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Dynamic Properties of Polymer Stabilised Pi-Cells

P. D. Brimicombe
S. J. Elston
E. P. Raynes
Department of Engineering Science, University of Oxford, Oxford,
United Kingdom

The influence of the polymer network on the dynamic switching behaviour of
polymer-stabilised pi-cell devices is investigated in detail. The stabilisation tech-
nique is shown experimentally to increase the relaxation and switch-on times of
the device when small concentrations of polymer are used. Modelling of the device
indicates that this is due to the polymer network suppressing the fluid flow during
switching. A comparison between a conventional pi-cell and a polymer-stabilised
device with the same switchable range of transmission indicates that addition of
the polymer network increases the relaxation time by 1.7 times.

Keywords: fast-switching liquid crystal devices; pi-cell; polymer-stabilised liquid
crystal device; reactive mesogen

INTRODUCTION

The pi-cell [1] or optically compensated bend (OCB) mode is widely
regarded as the fastest switching nematic liquid crystal device tech-
nology. One of the primary drawbacks of the pi-cell is the fact that
the V state must be nucleated before the device can be used. This
nucleation can be unpredictable and unreliable. Use of polymer
networks to stabilise the V state has been demonstrated [2], but only
the static properties of such devices have been investigated in detail.
The influence of the polymer stabilisation on the static and dynamic
performance of pi-cell dedvices is investigated here.
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Pi-cells use untwisted nematic devices with splayed pretilts as
shown in Figure 1. If the applied voltage is below Vth(H-V), the H
states are the long-term stable states. Above Vth(H-V), the V state or
bend state used for pi-cell operation becomes energetically favourable.
This state is not topologically similar to the H states, however, and so
must form via nucleation which typically takes some seconds to
complete. If the applied voltage is allowed to fall below Vth(H-V) the
H states begin to nucleate into the pixel area once more.

Polymer stabilisation of the V state was first demonstrated by Kim
and Chien [2]. A small concentration (<10 wt%) of reactive mesogen
(polymerisable liquid crystal material) is dissolved in the liquid crystal
host along with a small amount of photoinitiator. The V state is
nucleated by applying a voltage above Vth(H-V). While a voltage above
Vth(H-V) is applied, the device is exposed to ultra-violet light and the
reactive mesogen polymerises, forming a sparse polymer network that
stabilises the V state.

In this work a mixture of reactive mesogen RM257 (Merck) and
5 wt% of photoinitiator Irgacure 907 (Ciba) has been dissolved in con-
centrations of between 1 wt% and 5 wt% into liquid crystal host ZLI
1132 (Merck). These mixtures were capillary filled into devices with
a quoted pretilt of 1–2� and thickness of 5 mm. Curing was carried
out using a UV light source with a wavelength of 350 nm and an
intensity of �30 W=m2 for 15 minutes to ensure full polymerisation.

FIGURE 1 The states that form in nematic devices with splayed pretilts. The
H and STN modes are not topologically similar, and so the transition from one
to the other must occur through nucleation. The symmetric H state only forms
transiently when a voltage is applied suddenly to the splayed ground state.
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Previous work has indicated that low applied voltages during curing
produce the best static response of the polymer stabilised device [2],
and so a voltage just above Vth(H-V) has been used here (3 Vrms). It
was found that reactive mesogen concentrations of 1 wt% and below
were not sufficient to stabilise the V state.

INFLUENCE OF THE APPLIED WAVEFORM DURING CURING

Although the rms of the applied waveform during curing has been
investigated [2], the influence of the precise waveform used has not
been reported previously. With a 2 wt% concentration of reactive
mesogen and using a 3 Vrms square wave during curing, a granular
texture is produced, similar to those seen in reference [2]. The right
hand photomicrograph in Figure 2 shows this texture with the rubbing
direction parallel to one of the crossed polarisers, and clearly the poly-
mer network has produced polarisation scattering, making the device
appear grey.

