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THE pi-CELL: A FAST LIQUID-CRYSTAL OPTICAL-
SWITCHING DEVICE

PHILIP J. BOS and K. RICKEY KOEHLER/BERAN
Tektronix, Inc., P.O. Box 500, Beaverton, Oregon 97077, USA

Abstract A new approach is given for obtaining fast electro-optical
response and good angular-viewing characteristics in a liquid-crystal
variable-retardation device. The improved characteristics make the new
device well suited for use in field-sequential color systems.

INTRODUCTION

This paper describes a new approach to making a fast liquid-crystal optical-
switching device that also has low power consumption and a large cone of
view. The approach is compared with some previously reported fast liquid-
crystal devices.

CONSTRUCTING A LIQUID-CRYSTAL DEVICE
FOR FAST RESPONSE (BACKGROUND)

For some applications, such as a field-sequential color display,! the relaxa-
tion time of a liquid-crystal device must be less than a few milliseconds. The
relaxation times of conventional twisted nematic devices to their twisted state
are much longer than this, primarily because of the backflow-induced align-
ment phenomenon.2:3+4 In an earlier paper, we show that a twisted nematic
device having a — 3n/2 radian twist can be built in which the flow alignment
is not a problem and, consequently, the device relaxes much faster.5 Another
technique for obtaining fast response is to use ‘‘two-frequency”’ twisted
nematic devices.® This technique, however, requires the use of drivers that
must deliver a high-frequency signal into a large capacitive load. Other prob-
lems are the limited temperature range of the devices and the difficulty in
getting cells to switch uniformly over large areas.”

Another approach to making a fast cell is to start with a variable-
retardation device®:9:10 having homogeneous alignment. A speed advantage
might be expected over twisted devices because the director is required to
rotate through a smaller angle between the ON and OFF states. The director
in the untwisted device need tip only about 30° in a cell whose thickness is
2 \/An, while it must tip about 40°in a n/2 cell of the same thickness!! and
about 55° in a —3n/2 cell.!2 So except for flow-alignment effects, the
untwisted device should be the fastest. Figure 1(a) shows the optical response
{A=545 nm) of 2 5.2+ 0.4 ym untwisted cell filled with 1132 (Ref. 13). The

329



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:15 20 February 2013

330 P. J. BOS AND K. R. KOEHLER/BERAN

—

@)

(b)

Figure 1. Electro-optical response of a uniform cell (a), and a n-cell (b). The
light transmission (A =0.545 um) was measured for the cells placed between
parallel polarizers aligned at 45 ° to the liquid crystal surface alignment direc-
tion. Both cells are filled with the compound 1565 and are around 5.3 um
thick. A small holding voltage (around 2 V) was applied to arrest the cell’s
relaxation when the optical retardation was a half wave. (Horizontal scale: 2
msec/div).
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Figure 2(a). Material flow that takes place in a relaxing, uniformly aligned
cell. A result of this flow is to apply a ““backwards’’ torque on the local direc-
tors near the center of the cell. This shows the cell’s relaxation to the OFF
state. (b) The material flow that takes place in a relaxing n-cell. No torque
is applied to the local directors near the center of the cell, and the cell relaxes
quickly to its OFF state.

relaxation time (100%-10%) is 5.5 msec. The tilt is in opposite directions
on the two surfaces to produce a uniformly aligned cell as shown in Fig. 2(a).
The cell was placed between parallel polarizers with the alignment at 45° to
the polarizer axis. The optical response shows the same backflow-induced
‘‘optical bounce’’ problem seen in a n/2 twist cell.3 Making the cell as thin
as possible (d=A\/2An) speeds the relaxation of the cell, as would be
expected.!4 A cell constructed the same as the previous one but 2.0+ 0.4 um
thick showed a relaxation time of 3.5 msec (100%-10%) with \ =545 nm.
It is interesting that speed improvement over the cell whose response is shown
in Fig. 1(a) can also be obtained by making the cell thicker. By making the
thickness 8.8 + 0.4 um, the relaxation time can be reduced to 1.9 msec. Part
of the speed improvement results from the lack of a noticeable ‘‘bounce.”’
That thick variable-retardation cells can exhibit rapid relaxation has been
previously noted and explained as an uncoupling of the surfaces.!5 A prob-
lem with this approach is the limited cone of view.
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THE n-CELL

This paper describes an alternative way—eliminating the adverse effects of
flow alignment—to speed up a variable-retardation device. The approach
is to provide a surface alignment that will cause the flow patterns set up within
the relaxing cell to produce no *‘backwards’’ torque on the director near the
center of the cell. Figure 2(a) shows the direction of material flow in a
uniformly aligned cell. As described by VanDoorn,? the flow causes a
‘“‘backwards’’ torque to be exerted on the local directors near the center of
the cell and slows the cell relaxation. In the n-cell, the surfaces are treated
so that the pretilt direction is the same on both surfaces, so the flow causes
no torque to be applied to the central directors. A cell having this type of
alignment would be expected to relax, after the aligning field is removed,
through a state as shown in Fig. 2(b), in which the directors throughout the
cell are roughly co-planar. This is the intended OFF state of the device. The
thickness of the cell is chosen so that the retardation in this planar configura-
tion is a half wave.

