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The role of surface tilt in the operation of pi-cell liquid
crystal devices

E. J. ACOSTA*, M. J. TOWLER and H. G. WALTON

Sharp Laboratories of Europe Ltd, Edmund Halley Road, Oxford Science Park,
Oxford OX4 4GB, UK

(Received 19 November 1999; accepted 24 January 2000)

The role of surface tilt in the operation of pi-cells (OCB) is discussed. We show the eŒect of
tilt on the relative stability of the H and V states, the switching characteristics and the domain
growth speed. We further study the eŒects of temperature and cell thickness on the
domain growth.

1. Introduction The fast electro-optic response speeds of the pi-cell
The pi-cell [1, 2] or optically compensated bend mode are obtained by utilizing the V state as the operating

(OCB) [3] is a fast electro-optic response speed device, in state, as shown in � gure 1. The pi-cell is positioned
which the voltage-induced optical change occurs primarily between crossed polarizers, with the alignment direction
by reorientation of the director near the boundary at 45 ß to their polarization axes. To cancel the residual
substrates. It has recently gained renewed device interest LC retardation and obtain a dark state at a � nite
as a fast mode for improved video display performance voltage, a retarder is placed between the pi-cell and one
[4]. The device consists of a nematic con� ned by parallel of the polarizers. Typically the cell gap, birefringence
alignment of typically 2 ß –5 ß tilt. At zero applied voltage and retarder are chosen to operate the device between
these conditions stabilize a splayed director con� guration, approximately 2 and 5 V , switching between a net l/2
or H state (HS ). On applying a � eld, alternative director and 0 retardation.
con� gurations become energetically favourable over the
H state. There are four director con� gurations that are
important in the operation of a pi-cell: the symmetric 2. The stability of states
H state (H

S
), the asymmetric H state (H

A
), the 180 ß 2.1. H and V stability at zero applied � eld

twist state (T state) and the bend state (V state), these
A tractable analytic expression relating to the

are depicted in � gure 1.
threshold voltage for the H–V transition has not been

If no voltage is applied the symmetric H state (HS ) found. Generally, numerical solutions to the full Euler–
is stable. Applying a voltage greater than the stability

Lagrange equations must be determined. However,
voltage (V

st
) favours the V state. As the H state is topo-

considerable simpli� cation of the equations is possible
logically distinct from the V state, the transition from

when determining the tilt (hp ) required to stabilize a
one to the other requires the generation of an S 5 Ô 1/2

(untwisted) V state with respect to the H state at zero
disclination to nucleate the favoured state [5]. This

applied � elddiscontinuous transition (process of nucleation and
The free energy per unit area F for an untwistedgrowth) takes some time to occur, during which the HS nematic in one dimension is given by:.state may undergo a Fréedericksz transition into the

asymmetric splayed state (H
A

). Similarly, starting at a
high voltage in a stable V state and reducing the voltage F 5

1

2 P d

0
(K11 cos2 h 1 K33 sin2 h)Adh

dzB2
dz (1)

below Vst permits the nucleation of the H state, again;
this discontinuous transition takes a � nite time, during
which the V state can undergo a second order phase where h 5 tilt angle of the director and h 5 0 ß is in the
transition into the 180 ß twist state (T state). plane of the cell surfaces, K11 5 splay elastic constant,

K33 5 bend elastic constant and d 5 cell thickness. Writing

the Euler–Lagrange equation, multiplying by h
z
/2 and*Author for correspondence; e-mail: zabbie@sharp.co.uk
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978 E. J. Acosta et al.

integrating once gives:

(K11 cos2 h 1 K33 sin2 h)Adh

dzB2
5 const (2)

whence,

dh

dz
5 Ô A constant

K11 cos2 h 1 K33 sin2 hB1/2
(3)

substituting back into the free energy yields:

F 5 P d

0
const dz. (4)

This expression applies to an arbitrary untwisted nematicFigure 1. Director con� gurations within a pi-cell.
in one dimension and states that in equilibrium and for
zero applied � eld the free energy density is independent
of z. This is physically clear, since an excess of elastic
energy density at some point would cause the system to
move to reduce this energy gradient, i.e. equilibrium
would not have been attained.