Diffusion during the curing process causes aggregates of the
polymer to form, resulting in the granular texture seen when high
frequency waveforms are used. If a 3 Vrms low frequency (e.g. 50 Hz)
sine wave is used during curing, a much smoother texture is produced,
reducing the polarisation scattering of the polymer network. The
production of a more evenly distributed polymer network under these
conditions is probably due to the flow in the device. When a square
wave is applied to a liquid crystal device, the director orientation does
not change during each cycle once equilibrium has been reached, since
the dielectric torque is proportional to the square of the electric field. If
a sine wave is used, however, the torque varies during each cycle and
if the frequency used is low enough (<1 kHz), there is time for the

FIGURE 2 The influence of varying the waveform used to retain the V state
whilst curing. When square waves are applied (right), a coarse texture is
produced, with much polarisation scattering of the incident light. Using low
frequency sine waves, the texture becomes smooth, and there is less polaris-
ation scattering, which will lead to a higher quality dark state. The rms
voltage of the waveforms used is constant at 3 Vrms.
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liquid crystal to respond, and there are director fluctuations within
each cycle. These fluctuations induce a flow in the device, which inhi-
bits the diffusion of the reactive mesogens, preventing large polymer
aggregates from forming. When concentrations of reactive mesogen
above 2 wt% are used, the texture appears progressively more uni-
form, but lower frequency sine wave curing voltages still induce
smoother textures. The devices discussed in the remainder of this
paper were all cured whilst applying a 3 Vrms 50 Hz sine wave.

ADJUSTMENT FOR VARIATIONS IN DEVICE THICKNESS

A major problem when attempting to identify the influence of the
polymer concentration on the device performance is variations in
thickness between the different devices used. Thickness variations
will alter the static and dynamic properties of the device significantly,
and will severely limit the accuracy of the experiment. Once the device
has been filled with the reactive mesogen and liquid crystal mixture,
exposure to ambient light is not sufficient to polymerise the reactive
mesogen because of the UV absorption of the glass substrates. This
allows the light transmission through each device for a range of
applied voltages to be measured before curing.

The light transmission through a birefringent slab between crossed
polarisers with the optic axis at 45� to the polarisers is given by

I

Io
¼ sin2 pDneff d

k

� �
; ð1Þ

where Dneff is the birefringence of the slab, d is the slab thickness and
k is the wavelength of the incident light. The retardation pDneff d=k is
then linear with the device thickness. Using Equation 1, the retar-
dation of each device as a function of applied voltage can be found from
the pre-cure light transmission measurements. These curves are then
scaled linearly to make the curves coincident, since the only signifi-
cant difference between the samples will be the variation in thickness.
These linear scaling factors can then be used to adjust the data taken
after curing in order to eliminate the influence of thickness variations
on the results.

STATIC RETARDATION-VOLTAGE CURVES

Figure 3(a) shows the scaled pre-cure retardation of pi-cells filled with
various concentrations of reactive mesogen as a function of the applied
voltage (the data are scaled to the 2 wt% reactive mesogen device).

168=[414] P. D. Brimicombe et al.
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The V state is nucleated in each device by applying a voltage above
Vth(H-V) prior to the measurements being taken. The thickness vari-
ation between the different devices is found to be less than 10%.
The very good agreement between the datasets shown in Figure 3(a)
indicates that the addition of the small percentage of reactive mesogen
only has a small effect on the material properties of the liquid crystal
host.

Figure 3(b) shows the post-cure retardation against voltage charac-
teristics of the polymer-stabilised pi-cells. The same scaling factors
have been used here as in Figure 3(a). The retardation at the curing
voltage (3 Vrms) remains constant as the reactive mesogen concen-
tration is increased. If a device were filled with 100% reactive meso-
gen, the retardation would remain constant at the curing voltage
value after polymerisation regardless of the applied voltage. As the
concentration of reactive mesogen is increased, this limit is progress-
ively approached, leading to a smaller switchable range of retardation
over a given voltage range. From static considerations alone, the low-
est concentration of reactive mesogen possible should be used to retain
a large switchable range of retardation.