If the cell were allowed to further relax, it would adopt a rn-radian
twist [Fig. 3(a)] that would, over a period of minutes, convert to a splayed
configuration [Fig. 3(b)]. Boyd, et al.}6 previously studied the transition
between the splayed and twisted states in a similar cell. Here, however, we
are primarily interested in the relaxation from the electric-field aligned state
to the planar configuration shown in Fig. 2(b) because, in our application,
the cell is switched ON again before the relaxation proceeds further.
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Figure 3. Relaxed director configurations in cell where the tiit direction is
the same on both surfaces: (a) the n-radian twist configuration; (b) the splayed
configuration.



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:15 20 February 2013

THE PI-CELL 333
CHARACTERISTICS OF THE 7n-CELL

The electro-optical response of a 5.4 + 0.4 um n-cell filled with 1132 is shown
in Fig. 1(b). The cell’s two glass plates were coated with an alignment layer
that causes the director to tilt in the same direction on both suifaces. The
relaxation time is 1.7 msec.

Another nice feature of this device is that the angle of view is quite
large. This is because of the optically self-compensating nature of the direc-
tor configuration. Figure 4 shows that for normally incident light, the cell
has an effective birefringence (An) and thickness (d) such that And/A=1/2.
For the obliquely incident light ray shown in the figure, the ray will be more
nearly parallel to the optic axes in the bottom half of the cell than for the
case of normal incidence but, in the top half, the ray will be at a greater
angle to the optic axes than in the case of normal incidence. So light passing
through the cell at an angle will see a lower effective birefringence than nor-
mally incident light in one half of the cell but a higher effective birefringence
in the other half. This compensation improves the off-state angle of view
considerably over that obtained in a uniformly aligned cell of the same
thickness. To demonstrate this, two nearly identical cells were built. Each
was filled with 1565 (Ref. 13) and were approximately 4.6 um thick. The
cells were different only in that, in one the director tilt direction on the two
surfaces was the same (n-cell), and in the other they were opposed (uniform
cell). Data was recorded at the point where each cell was a half-wave retarder
for normally incident light (A =0.545 um). Figure 5 shows the transmitted
light intensity for each cell between parallel polarizers. The light was inci-
dent at 40 ° from the cell normal and was recorded for azimuthal angles rang-
ing from 0° to 360°. The radial axis is the percent of light transmitted relative
to the maximum amount of light possible to be transmitted through the cell
with the two polarizers at normal incidence (roughly the ON state intensity
between parallel polarizers). For a perfect angle of view, the intensity would
be zero at all azimuthal angles.
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Figure 4. Off-axis optical self compensation of the off-state.



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:15 20 February 2013

334 P. J. BOS AND K. R. KOEHLER/BERAN

T #=0
[ Q
(o]
O ﬂ- fe)
© —__uniform
© + o cell
[e]
[e] # o
(e}
o o]
n-cell )
¢p=210° ° 4 ¢=90°
e ———to——1 :* et —
o 20 40 60 80 100
o L rightintensity (%) °
O O
o]
o + °
(o]
© (o]
S} o T o
o [
4
L¢=180°

Figure 5. Transmitted light intensity through a n-cell (solid curve) and a
uniform cell (dots) placed between parallel polarizers. The light (A =0.545
um) was incident at 40° to the cell normal. Both cells were in a state of half-
wave retardation for normally incident light.

THE OFF-STATE DIRECTOR CONFIGURATION

When one observes the optical response of a n-cell on a longer time scale,
the relaxation of the director configuration through the transient OFF state
to the n-radian twisted configuration is evident. As the directors are in the
process of twisting, the effective retardation of the cell can decrease.!! The
effect of this can be seen in Fig. 6; the optical response for trace (b) is noted
to have three transmission minima. Our explanation is that the directors ini-
tially relax in a plane to the point where the optical retardation is slightly
greater than a half wave; then as the director field twists, the retardation
is lowered to somewhat less than a half wave; and finally, when the twisting
is complete and the molecules complete their relaxation to be roughly parallel
with the cell surface, the retardation again increases to a final value of slightly
greater than a half wave. So the first hump and the final rise in Fig. 6(a)
are the result of the retardation being slightly greater than a half wave, but
the middle hump is where the retardation is less than a half wave. Consis-
tent with this explanation is the observation that if the cell is made thicker
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Figure 6. Electro-optical response of a n-cell using the material 1132. The
cell thickness for trace (a) is 5.5 um, for trace (b) is 4.7 um, and for trace
(c) is 4.5 um. The wavelength of light was 0.545 um. The horizontal scale
is 20 msec/division. A 30-V drive voltage was applied to the cell for 12 msec.

