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Liquid Crystal Bistable Displayst 
R. N. THURSTON 
Bell Communications Research, Holmdel, NJ 07733 

(Reeeived A u p r  28. 1984) 

Bistability implies storage of information, which means memory. The practical signifi- 
cance of bistability is that it eliminates the need to refresh, which is a major obstacle to 
matrix-addressed displays that have a large number of elements. 

We review displays based on bistable configurations of the director orientation. Two 
types of such displays are distinguished by whether the bistable configurations are 
topologically distinct, requiring disclination motion in switching, or not. The dis- 
clination-free type can operate at  low voltages of about 5V, whereas a high voltage of 
IOOV or more is required for rapid switching by disclination motion. 

An example of the high voltage type is an electrically written, thermally erased 
display based on the topologically distinct vertical and horizontal states. A 20 row by 
40 column model has been demonstrated. 

Examples of the low voltage, disclination-free type are a cholesleric twist cell and a 
display based on bistable boundary layer configurations. The boundary layer display 
bistability is insensitive to variations in holding voltage, cell parameters, material 
properties, and temperature. Switching is simple: a short, low voltage dc pulse selects 
one or the other of the bistable states, depending on the polarity of the pulse. 

1. INTRODUCTION 

The need to refresh sets a major limitation on the number of elements 
of any matrix-addressed display that does not have memory. Bistabil- 
ity provides memory, and removes this limitation. This is the reason 
for interest in bistability, or storage effects, in displays. 

The necessary ingredients of a bistable display are (1) two different 
states that are stable (or metastable but long-lived) under the same 
boundary conditions and voltage, (2) a method of obtaining optical 

?Invited Lecture at the Tenth International Liquid Crystal Conference, York, U.K., 
July 15-21, 1984. 
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2 R. N. THURSTON 

contrast between those states, (3) a method of switching between the 
two states, and, for displays of large information content, (4) a 
method of matrix addressing. 

Most of the work on liquid crystal displays with memory uses 
bistabilities between phases or textures that have different optical 
properties. Among the storage effects of this type that have been 
considered for displays or “light valves” are the transitions between 
transparent and scattering textures in cholesterics’-12 and smec- 

The subject of the present review is a different class of bistability- 
a bistability between two ordered states that both have smooth 
configurations of the director. We call this configurational bistability 
to distinguish it from the textural bistability mentioned in the preced- 
ing paragraph. Configurational bistabilities are of two types, depend- 
ing on whether or not the bistable states are topologically distinct, 
requiring disclination motion to switch from one to the other. Some 
ideas concerning the use of topologically distinct states in bistable 
displays, stabilized by the energy to detach disclinations, were given 
in Reference 20. 

These effects involve order-disorder transitions. 

2. TOPOLOGICAL EQUIVALENCE AND THE UNIT SPHERE 

The idea of topologically distinct or equivalent states can be under- 
stood very easily by picturing the director configuration as a path on 
a sphere. Picture the liquid crystal director as a unit vector from the 
center out to a point on the unit sphere. The point gives the orienta- 
tion of the director, with the polar axis representing the direction 
normal to the cell surfaces. Consider configurations in which the 
orientation depends only on the z coordinate. Then, as the orientation 
changes with z, the point on the sphere traces out a path or graph that 
shows the director orientations in the configuration. The end points of 
the path on the sphere represent the boundary conditions at the upper 
and lower surfaces of the liquid crystal cell. 

Figure 1 is an example of the use of the sphere in picturing 
configurations. The left part of the figure pictures the director as a 
circular cylinder with one end shaded, and shows two different 
configurations that satisfy the same boundary conditions: (a) a 180’- 
twisted state and (b) the planar vertical (V) state. The angle of tilt at 
the boundaries, a, has for simplicity been put to zero in the unit 
sphere description on the right. The boundary conditions at the cell 
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LIQUID CRYSTAL BISTABLE DISPLAYS 3 

7. I A + 
VERTICAL STATE 

180 TWISTED STATES 

1 (I UNIT SPHERE DESCRIPTION 
(WITH a = 0) 

( a )  ' ' ( b )  

STATE STATE 
180' TWISTED PLANAR V 

FIGURE 1 Director configurations (states) and their paths on the unit sphere. The 
pictorial representation on the left shows a boundary tilt bias angle a (reversely tilted 
on the two surfaces) that has been put to zero in the unit sphere representation on the 
right. 

surfaces (with a = 0) are represented by the points B and A .  The 
configurations that satisfy these boundary conditions are represented 
by paths from B to A.  The path along the equator represents a 
180"-twisted state in which the director is everywhere parallel to the 
cell surfaces. The path over the pole represents the V state in which 
the director goes through vertical. The sphere picture shows a second 
180"-twisted state in which the director tilts up to a minimum angle 
with the normal 0,. States (configurations)*' are topologically equiva- 
lent if the end points on the unit sphere are the same. Thus, all these 
states connecting B to A on the sphere are topologically equivalent, 
whether 180°-twisted or vertical. They have the property that the 
configurations can be deformed continuously from one to the other 
with no change in the boundary conditions. 