For the H state and V state to have equal energy, the
constant in equation (4) must be the same for both,
hence integrating from z 5 0 (where h 5 hp ) to the centre
of the cell for both states gives:

P h=p/2

h=hp

(K11 cos2 h 1 K33 sin2 h)1/2 dh

1 P h=0

h=hp

(K11 cos2 h 1 K33 sin2 h)1/2 dh 5 0 (5)

where we have been careful to choose the correct sign
Figure 2. Relative stability of the H and V states at a given of the gradient dh/dz in each case. Equation (5) is

pretilt hp calculated as a function of the elastic constants trivially solved numerically to � nd the tilt hp (for a given
ln(K11/K33 ) at zero applied � eld.

K11 and K33 ) which stabilizes the V state with respect

Figure 3. Relative stability of the states in a pi-cell as a function of surface tilt. Arrows denote whether diagrammatic representation
of the domains occurs on increase (() or decrease (̄ ) of voltage.
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979Role of surface tilt in L C pi-cells

to the H state; � gure 2 shows this result. As expected, 3. Switching characteristics of the pi-cell at low and
high surface tiltsfor K11 5 K33, the H and V states require a surface tilt

of 45 ß to be stable at zero � eld. 3.1. T ransmission–voltage characteristic
To investigate the eŒect of surface tilt on the operation

of the pi-cell, the electro-optic curves of low and high2.2. Symmetric and asymmetric surface tilts.
tilt pi-cells were measured (without additional retardationIntroducing an asymmetry between the top and
� lms) see � gure 4. Increasing the surface tilt decreasedbottom surface tilts in a pi-cell will alter the stability of
the voltage (V

T-max
) at which the maximum transmissionstates at zero � eld from that described in � gure 2. In the

occurred. The reduction of V
T-max

permits a reduction incase of highly asymmetric surface tilts, e.g. very high
the operating voltage of the pi-cell, as su� cient opticalsurface tilt on one substrate and very low surface tilt on
modulation is still present for operation (so long asthe other, an H–V transition is not exhibited. We do not
VT-max remains greater than the stability voltage, recallingconsider the case of asymmetric surface tilts in detail.
that the stability voltage decreases as tilt increases).
However, at very high tilts, approximately greater than

2.3. Finite � eld, H
S
, H

A
, V and T stability 55 ß , the optical modulation becomes very much reduced.

The relative stability of the states within a driven
symmetric surface tilt pi-cell is calculated [6] for a
5 mm cell of nematic liquid crystal E7 (Merck Ltd. UK) 3.2. Relaxation times
at 25 ß C (De 5 13.745, K11 5 10.643 pN, K22 5 6.7 pN, Relaxation times were measured to determine the
K33 5 15.5 pN). In this calculation, the nucleation eŒect of surface tilt. Measurements were made in 5.2 mm
process need not be considered as the stabilities of the thick cells � lled with E7, for a range of tilts (3.2 ß , 16.5 ß ,
states relate to the system in equilibrium.

The stability voltage (V
st

) at various surface tilts (h
p
)

were determined by locating the voltage at which the
Gibbs free energy (G) of the H state equalled that of
the V state (DG 5 0), and is represented by the solid line
in � gure 3. The mid-plane tilt of the director (hm ) for
both the H and V states was calculated as a function of
voltage for various surface tilts to determine at which
voltages the second order transitions occur: the HA

<HS
transition corresponds to the dotted line in � gure 3
and the T<V transition to the dashed line in � gure 3.
Experimentally, at the stability voltage (Vst) one would
observe the velocity of the S 5 Ô 1/2 disclination line
between the H and V states to be zero, while the
asymmetric HA state can be observed in the form of tilt
walls on application of suitable voltages to symmetric
tilt cells.

The interaction between the states (for this speci� c
pi-cell ) is summarized in � gure 3 as a function of the
surface tilt. Good agreement was observed between
the calculated results and experimental observations:

(1) The stability voltage decreases as tilt increases.
(2) The V state is stable at all voltages for surface tilts

above ~48 ß , eliminating the need for nucleation.
Xu, et al. [7] show this experimentally for surface
tilts of 51 ß .

(3) The twist state does not appear at surface tilts
above ~30 ß .