MODELLING THE STATIC DEVICE RESPONSE

The behaviour of the polymer stabilised pi-cell can be modelled by
adding an extra term [3] to the Frank elastic energy density of the

FIGURE 3 (a) Scaled pre-cure retardation against voltage characteristics of
the different devices. The very good agreement between the devices shows that
thickness variations have been adjusted for correctly. (b) The scaled post-cure
electro-optic characteristics of the polymer stabilised devices. The retardation
at the curing voltage (3 Vrms) is the same for all the devices.
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liquid crystal [4]:

wd ¼
1

2
K11ðr � n̂nÞ2 þ K22ðn̂n � r � n̂nÞ2 þK33ðn̂n�r� n̂nÞ2 � Kaðn̂n � p̂pÞ2
h i

;

ð2Þ

where n̂n is the liquid crystal director, K11, K22 and K33 are the elastic
constants associated with splay, twist and bend respectively, p̂p is the
director profile of the polymer network and Ka is an influence para-
meter that defines the strength of the interaction between the polymer
network and the bulk liquid crystal. This model assumes that the poly-
mer network is rigid and remains identical to the director distribution
at the voltage applied during curing. In addition, the optical activity of
the polymer network has been ignored since the reactive mesogen con-
centrations used here are so small. The dielectric energy densisty,
�1/2D.E, is added to Eq. (2), and the director profile is found using
a one dimensional Euler-Lagrange routine to minimise the total free
energy of the device (variations within the plane of the device are
ignored since the pixel is large when compared to the device
thickness).

Figure 4 shows the results of modelling the retardation-voltage
characteristics of the 0 wt% and 2 wt% reactive mesogen devices.

FIGURE 4 Modelling of the static retardation-voltage characteristic of the
polymer stabilised pi-cell. The fit to the experimental data is very good in
the conventional pi-cell. Using a uniform polymer network, the fit is good
for low voltages, but not for higher voltages. Using a non-uniform polymer
network, the fit is significantly improved.
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The fit to the non-stabilised pi-cell data is very good, indicating that the
physical parameters used in simulation (those from the manufacturer’s
datasheet) are valid. If Ka is kept constant across the device thickness,
a good fit for the 2 wt% device is found for Ka ¼ 100 Nm�2, but only at
low voltage. Since the host liquid crystal material used here (ZLI-1132)
is moderately absorbing in the UV, it is reasonable to assume that the
polymer network is more dense near the surfaces than in the bulk (the
UV exposure was from both sides simultaneously). Non-uniformities
of this kind have been observed previously [5].

By allowing Ka to vary through the device thickness (Ka ¼ Ka(z)), a
much better fit is can be obtained. In order to minimise the fitting
parameters, a polynomial distribution of the form

KaðzÞ ¼ Aðz� 0:5ÞB ð3Þ

was used initially (A and B are fitting parameters). This function pro-
duces very high values of the influence parameter at the surfaces,
causing the simulation to become unstable. Use of a cosine function
of the form

KaðzÞ ¼ A cosBðpz=dÞ ð4Þ

instead produces a similar influence parameter distribution in the
bulk of the device, but a much reduced value near the surfaces, while
still requiring only two fitting parameters. Figure 4 shows the results
using A ¼ 1700 and B ¼ 18 and the fit to the experimental data is
much improved, but the trend at high voltages is still not quite correct.
This discrepancy may be because the polymer network is not rigid, and
flexes at higher voltages. While it is possible to model this effect, it
leads to many new unknown parameters and derivation of the equa-
tions becomes complex because an arbitrary polymer network distri-
bution is required in this case.

DYNAMIC COMPARISON WITH A CONVENTIONAL PI-CELL
OF IDENTICAL THICKNESS

The thickness dependence of the switching time of conventional
pi-cells is s/d2. If the properties of the polymer stabilised devices
are assumed to retain this thickness dependence, then the switching
times of the devices should be scaled by the square of the scaling fac-
tors used in Figure 3. In order to compare the switching times of the
polymer stabilised devices with those of a pi-cell of the same thickness,
the switching must be between an addressing voltage and just above

Dynamic Properties of Polymer Stabilised Pi-Cells 171=[417]
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Vth(H-V). If the voltage falls below Vth(H-V) at any time, there is
nucleation of the H states in the non-stabilised device.

The scaled relaxation times to the 90% level of the polymer stabi-
lised devices and a conventional pi-cell switching between a range of
addressing voltages and 3 Vrms are shown in Figure 5. Using small
concentrations of reactive mesogen causes an increase in the relax-
ation time. As the polymer concentration is increased further, how-
ever, the relaxation time is reduced, and by 4 wt% the polymer
stabilised device is faster than the conventional pi-cell of the same
thickness.

The scaled switch-on times to the 10% level for the same devices are
shown in Figure 6. The polymer stabilised devices have consistently
longer switch-on times than the conventional pi-cell across the whole
range of reactive mesogen concentration tested. As the concentration
is varied there are changes to the switch-on behaviour, but these are
subtle when compared to the variation in the relaxation times.

