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Zenithal bistability in a nematic liquid-crystal device with a monostable
surface condition

L. A. Parry-Jones,a) E. G. Edwards, S. J. Elston, and C. V. Brown
Department of Engineering Science, University of Oxford, Parks Road, Oxford, OX1 3PJ,
United Kingdom

~Received 13 August 2002; accepted 7 January 2003!

The ground-state director configurations in a grating-aligned, zenithally bistable nematic device are
calculated in two dimensions using aQ tensor approach. The director profiles generated are well
described by a one-dimensional variation of the director across the width of the device, with the
distorted region near the grating replaced by an effective surface anchoring energy. This work shows
that device bistability can in fact be achieved by using a monostable surface term in the
one-dimensional model. This implies that is should be possible to construct a device showing
zenithal bistability without the need for a micropatterned surface. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1557317#
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In recent years, interest in bistable display technolog
has grown dramatically in response to the increasing dem
for portable devices with low power consumption. As su
zenithally bistable nematic devices~ZBNDs! are a highly
promising display technology of the future. With a suitab
surface relief structure on one of the inside surfaces of
cell, two stable director configurations@see Fig. 1~i!# can be
supported, with the result that the device is bistable.1–5 This
device, therefore, combines the advantage of a ferroele
liquid-crystal display ~namely lower power consumptio
when the display is infrequently updated!, with the shock
stability of nematic displays. Optical modeling of suc
devices6 has shown that the effect of a grating structure
one of the device surfaces is to reduce the contrast of
display. However, contrast ratios in excess of 15:1 have b
achieved in demonstrator displays7 by optimizing the optical
properties of the grating structure.

The director configurations shown in Fig. 1~i! have been
generated with a two-dimensional~2D! Q tensor modeling
approach,8,9 using a sinusoidal grating with a depth of 0
mm and a pitch of 1.0mm, in a device of total thickness 3.
mm. For these dimensions, the two stable states show
Fig. 1~i! are of comparable energy. Although this is not ne
essary in order to achieve bistability, it optimizes the lon
term stability of a static image in a display. Figure 1~ii !
shows plots of the director tilt angleu as a function of dis-
tancez across the device width, at various pointsx along the
pitch of the grating.u is defined to be zero when the direct
is parallel to the cell surfaces, andp/2 when it is perpendicu-
lar to the surfaces. It is clear that the director structure sh
negligible variation along thex direction forz,1.5mm, and
could therefore be described with a one-dimensional~1D!
model alongz. As shown in Fig. 1~iii !, in one state~the
vertical state!, u5p/2 throughout the device, whereas in th
other state@the hybrid-aligned-nematic~HAN! state#, the di-
rector tilts continuously fromu5p/2 to u,p/2 across the
device.

Davidson and Mottram have presented such a 1D mo
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of a ZBND device10 in which the influence of the grating
structure@i.e., the regionz.1.5mm in Fig. 1~ii !# is repre-
sented by an ‘‘effective surface energy’’ term

FS5
W0

2
sin2 2u0 , ~1!

whereu0 is the liquid-crystal orientation atz5deffective. This
is of the form of a modified Rapini–Papoular term,11 and has
equal energy minima atu050 andu05p/2, as illustrated by
the curve forW1 /W050 in Fig. 2~a!. In the current work,
the surface term will be considered to act atz5deffective

5d, while the liquid-crystal orientation atz50 is fixed at
u5p/2.

Assuming a one elastic constant approximation (K11

5K225K335K), a minimization of the Franck–Oseen ela
tic energy12–14 leads to a linear solution foru:

u~z!5S u02p/2

d D z1
p

2
. ~2!

u0 is given by balancing the torques due to the surface
elastic terms at thez5d boundary, leading to the condition

sin 4u05
K

W0d S p

2
2u0D . ~3!

This equation always has at least one solution:u05p/2, cor-
responding to the vertical state. In addition, whenK/W0d
,0.87, there are two other solutions which correspond to
HAN state and an unstable solution at the peak of the ene
between the vertical and HAN states. According to Eq.~3!,
the maximum value ofu0 that can be obtained in the HAN
state is 0.45 radians. However, Fig. 1~b,ii! shows that the
value ofu0 predicted by the 2D model@for the grating in Fig.
1~b,i!# is larger than 0.45 radians.

Further, we note that according to the 1D model, t
total energy of the device per unit area~integrated across the
cell thickness! is

E Fdz5
K

2d S p

2
2u0D 2

1
W0

2
sin2 2u0 . ~4!
6 © 2003 American Institute of Physics



r
N

od
d
It

th
e

m

e
e

e

N
y

rque

ice
of

.
epa-

n
g

dic
ed
er
os
te
t

lu
tiv

r
o

AN
aram-

1477Appl. Phys. Lett., Vol. 82, No. 9, 3 March 2003 Parry-Jones et al.
For the vertical state (u05p/2) the energy is zero, but fo
u0,p/2; that is, any other state including the stable HA
state, the energy is greater than zero. However, our 2D m
shows that with the correct choice of grating and device
mensions, the two states can be comparable in energy.
therefore clear that the influence of the grating structure
not represented fully by the surface term in Eq.~1!.

In the 1D model, therefore, we propose to add to
existing surface energy expression a term that has an en
minimum at u50 only, with a maximum atu5p/2. The
total surface energy term therefore becomes

Fs5
W0

2
sin2 2u01W1 sin2 u0 , ~5!

and is illustrated in Fig. 2~a! for W1 /W0.0. Note that for
W1,2W0 , the surface energy has two energy minima~at u
50 andu5p/2), and as such the surface isbistable, but for
W1.2W0 , only the minimum atu50 exists, that is, the
surface ismonostable.