The boundary conditions at  the upper and lower surfaces of the cell 
may be established physically by rubbing or by oblique evaporation 
of some material such as SO,. Because of the equivalence of the 
director n and its negative - n,22 the same physically prepared surface 
can correspond to either of two diametrically opposite points on the 
unit sphere. For example, the physical boundary conditions of Figure 
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4 R. N. THURSTON 

1 also support (with a = 0) a uniform state in which the director 
orientation is constant throughout the cell. In this case, the path of 
the entire state degenerates to a single point on the sphere, either A or 
B. The uniform state that stays at B, or any state that goes from B to 
B is topologically distinct from the 180O-twisted and vertical states 
that go from A to B. 

If we picture what happens when (Y in Figure 1 grows to a much 
larger angle, we see the topologically distinct horizontal (H) and 
vertical (V) states in a cell with oppositely tilted boundary conditions 
on the upper and lower surfaces, as sketched in Figure 2.23 In the 
upper part of the figure, the lines are director lines-lines whose 
tangent at each point has the direction of the liquid crystal director. 
In the horizontal (H) state, in going from the lower surface to the 
upper, the director goes through horizontal at the middle of the cell, 
as shown at the top left of Figure 2. We can imagine the H state 
developing from the homogeneous state as the tilt angle at the surface 
changes. In the vertical (V) state, the director goes through vertical, as 
shown in the top right of Figure 2. The bottom section of Figure 2 
shows the paths of the two configurations on the unit sphere. At the 
lower surface, the director angle, measured from the surface normal, 
is e,, represented by the point A. Bb is typically 50" to 60". (However, 
because of the equivalence of n and -II, it could equally well be 

TOPOLOGICALLY DISTINCT H AND V STATES 

H ' m V  

A A 

* 

FIGURE 2 Director lines of topologically distinct horizontal (H) and vertical (V) 
states and their unit sphere repreacntations in a cell with reversely tilted boundary 
conditions on the two surfaces. The sphere picture also shows a 180O-twisted state 
AMB' that is topologically equivalent to the V state ANB', but topologically distinct 
from the H state AB. 
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LIQUID CRYSTAL BISTABLE DISPLAYS 5 

represented by a point diametrically opposite to A .  We arbitrarily 
chose A.) The boundary condition at the upper surface is represented 
by either B or its diametrically opposite point B'.  The choice B gives 
the H state, and B' the V state. The V and H states are topologically 
distinct because the paths on the sphere have the different end points 
B and B ', which represent different mathematical boundary condi- 
tions, even though the physically prepared surface is the same. This 
difference in mathematical boundary conditions (or topology) can 
also be seen from the arrows on the director lines in the pictured H 
and V states. If the arrows are shown leaving the lower surface, then 
in the H state, they leave the upper surface also, but in the V state 
they enter it. To switch between the states requires the passage of a 
disclination line to switch the boundary conditions. 

Saito, Shirakura, and Kamihara discussed some of the properties of 
the H and V states at the Eighth International Liquid Crystal Confer- 
ence in Japan.24 

The sphere in Figure 2 also shows the graph of a 180"-twisted 
stated AMB' that has the same topology as the V state ANB'.23 Porte 
and .ladot" were the first to discuss the transition between the vertical 
and 180"-twisted states. In nematics, if the director at the boundaries 
lies close enough to the surface, i.e. if the points A and B' on the 
sphere lie close enough to the equator, then ordinarily the twisted 
state AMB' is stable, but if A and B' are close enough to the pole, 
then only the V state ANB' is stable. This raises the interesting 
question: is it possible to choose the boundary conditions such that 
both the 180"-twisted state and the V state are stable, and use the 
resulting bistability in a storage display? Study of this question 
showed that the bistability does exist for achievable (although uncom- 
mon) ratios of the elastic constants, but even so, the bistability exists 
over such a narrow range of boundary tilt angles that a storage 
display based on this bistability would not be practical.26 