FIGURE 5 Comparison of the relaxation times to the 90% level between an
addressing voltage and 3 Vrms of the polymer stabilised devices and a conven-
tional pi-cell of the same thickness. Small concentrations of reactive mesogen
increase the relaxation time, whereas larger concentrations decrease it. The
relaxation time remains approximately constant across the range of address-
ing voltages used. The data have been scaled to eliminate any thickness
variations between the samples.
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DYNAMIC MODELLING OF POLYMER STABILISED PI-CELLS

The rigid polymer network model from Eq. (2) can be used to simulate
the dynamics of the polymer stabilised devices. The dynamic model-
ling technique uses Eriksen-Leslie-Parodi theory [6–8] with the van
Doorn=Berreman approximation [9,10] except with the inclusion of
the influence parameter shown in Eq. (2). The numerical solution
method is outlined in reference [11], and the influenced parameters
used were those found by fitting the static data (see Fig. 4). The simu-
lated switching behaviour of the conventional pi-cell and the 2 wt%
polymer stabilised pi-cell ignoring flow is shown in Figure 7. The poly-
mer network has little influence on the switch-on time, but does sig-
nificantly alter the relaxation behaviour. In both the uniform and
non-uniform polymer network cases the relaxation time is smaller
than that of the conventional pi-cell. This is because the polymer net-
work term in Eq. (2) adds to the elastic restoring torque in simulation.
Experimentally, however, the relaxation and switch-on times of the
2 wt% polymer device are slower than those of the conventional pi-cell
(see Fig. 5).

FIGURE 6 Comparison of the switch-on time to the 10% level of the polymer
stabilised devices and a conventional pi-cell of the same thickness between
3 Vrms and an addressing voltage. The addition of the polymer network
increases the switch-on time of the device. The data have been scaled to elim-
inate any thickness variations between the samples.

Dynamic Properties of Polymer Stabilised Pi-Cells 173=[419]
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It has been demonstrated that the shear flow during switching
significantly reduces both the switch-on and relaxation times of con-
ventional pi-cells [12]. The presence of the polymer network in the
polymer stabilised devices may inhibit the shear flow of the liquid

FIGURE 7 Simulated switch-on (a) and relaxation (b) curves of polymer sta-
bilised and conventional pi-cells switching between 3 Vrms and 8 Vrms ignor-
ing flow of the liquid crystal. The addition of the polymer network only has a
small influence on the switch-on time, and leads to decreased relaxation times
in both the uniform and non-uniform polymer network cases. This is not the
experimentally observed behaviour (see Figs. 5 and 6).

FIGURE 8 Simulated switch-on (a) and relaxation (b) curves of polymer
stabilised and conventional pi-cells switching between 3 Vrms and 8 Vrms
including flow of the liquid crystal in the conventional pi-cell only. The flow
accelerates the switching of the conventional pi-cell, leading to faster
switching times in both switch-on and relaxation.
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crystal, and thus increase the switching times. Figure 8 shows a
simulated comparison between a conventional pi-cell including fluid
flow and the polymer stabilised pi-cells with flow effects suppressed
completely. The switch-on time of the conventional pi-cell is now faster
than that of the polymer stabilised devices, as is seen experimentally.
In addition, the relaxation times to the 90% level of the polymer sta-
bilised devices are slower than those of the conventional pi-cell for
both the uniform and non-uniform polymer networks. The increase
in switching times observed experimentally may also be due to
dynamic flexing of the polymer network, but as described above, simu-
lation of this effect introduces many unknown parameters.

SWITCHING OF THE POLYMER STABILISED PI-CELLS

Since the V state is now stable with no applied voltage, the polymer
stabilised pi-cells can be switched between 0 Vrms and the addressing
voltage, allowing operation over a greater range of retardation. The
relaxation times of these devices under this addressing scheme are
shown in Figure 9. Once again, increasing the reactive mesogen con-
centration decreases the relaxation time, and the relaxation times

FIGURE 9 Experimental relaxation times of the polymer stabilised pi-cells
from an addressing voltage to zero volts. The relaxation times are approxi-
mately independent of the addressing voltage, and follow the same trends as
those shown in Figure 5. The data have been scaled to eliminate any thickness
variations between the samples.
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are approximately independent of the addressing voltage. The relax-
ation times are consistently slower than those between the addressing
voltage and 3 Vrms (see Fig. 5).