FIG. 1. Illustration of the two possible ground states that can exist i
ZBND, created using a surface relief structure, in this case, a gratin
depth 0.8mm and pitch 1.0mm is used in a device of total thickness 3.0mm.
~a! In one state, the director just above the grating is essentially perpen
lar to the glass plates, and hence the director structure can be simplifi
one in which the director is vertical throughout the whole device: the ‘‘v
tical’’ state.~b! In the other state, the director just above the device is alm
planar. Thus, the simplified director structure is like that of a HAN sta
Part~i! shows the director profile generated using aQ tensor approach. Par
~ii ! shows slices taken through the 2D profiles: the ‘‘one-dimensional~1D!
region’’ of the device can clearly be identified, as well as the effective va
of u0 in the HAN device. The results of a 1D model based on an effec
surface term are shown by the discrete points. Part~iii ! shows typical direc-
tor profiles for the two states in the 1D model.
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With the modified surface energy term, the equilibriu
solution for u is still as in Eq.~2!, except thatu0 is now
given by the solution to

sin 4u01
W1

W0
sin 2u05

K

W0d S p

2
2u0D , ~6!

instead of Eq.~3!. Some of the stable solutions now hav
much larger values ofu0 , allowing correspondence with th
results of the 2D model.

Using Eq.~5! in the 1D model, the total energy of th
device per unit area is now given by

E Fdz5
K

2d S p

2
2u0D 2

1
W0

2
sin2 2u01W1 sin2 u0 . ~7!

For the vertical state (u05p/2) this reduces toW1 , instead
of zero as before. It is therefore now possible for the HA
state (u0,p/2) to be equal in energy to the vertical state. B
equating the energies of the two states, and setting the to
on the surface director equal to zero@Eq. ~6!#, expressions
for the dimensionless parametersK/W0d andW1 /W0 can be
obtained as a function of the surface tiltu0 . These expres-
sions are plotted in Fig. 3, for the case of perfect dev
bistability. In order to achieve vertical and HAN states
equal energy, for any chosen value ofu0 the values ofW0

and W1 ~assuming fixedK and d! are uniquely determined
The two equal energy states are stable minima that are s
rated by an energy barrier, as illustrated in Fig. 2~b!.
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FIG. 2. Comparison of~a! surface and~b! total device energies, shown fo
a range of values ofW1 /W0 . Note that it is possible for the whole device t
be bistable, while the surface is monostable.

FIG. 3. If a modified surface energy term is used, and the vertical and H
states are required to have the same energy, then the dimensionless p
etersK/W0d andW1 /W0 are uniquely determined for each value ofu0 ~the
director tilt angle atz5d).
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To illustrate this concept, the values of the effective s
face energy coefficientsW0 and W1 for the grating profile
shown in Fig. 1~i! will be calculated. Figure 1~ii ! shows that
the effective 1D device thicknessd is 1.5 mm ~half the true
device thickness of 3.0mm!, and u050.64 radians. From
Fig. 3, this gives

K

W0d
53.937

and

W1

W0
53.361

at

u050.64 radians. ~8!

Note that the value ofu0 obtained for a particular devic
depends on parameters other than the grating structure,
is, the total device thickness and the elastic constant. T
means that the parametersK/W0d andW1 /W0 are not inde-
pendent ofd andK. Sinced51.5mm, and the director pro-
file in Fig. 1~i! is generated usingK51.55310211 N, then

W052.6231026 J/m2, W158.8231026 J/m2. ~9!

The 1D director profiles generated using a numeri
routine15 with these values ofW0 andW1 are shown as the
discrete points in Fig. 1~ii !. It is anticipated that the 1D
model can then be used to predict the switching characte
tics of a ZBND with that grating, with the advantage of
lower computational burden than a 2D model.

For the case of the grating profile in Fig. 1~i!, it is inter-
esting to note that the value ofW1 required to represent th
effect of the grating is such thatW1.2W0 . In other words,
even though the device is bistable, the surface energy itse
monostable. This can be understood as follows. In the ver
cal state, there is an energy cost at the surface because
is a surface energy maximum atu5p/2. However, there is
no energy cost in the bulk, becauseu does not vary withz
and hence there is no stored elastic energy. In contrast, in
HAN state, the energy cost at the surface is low becauseu0 is
near the surface energy minimum atu50. However, there is
an energy cost in the bulk through the elastic energy store
the change inu from p/2 at one surface tou0 at the other. In
our present analysis, the total surface and bulk energies
been balanced so that the total is the same in the two st
-
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It is therefore possible to have a bistable system in which
two states are equal in energy, even with a monostable
face. With a suitable choice of alignment method, therefo
it may be possible to achieve a zenithally bistable nem
device without the use of a surface relief structure on o
surface. Possible candidates for suitable alignment layers
clude obliquely evaporated silicon oxide or a weakly rubb
polymer. Not only might such an alignment layer be simp
to fabricate than a grating structure, but the contrast of
device will be improved due to the elimination of diffractiv
effects caused by the periodic structure. It is also interes
to note that for the parameters used as an example, that
device of thickness 1.5mm with a surface tilt of 0.64 radians
if the liquid crystal were a typical nematic such as E7, t
optical retardation of the device would be very close to
ideal quarter-wave condition, and hence give good contr
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