One may wonder whether the length of the path on the unit sphere 
has anything to do with the elastic energy of the state. A uniform 
state, represented by a single point, has no elastic energy, and the 
path length of other states seems to be some measure of the extent of 
their elastic deformation. It is easy to show that for pure nematics at 
zero voltage, the elastic energy is proportional to the square of the 
path length on the sphere if the elastic constants are all equal, 
k ,  = k,  = k,.26 For other ratios of elastic constants, the sphere can be 
mapped to another surface of revolution, on which the squared path 
length is proportional to the energy, and hence stable equilibrium 
states correspond to shortest paths (geodesics) on the 
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6 R. N. THURSTON 

3. DISPLAY BASED ON TOPOLOGICALLY DISTINCT 
H AND V STATES 

Boyd, Cheng, and Ng023 proposed a bistable display based on the H 
and V states. Optical discrimination was obtained by the guest-host 
effect using a single polarizer oriented to restrict the polarization to 
the plane of the configuration. The guest pleochroic dye molecules, 
which tend to align themselves with the host liquid crystal molecules, 
have a much larger optical absorption coefficient a when the light 
wave is polarized parallel to their long axis than when perpendicular 
(a,, > al). Therefore, the light transmitted through the H state is 
subjected to a large absorption from all, while light transmitted 
through the V state has a lesser absorption from aL. Therefore H 
appears dark and V bright. 

Switching from H to V (writing) can be accomplished with a 
vertical electric field. The switching time depends on the voltage and 
the distance the disclinations have to move. To reduce the distance, 
and therefore the switching time, the pels were divided into subpels, 
separated by a neutral web of uniformly tilted alignment. The cre- 
ation of the isolation regions requires the boundary tilt in the neutral 
regions to be reversed from that in the active regions on one of the 
surfaces, as sketched in Figure 3, where the reversal is shown on the 
upper surface. The reverse tilt at the boundary is obtained by a 
second SiO evaporation over the active regions. The disclination 
studies of Cheng et al. were most helpful in understanding and 
improving the switching time, threshold characteristics, and the stabil- 
ity of the bistable  state^?^-^' With 100 to 125 volts, the write time can 
be as short as 1 or 2 ms per row. 

The first models of this display accomplished V to H switching 
(erasure) by transverse electric fields applied by means of interdigital 
electrodes. This worked successfully, but the best device used resistive 
heating, accomplished by passing a current through the row elec- 
trodesP6 If the boundary tilt bias is close enough to the horizontal, the 

FIGURE 3 
isolated by uniformly tilted neutral regions. (From Reference 36.) 

Director lines of the H and V states in active picture elements (pels) 
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LIQUID CRYSTAL BISTABLE DISPLAYS 7 

H state will form spontaneously when the material cools from the 
isotropic phase. Figure 4 shows how the elastic energy of the vertical 
and horizontal states depends on the boundary angle measured from 
the normal. These curves were calculated using the elastic constants 
of E7 (Manufactured by BDH Chemicals, Ltd., Poole, Dorset, En- 
gland. Available in the USA from EM Chemicals) as measured by 
Raynes, Tough, and Davie~.~' The curves show that the H state is 
favored for boundary angles greater than 42" from the normal. In our 
cells with SiO evaporation, the boundary angle is nearly 70" from the 
normal, and the H state forms quickly upon cooling from the E7 
clearing point of about 60°C. With 1 W/mm2, the time to heat the 
liquid crystal through the necessary 40°C temperature rise was about 
30 ms. With adequate power available, the whole display can be 
erased at once, so that the total time to erase and rewrite a display of 
r rows is about (30 + 2r) ms. 

This electrically written, thermally erased bistable display is mul- 
tiplexible, has good contrast, and can be built to operate in either 

4.0 

i 
W 
2 
W 

c 
v) 
4 

0 

d 0.5 

n 
N 
a 

W 

2 

z 
8 

I 1 

40. 50' 

BOUNDARY TILT ANGLE 

60' 

FIGURE 4 
For E7 ( k , / k ,  = 0.6),' (From Reference 40.) 