A brief investigation of the elastic and electrostatic
energies of the system indicated that it is the combined Figure 4. Normalized transmission–voltage curve for low and
eŒect of the energies that govern the H–V transition; high tilt pi-cells (5 mm, E7 cells at 45 ß to crossed polarizers

and no retarder).neither dominates.
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980 E. J. Acosta et al.

17 ß , 20 ß , 30 ß and 32 ß ). The relaxation times for a pi-cell 4.1. T heory
For large domains we assume (dimensionally):(with no additional retarders) were obtained by � rst

determining the voltages at which maximum trans-
Effective viscosity (g) Ö Wall speed (s)# Excess free energy density (DG)

Pa s m s Õ 1 J m Õ 2mission occurs in the respective cells. The relaxation
times correspond to the time taken to relax from 10% (6)
to 90% of the maximum transmission when switched

The excess Gibbs free energy per unit area is obtainedfrom 10 V (arbitrarily chosen) to the respective voltage
by calculating the diŒerence between the Gibbs freeof maximum transmission. When crossing the pi-cell
energy density of the H state and the V (or T) state.with a 52 nm retarder, the voltages at which minimum
We � rst calculate the diŒerence between the H and Vand maximum transmissions occur had to be determined.
state con� guration (� gure 6) assuming isotropic elasticThe relaxation times correspond to the time taken to
constants (K), under large uniform electric � elds (E).relax from 10% to 90% of the maximum transmission

For each case:when switched between the respective minimum and
maximum transmission voltages. The results are plotted
in � gure 5. The ON-times of the cells varied, but energy per unit area 5

1
2 P2

0
(Kh2

z
Õ e0DeE2 sin2 h) dz

remained under 1 ms.
Interestingly, very little diŒerence is seen in the (7)

relaxation times for tilts below 20 ß —an increase from
where De is the dielectric anisotropy. Let1.8 to 2.3 ms (no additional retarder) and from 2.4 to

3.4 ms when a 52 nm retarder was incorporated into the
set-up. However, for tilts greater than 20 ß there is a j 5 A K

e
0
DeB1/2 1

E
; Z 5

z
jmarked increase in the relaxation time, reaching 4.7 ms

in pi-cells of 32 ß tilt (no retarder) , nearly twice that of giving:
the 3 ß tilt cell. This suggests that the pi-cell can be
operated with tilts of up to approximatel y 20 ß without a

energy per unit area 5
E(Ke0De)1/2

2 P2

0
(h2

z
Õ sin2 h) dZ

detrimental eŒect on the switching performance. However
a more detailed study would be required for particular

(8)display requirements, the de� nition of relaxation time
(e.g. 10%–90% compared with 5%–95% transmission) leading to:
obviously aŒecting that which is measured.

DG per unit area 5
2V
d

(Ke0De)1/2 sin hP . (9)

4. Domain wall between H and V states
The domain growth (V replacing H) speed at highThe eŒect of the surface tilt on the behaviour of the

voltages is expected to be inversely proportional todomain wall between the two states was investigated by
the cell thickness d and proportional to the surfacemeasuring the speed of the disclination line between the
tilt angle hP , the voltage V and an eŒective viscosity g.H and V domains as a function of the voltage applied.

Figure 6. Schematic representation of the diŒerence between
the H and V states as used to determine the analytical

Figure 5. Relaxation times for diŒerent tilt pi-cells. expression for the excess Gibbs free energy.
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981Role of surface tilt in L C pi-cells

Additionally, the domain growth (H replacing T) at low
voltages and low surface tilt is expected to be independent
of voltage (K

2
twist elastic constant) with:

DG per unit area 5
K2p2

2d
. (10)

In practice, the excess Gibbs free energy density
is calculated numerically. Such a calculation for E7
(K1 5 10.643 pN, K2 5 6.7 pN, K3 5 15.5 pN, De 5 13.745,
d 5 5 mm) is represented by the solid line in � gure 7. The
predictions obtained from the simple analytic theory

Figure 7. Numerical (solid line) and analytical (dotted lines)
determination of the excess Gibbs free energy (DG) for a
2 ß tilt E7 pi-cell.