The switch-on times from 0 Vrms to an addressing voltage are
shown in Figure 10. The switching times are similar to those obtained
by switching from 3 Vrms to the addressing voltage (see Fig. 6). As the
concentration of reactive mesogen is increased, there are subtle
changes in the switch-on times, but no clear trend can be observed.

PREDICTION OF REAL DEVICE BEHAVIOUR

In real displays, the optical properties of a liquid crystal device must
be optimised for the particular application. It is important, therefore,
to compare devices that are capable of switching over the same trans-
mission range. The highest voltage that can be applied to the device in
a display is limited by the TFT array used. Typically, the highest volt-
age that a TFT can be operated at reliably is 8 Vrms. Any residual
retardation of the pi-cell at this high voltage limit must be compen-
sated using a retarder in order to produce a true dark state. This

FIGURE 10 Experimental switch-on times of the polymer stabilised pi-cells
from zero volts to an addressing voltage. As in the switching from 3 Vrms
(Fig. 6), there is no clear trend as the reactive mesogen concentration is
increased. The data have been scaled to eliminate any thickness variations
between the samples.
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compensation then also reduces the retardation at the lowest applied
voltage (just above Vth(H-V) for the conventional pi-cell and 0 Vrms for
the polymer stabilised devices). In order to compare like-for-like
devices, the range of switchable retardation after compensation should
be the same for both devices. Using the static data shown in Figure 3,
the thickness change required to meet this condition for each polymer
stabilised device can be found. For example, the 2 wt% polymer device
must be 1.07 times thicker than a conventional pi-cell to produce the
same switchable retardation range after compensation.

Increasing the device thickness will also increase the relaxation
time of the devices. Assuming that s/d2, the experimentally obtained
switching times are scaled in order to compare the switching times of
like-for-like devices. The result of this scaling is shown in Figure 11,
and as the reactive mesogen concentration is increased, the like-for-
like relaxation time also increases. With higher reactive mesogen con-
centrations, the retardation against voltage characteristic becomes
more shallow. A thicker device is therefore required to produce the
same switchable retardation over a fixed voltage range. This increase
in thickness slows the switching, and this dominates any improvement

FIGURE 11 Like-for-like device switching time comparison. All devices
switch over the same range of retardation. Any improvement in switching time
observed in the higher reactive mesogen concentration devices (see Fig. 9) is
cancelled out by the increase in thickness required to produce the same
switchable range of retardation.
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in the raw switching times achieved by using higher concentrations
of reactive mesogen (see Figure 9). The optimum reactive mesogen
concentration is therefore the lowest that still stabilises the V state.
The relaxation time to the 90% level of the conventional pi-cell is
1.8 ms, whilst that of the equivalent 2 wt% reactive mesogen device
is 3.0 ms.

CONCLUSIONS

The dynamic influence of the polymer network in polymer stabilised
pi-cells has been investigated in detail. The use of low frequency sine
waves to retain the V state during curing has been shown to produce
less polymer aggregation, and thus less polarisation scattering. By
taking the transmission against voltage characteristic of each device
before curing, any thickness variations between the devices can be
eliminated from the experiment. After curing, the retardation at the
curing voltage is constant, regardless of the reactive mesogen concen-
tration used. Static modelling of the device indicates that the polymer
network is not uniform across the device thickness, and it is likely that
the network flexes when higher voltages are applied. Use of low
reactive mesogen concentrations has been shown to increase the relax-
ation time, and the presence of the polymer network increases the
switch-on time, regardless of the reactive mesogen concentration.
Dynamic modelling of the network indicates that this may well be
because the polymer network is suppressing the fluid flow within
the device. A like-for-like comparison between a conventional pi-cell
and polymer stabilised pi-cells, indicates that the lowest possible poly-
mer concentration should be used, and with the materials and devices
used here, this corresponds to a reactive mesogen concentration of
2 wt%. Using this concentration, the relaxation time of the polymer
stabilised device is increased by 1.7 times when compared to that of
a conventional pi-cell capable of switching over the same range of
retardation when the high voltage limit is 8 Vrms.
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