Elastic energy density of the H and V states versus boundary tilt angle. 
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8 R. N. THURSTON 

FIGURE 5 A 20 row by 40 column electrically written, thermally erased display 
based on the topologically distinct H and V states is shown in its printed circuit board. 
Connections to the transparent electrodes on the glass are made with elastomeric 
connectors. The permanent image, even when the board is unplugged, confirms the 
bistability. (From Reference 40.) 

transmission or reflection. Measurements showed that the acceptable 
viewing angle is determined primarily by the character of the illumi- 
nation provided, rather than by any intrinsic cutoff in the optical 
transmission properties of the H and V configurations?’ A 20 row by 
40 column multiplexed model has been dem~nstrated.~’.~ Figure 5 
shows the display in its printed circuit board. This display stands as a 
possible alternative to other flat, large-information-content displays. 
Its chief disadvantage is the high voltage required for fast writing. 

4. DISCLINATION-FREE BISTABLE DISPLAYS 

The reason the above-described display requires a high voltage is that 
the two states are topologically distinct, requiring disclination motion 
for switching. Disclination motion entails a severe reorientation of the 
director in the immediate neighborhood of the disclination line. Since 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
04

 2
0 

Fe
br

ua
ry

 2
01

3 



LIQUID CRYSTAL BISTABLE DISPLAYS 9 

this rotation is opposed by the rotational viscosity, there is a signifi- 
cant effective drag, and the result is that a high electric field is 
required to accomplish rapid switching. The disclination motion nec- 
essary for switching will always impose a fundamental limitation on 
displays that use topologically distinct states. Therefore, bistabilities 
between topologically equivalent states have a possible advantage, 
and it is interesting to look for such bistabilities. 

4.1. Cholesterlc blstablllty of Berreman and Heffner 

The first disclination-free bistability that held any promise for dis- 
plays was discovered analytically by Berreman, and demonstrated 
experimentally by Berreman and Heffner in a cell with uniformly 
tilted boundary conditions on both surfaces!'.42 The material is E7 
with a fractional percent of cholesteryl nonanoate to give the mixture 
a cholesteric twist. Figure 6 illustrates four equilibrium configurations 
that can satisfy the boundary conditions. At the left (a) is a uniform 
untwisted state, which can be in equilibrium in spite of the cholesteric 
additive. The other topologically equivalent stable state is shown third 
from the left, at (c). This is a 360"-twisted, or full turn state, which 
means that the director makes one turn around the normal to the cell 
surfaces in going from one surface to the other. Between two valleys 
there has to be a hill, so between two topologically equivalent stable 
states, there has to be an unstable equilibrium barrier state. The 
barrier state is shown at (b), and it happens to be similar to a stable 

(a) (b) ( 4  ( 4  
FIGURE 6 
tions. See discussion in text. (Adapted from Reference 41.) 

Director configurations in a cell with uniformly tilted boundary condi- 
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10 R. N. THURSTON 

state in a weak electric field. The state illustrated at (d) is a topologi- 
cally distinct half turn state. The right hand part of this figure 
sketches qualitatively the paths of these states on the unit sphere. Let 
the point B on the sphere represent the liquid crystal orientation at 
the upper and lower surfaces of the cell. The path of the uniform state 
(a) degenerates into the point B. (With near& uniform orientation, its 
path would be a very small loop through B.) The stable equilibrium 
state (c) has the director dip down towards horizontal at the mid- 
plane, so the path of its state sweeps down toward the equator in 
circling the pole to accomplish a full turn, as shown, The barrier state 
makes a smaller loop up towards the pole (vertical). The topologically 
distinct half turn state has the boundary condition at the upper 
surface changed to the point B' diametrically opposite to B, as shown 
for (d). 

In a Berreman-Heffner cell of thickness to natural pitch ratio 
about 0.8, an applied voltage of about 2.5 V produces a state very 
similar to the barrier state (b), from which the configuration can fall 
either to the full turn state (c) or the no turn state (a), depending on 
small perturbations. If a smaller voltage, say 2 V is applied, and then 
gradually reduced, the configuration falls to the no turn state, but if 
3 V or more is applied and turned off suddenly, the configuration 
falls to the full turn state." 

Optical discrimination of the bistable states in this cell is obtained 
with crossed polarizers. With the analyzer parallel to the plane of the 
directors in the untwisted state, that state appears dark. In the twisted 
state, the light is elliptically polarized and partially transmitted past 
the analyzer to appear bright. 

With an appropriate ratio of cholesteric pitch to cell thickness, the 
states just described are bistable with no applied field. Shortly after 
this bistability was described, Berreman and Heffner announced an 
improved version of their display in which the states are bistable in 
the presence of a holding v0ltage.4~ With a holding voltage, one gives 
up the interesting but practically insignificant feature that the dis- 
played information remains even when the power is turned off, but 
the chief advantage of bistability-elimination of the need to refresh 
-remains whether a holding voltage is used or not. 