[Fig. 6(a)], the first hump and the final rise grow in intensity and, if it is
made thinner [Fig. 6(c)], the middle hump grows.

In applications where we have used cell thicknesses (with 1132) close
to 4.5 um, the retardation of the device remains near a half wave in excess
of 20 msec. Alternatively, if the cell is made thick enough so that there is
little tendency for the director field to twist at the point where it passes through
a half-wave retardation, then a small voltage can be applied to arrest the
cell’s relaxation at a half-wave retardation and to hold it there for several
tens of milliseconds. In cells using the compound 1132, this condition was
found to be met when the first hump in Fig. 6(a) has an intensity greater
than 10% (cell thickness>5.3 um).

As mentioned previously, it is our intent to operate the device with
the ‘‘OFF”’ state director configuration being roughly co-planar. To more
accurately know what the director configuration is in the *‘OFF’’ state, the
approach was taken of comparing the angle-of-view data with that calculated
for a particular configuration. The problem was simplified by noting that
the cone-of-view data for a cell held in its half-wave state by a holding voltage
is the same as that for the same cell as it passes through its transient halif-
wave state. So rather than trying to find the director configuration of the
dynamic off state, it is necessary only to consider the static case of a cell
in the presence of a small electric field. If the cell can be held in its half-
wave state without twisting, the surfaces must be fairly uncoupled. So the
angle that the director makes with respect to the cell normal as a function
of the distance from the surface will be similar to that for the case of a semi-
infinitely thick cell. So we can say:!7
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9 = 2tan~! exp(—-2z/€) for z=0to d/2
= 2tan—! exp[ - (d - 2)/¢] for z=d/zto z

where ¢ = 1ﬂﬂ<
E Ae

By using the holding voltage necessary to hold the cell in its half-wave
state (1.8 V) with K=10x 107 dynes and Ae =6 for the material 1565, we
calculated a coherence length of 1.2 um. The mode! cell was divided into
nine layers, each having uniform director alignment. The director orienta-
tion in layers one through four and in nine through six was taken from the
above equations, with layer five forced to have the director along the cell
normal. The optical retardation for normally incident light on the modeled
cell was calculated to be very close to a half wave.

To see how this modeled director configuration agrees with the actual
configuration, cone-of-view data was first acquired for a n-cell in its tran-
sient half-wave state. A 5.3 um n-cell filled with the material 1565 was placed
between polarizers aligned at 45 ° to the alignment direction. Data was taken
for light (A =0.545 um) incident on the cell at an angle of 40° to the cell nor-
mal for azimuthal angles ranging from 0° to 360°. The data is shown in Fig.
7 for the case of parallel and crossed polarizers. Light intensity is shown on
the radial axis as a percent of the maximum intensity possible to be transmitted
through the package at normal incidence. The light intensity through a n-
cell between polarizers was calculated using a simple optical-modeling
algorithm that took into account the angular dependence of the birefringence
of the cell, the absorption of the polarizers, and the reflections at the air-
glass interfaces of the cell and polarizers.

The results are plotted along with the data in Fig. 7. The only input
to the modeling process was An, K, and Ac of the liquid crystal; the thickness
of the cell; the voltage required to hold the cell in a half-wave state; the absorp-
tion of the polarizers; and the wavelength of the light used. Because no adjust-
able parameters were used, the match between the calculated intensities and
the data is a good indication that the director configuration calculated is very
nearly correct.

SOME MATERIALS CONSIDERATIONS

Some materials considerations are that: the clearing point be high to minimize
the effect of the variation of Az caused by variations in the nematic order
parameter within the temperature region of interest; the birefringence be low
so that cells can be made thick without being optically thick to minimize the
effect of thickness variations while maintaining a large cone of view; and
the turn-off time be short. Because n-cells made with different materials will
be desired to have the same optical thickness, the expression for the turn-off
time given in Ref. 14 can be expressed in terms of material parameters as:
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foff = ———

K(anm?
Figure 8 shows the turn-off times of several commercially available materials
versus a number proportional to the above expression. The deviations from
the straight line are probably due to the over simplification of the one elastic
constant approximation and to the possible differences in the anchoring
energies for the various materials.
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Figure 7. Calculated transmitted light intensity (solid curves) for a n-cell bet-
ween polarizers, and data (dots). The data cell was 5.3 um thick and filled
with the material 1565. The light had a wavelength of 0.545 um and was inci-
dent at 40° to the cell normal.
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Figure 8. Turn-off time for n-cells using several commercially available
liquid-crystal materials. The thickness of each cell was 1.25 \/An. (\=0.545
pum).

CONCLUSION

A variable-retardation device aligned so that the director tilt is in the same
direction on both surfaces has been shown to have a fast relaxation time and
a relatively large cone of view. It does not have the problems of the ‘‘two-
frequency’’ twisted nematic cell previously used in applications requiring a
fast switching liquid-crystal cell. The characteristics of the new device make
it well suited for use in field-sequential color systems, as well as for other
applications in which a high-speed optical shutter is needed.
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