. Time-varying configuration after switching on

Vu=6V. The time interval between each pair of
neighbouring curves is 87 = 0.05 ms; pretilt angle is 5°.
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Figure 11. Space and time dependence of flow velocity com-
ponent V, after switching on V;; =6 V. The time interval
between each pair of neighbouring curves is 8¢ =0.05 ms;
pretilt angle is 5°.

of a TN cell tips over; also, the flow velocity of a TN
cell across the cell thickness is positive in one region
and negative in another.

The effect of pretilt angle on the dynamic response
was also studied. The response time 7, increases for a
larger pretilt angle after switching off the holding voltage
Vu; T, decreases with larger pretilt angle after switching
on the holding voltage V.

The magnitude of the holding voltage V also has an
influence on the dynamic response of n-cells. When Vy is
suddenly switched off, the n-cell relaxes to its equilibrium
state faster for a smaller V4 value.



18: 00 25 January 2011

Downl oaded At:

0.6

Transmittance

0.1

0.0

pretitt 5°
------ pretilt 20°
- pretilt 35°
T T T T 1
0 1 2 3 4 5
Time [ms
Figure 12. Time-varying transmittance after switching on
Vu=6V.
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