In a particular cell studied by Heffner and Berreman, with a cell 
thickness to pitch ratio of 1.0, the long-term bistability exists experi- 
mentally from about 1.65 V to 1.73 V.& The latest results are reported 
at this ~onference.4~ 

Figure 7 shows some properties of the states in a holding voltage 
cell as calculated by B e ~ ~ e m a n . ~ . ~ '  The curve in the upper left shows 
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LIQUID CRYSTAL BISTABLE DISPLAYS 

I -'al 
I 1 

FIGURE 7 Properties of states in the holding voltage cell of Berreman and Heffnep. 
Upper left, @,,, versus V2; lower left, Gibbs free energy function versus V2; right, polar 
plot and pictorial representation of the states at c, e, and g (1.86 volts). (Adapted from 
References 46 and 47.) 

0, versus applied voltage squared for equilibrium states, where B, is 
the director angle at the midplane of the cell, measured from the 
normal to the surfaces. The director configuration is illustrated picto- 
rially at the lower right and graphed in the polar plot at the upper 
right, where the common point to all the loops at B = 0, = 55' 
represents the uniform boundary condition at the surfaces. At low 
voltages, a full turn state with the director nearly horizontal at the 
midplane, called the down state, is stable. As the voltage is increased, 
em behaves normally, decreasing with increasing voltage, and the 
down state remains stable out to the point labeled d, where the slope 
of the curve changes sign. At higher voltages, only the up state is 
stable. Between points d and f where 0, decreases with decreasing 
voltage, the curve represents unstable equilibrium barrier states. Be- 
tween points f and h, and on to still higher voltages not plotted, e,,, 
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12 R. N. THURSTON 

again behaves normally, decreasing with increasing voltage and the 
up state with the director nearly vertical at the midplane is stable. At 
any voltage between d and f, there are three equilibrium states, such 
as those represented by the points at c, e, and g at 1.86 V, V 2  = 3.46. 
These are the states graphed and pictured in the right half of the 
figure. 

The lower left part of Figure 7 shows the electric Gibbs function for 
the equilibrium states represented by the curve in the upper left. 
States in equilibrium at the same voltage have stationary values of the 
Gibbs function, the stationary value being a minimum for stable 
states!8 The illustrated calculations confirm that over the bistable 
range, the barrier state has a higher Gibbs function than the stable 
down and up states that it separates. 

In considering the relation between stability and the equilibrium 
curve at the upper left of Figure 7, it is useful to think along the 
following lines.49 Recognizing that a pair (Om, V2) does not determine 
a state, we first conceive of the state that has the minimum possible 
Gibbs function for any fixed pair (B,,,, V2), whether on the equilib- 
rium curve or not. In the present case, one may introduce an 
imaginary surface at the midplane of the cell which fixes B at B,,, and 
the director azimuth /3 at 180°, but which allows the derivatives 
dB/dz and d/3/dz to jump at the midplane. Then the desired Gibbs 
function, say G(B,,,, V2), is that of the stable equilibrium state at 
voltage V in such a cell. In other words, our G(B,, V2) is twice the 
Gibbs function of the stable equilibrium state at voltage V / 2  in a cell 
of half the thickness with B = em on one surface and B = 0, on the 
other, with the angle of twist of the cell specified as half that of the 
full state being investigated. For (Om, V 2 )  on an equilibrium curve, 
this G is precisely the Gibbs function of the full equilibrium state. 
Imagine this Gibbs function to be plotted as a surface over the 
(em, V2) plane at the upper left of Figure 7. All  of the points where 
aG/atl,,, = 0 must correspond to equilibrium states!8 Therefore, the 
equilibrium curves such as that in Figure 7 divide the (Om, V 2 )  plane 
into regions of positive or negative aG/aB,,,. The sign in any such 
region can be determined if it is known near any point on the 
boundary. Now it is certainly true that the down state is stable for at 
least part of the low voltage range. Therefore we know that aG/M,,, 
< 0 to the left of the curve and aG/aB,,, > 0 to its right. This proves 
that points from a to d locate a valley of the G surface, d to f, a ridge, 
and f to h and beyond, another valley, all of which is consistent with 
what was just said about the stability of the corresponding equilib- 
rium states.50 
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LIQUID CRYSTAL BISTABLE DISPLAYS 13 

The voltage range between d and f sets a theoretical upper limit to 
the range of permanent bistability. The practical limit is less than the 
theoretical because three-dimensional effects, represented by domain 
walls, for example, serve to reduce the range of long-term stability 
from that indicated by the one-dimensional theory!' 