Figure 10. Domain wall speeds measured as a function of
voltage in a 5 mm, 11.5 ß tilt E7 cell.

Figure 8. Microphotograph of a V state (grey) domain
relaxed to a T state within an H state (purple) at zero
applied � eld. Labelled 1–4 are the four points along the
domain wall at which the domain speed is measured.

Figure 9. Schematic representation of the splay–bend and
twist wall director con� gurations about the S 5 Ô 1/2

Figure 11. Speed of the twist-wall as a function of voltage indisclination along the domain wall. Arrows ( � ) indicate
direction of wall movement. a 2 ß and an 11.5 ß tilt, 5 mm E7 pi-cells.
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982 E. J. Acosta et al.

with equation (9) multiplied by (e
d
/e) )1/2 to allow for 4.3. Asymmetric domain growth speed

the non-uniform E-� eld and taking K 5 K1 , represented The domain growth along the four directions labelled
by the dotted line in � gure 7, are however a reasonable (1, 2, 3, 4) in � gure 8 were investigated. The speed of the
approximation. two splay–bend (1, 2) and two twist (3, 4) walls were

measured in cells of diŒerent tilt (2 ß , 11.5 ß , 15 ß ) and
4.2. Experiment thickness (2.3, 5, 10.5 mm). Figure 10 shows the wall

The microphotograph in � gure 8 shows a T state speeds measured in an (5 mm, 11.5 ß ) E7 cell. It was
domain within an H state in a pi-cell at zero � eld observed that the domain speed for the splay–bend wall
(decreasing T state domain). In the experiment the V (type 1) was signi� cantly faster than the other three
(and T) state domain must be of the order of millimetres (types 2, 3, 4) domain wall speeds regarding both growth
to ensure that the domain size does not aŒect the speed and shrinkage. This behaviour was observed in all the
of the domain wall. The domain speed was measured as cells measured though it was less marked at lower tilts.
a function of voltage at four locations, labelled 1–4 in This asymmetry in the speed of the domain wall is
� gure 8, corresponding to two splay–bend con� gura- probably the result of the net � ow eŒect in a pi-cell
tions (types 1, 2); a portion of the domain wall moving upon applying/removing a � eld.
parallel to the alignment direction and two twist con� g-
urations (types 3, 4); domain wall motion orthogonal to

4.4. EŒect of surface tilt on the domain speedthe alignment direction. Figure 9 illustrates the respect-
Graphs showing the speed of the twist wall as aive director con� gurations about the splay–bend and

the twist disclination lines. function of voltage in 2 ß and 11.5 ß tilt (5 mm) E7 pi-cells

Figure 12. Fitting the experi-
mental domain speed data for a
11.5 ß tilt pi-cell to the numerical
excess Gibbs free energy (DG)
data to determine an eŒective
viscosity (g) results in g 5 0.277.

Figure 13. Comparison of the
measured ( E ) splay–bend wall
speed in a 2 ß tilt pi-cell, multi-
plied by the eŒective viscosity
(g 5 0.277 Pa s), with the numer-
ical excess Gibbs free energy (Õ )
calculated for an equivalent
cell.
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983Role of surface tilt in L C pi-cells

are shown in � gure 11. These graphs support equations
(9) and (10):

(1) At high voltages the speed of the domain is
proportional to the voltage applied.

(2) At high voltages, the domain speed increases
with the surface tilt, e.g. domain speed at 10 V is
26 mm s Õ 1 at 2 ß tilt and 118 mm s Õ 1 at 11.5 ß tilt.

(3) The shape of the curve at low voltages is dictated
by the surface tilt of the pi-cell and the low tilt
graph agrees with the shape of the curve in
� gure 7.

It was observed that the diŒerence in domain speed
between the splay–bend wall (1) and the other three
domain walls increased with surface tilt, such that at
low tilts (2 ß ) there was approximately a 20% diŒerence
between them, while at higher tilts (15 ß ) there was
approximately a 50% diŒerence. The eŒective viscosity
can be determined from expression (6), by comparing the
experimental domain speeds with the calculated excess
Gibbs free energy plots. Figure 12 compares the experi-
mental domain speed for a splay–bend wall (type 1),
direction of growth against the rubbing direction, in a
5 mm, 11.5 ß tilt pi-cell with the numerically calculated
excess Gibbs free energy for an equivalent pi-cell.
Comparing the gradient of the two curves at high
voltages gives an eŒective viscosity, g; from � gure 12
g 5 0.277 Pa s.

Repeating the procedure for a twist wall results in an
eŒective viscosity of 0.458 Pa s. Although this value is
signi� cantly greater than the value of 0.277 Pa s, both
eŒective viscosity values are of the order of the rotational
viscosity of E7, c1 5 0.399 Pa s. To verify the validity of
the eŒective viscosity (g 5 0.277 Pa s, was calculated for
a relatively high tilt pi-cell ), the splay-bend (1) domain
speed measured in a low tilt (2 ß ) pi-cell was scaled by
g 5 0.277 Pa s. A comparison with the calculated excess

Figure 14. Domain wall speeds measured for diŒerent thicknessGibbs free energy, � gure 13, shows reasonable agreement.
pi-cells (11.5 ß tilt).

4.5. Cell thickness
The eŒect of cell thickness was investigated for 11.5 ß independent ) stability voltage of Vst 5 1.33 V. The calcu-

lated stability voltage is signi� cantly less than thattilt pi-cells. The measured domain wall speed in 2.3, 5 and
10.5 mm thick cells along all the four directions described measured: V

st
~ 2.3 V for a 2.3 mm and V

st
~ 2.0 V for a

5 mm pi-cell. Increasing the thickness of the cell reducesin � gure 8 are shown in � gure 14. It was observed that
at high and low voltages, away from the stability voltage, the measured Vst towards the theoretical value, indicating

that the domain wall energy does not scale with similarthe speed of the domain growth (shrinkage) scaled as
1/d. This behaviour held true for all four measured thickness dependence as the domains; this remains to be

investigated.locations about the domain wall even though the speed
of the splay–bend wall (1) exhibits a diŒerent speed
from the others. The stability voltage, for similar sized 4.6. T emperature

While the bulk of the investigation was done usingdomains was observed to decrease as the cell thickness
increased. This is not explained by a simple one dimen- E7 as the nematic LC, in a pi-cell device a TFT com-

patible nematic LC would have to be employed. For thissional energy comparison between the two states: a
calculation for the equivalent E7 pi-cell gave a (thickness reason we chose to investigate the eŒect of temperature in
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984 Role of surface tilt in L C pi-cells

Figure 16. Domain wall speed as a function of temperature.

Plotting the logarithm of the measured gradients (b)
against T Õ 1 results in a linear behaviour as shown
in � gure 16 which indicates that these results are in
agreement with the Arrhenius behaviour.

5. Conclusions
Figure 15. Twist-wall domain speed measured as a function This work has clari� ed the role of pretilt in the

of voltage at diŒerent temperatures.
stability of the states occurring in a pi-cell. As previously
suggested [7], tilt of the order of 45 ß can stabilize the

5 mm (~14 ß tilt) pi-cells � lled with MLC-6000-100 , a low
V state at zero volts, but this is at the cost of switching

level multiplexing LC (Merck); De 5 10.4, K11
~ 12.5 pN,

speed and optical modulation. Away from the stability
K

22
~ 7.3 pN, K

33
~ 17.9 pN (at 20 ß C). The speed of

voltage the speed of growth of the domains is that
the twist wall was measured at temperatures ranging

expected from a simple diŒerence in the Gibbs energy
from 20 to 50 ß C. Two of the resulting graphs appear

density of the two states.
in � gure 15. The stability voltages in these cells varied

Asymmetry in domain growth speed is thought to be
only very slightly over the temperature range measured:

due to the coupling with � ow, and this requires further
V

st 5 1.70 V at 28 ß C compared with V
st 5 1.63 V at 40 ß C.

investigation. Finally the nature of the domain wall and
However the stability voltage for other LC materials

its role in voltage stability and eŒective viscosity require
has been observed to increase with temperature (MLC

clari� cation.
13300-100 , Merck) while decreasing in others (E7, Merck).

The gradient (b) of the domain speed–voltage curve
for voltages greater than Vst , was calculated and found References
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