4.2. Other dlscllnatlon-free conllguratlonal blrtabilltles 

Scheffer" set up general equations for investigating bistabilities be- 
tween twisted states in pure nematics in the presence of a holding 
voltage, and studied thoroughly the case of 90' twist with zero tilt and 
also with a very small boundary tilt angle, measured from the surface. 
He concluded that the range of bistability is too narrow to be useful 
in 90" twist cells. Even if one grants the unlikely ratios of elastic 
constants needed to achieve bistability with zero tilt, a small tilt bias 
of the order of 0.2" destroys the bistability completely. 
In the case of 180" twist, where one of the states can be the planar 

V state of Figure 1, the range of bistability is much wider!9 For 
example, with the elastic constants of E7, but the dielectric anisotropy 
parameter (c,, - c,)/c, lowered to 0.05, the theoretical holding volt- 
age range of the bistability with zero tilt and perfect alignment in 
azimuth is 7.3 percent. A boundary tilt bias of 1' lowers this range to 
4.2 percent, while the combination of I' boundary tilt and 2' mis- 
alignment in azimuth cuts it to 2.5 per~ent.4~ This bistability could 
probably be demonstrated experimentally but would not be practical 
in displays without materials innovation to widen the bistable range 
by lowering the elastic constant ratio k , / k , .  

4.3. Boundary layer display 

The most promising configurational bistability is the bistability be- 
tween two asymmetric forms of the horizontal state that are both 
stable above a critical threshold ~ o l t a g e . ~ ~ , ~ ~  Here, the equal but 
reversely tilted boundary conditions are just like those of the horizon- 
tal-vertical bistability discussed earlier. The cell construction is much 
simpler, however, because no isolation regions are necessary. Figure 8 
illustrates the bistable states. The upper left sketch illustrates the state 
at zero voltage. As the voltage is increased (with positive dielectric 
anisotropy) the director tilts up except in a boundary layer B at each 
surface and a director inversion layer I in the middle of the cell. It is 
not hard to see that the symmetric horizontal state becomes unstable 
above a certain voltage. Instability of the symmetric state occurs 
because one of the highly distorted, high-energy regions can be 
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14 R. N. THURSTON 

UNDISTORTED ti a+ 
CONFIGURATION ASYMMETRICAL UP 

I 

B 
S 

SYMMETRICAL 

A4 
ASYMMETRICAL DOWN 

FIGURE 8 (a) H state at zero field. (b), (c), (d), distorted H states under a vertical 
electric field. S is stable below a critical threshold voltage V,h, and unstable above it. 
Above the threshold, the stable H states are the asymmetric ones in which the director 
inversion layer I has merged with one of the boundary layers B to form BI at one of the 
boundaries. (From Reference 53.) 

eliminated if the director inversion layer I moves to the boundary to 
form a layer labeled BI.32-53 The result is that as soon as the voltage 
reaches a critical value, the symmetric state becomes unstable, and we 
have the bistable states shown on the right-bistable in the presence 
of a holding voltage above the critical voltage. 

The critical voltage above which the bistability exists is something 
like a Freedericksz voltage. Like the Freedericksz voltage, it depends 
on the elastic constants and dielectric anisotropy parameter. It also 
depends on the tilt angle at the boundary, and becomes identical with 
the Freedericksz voltage in the limiting case of alignment parallel 
to the s ~ r f a c e s . 3 ~ ~ ~ ~  In our cells with E7 the critical voltage is about 
1.2 v. 

An important feature of this bistability is that it does not go away if 
the voltage is too high. The bistability continues to exist above the 
critical holding voltage in spite of changes in voltage, cell parameters, 
liquid crystal material properties, or tem~erature.5~ This is an advan- 
tage over the cholesteric cell just described, in which both states are 
stable only over a limited range of voltage, and for a limited range of 
the ratio of cholesteric pitch to cell thickness. 
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LIQUID CRYSTAL BISTABLE DISPLAYS 15 

Optical contrast in the boundary layer display is achieved by 
birefringence effects using two polarizers. The key to distinguishing 
the two states optically is to twist the director azimuth at the upper 
surface with respect to that at the lower.53 In the simplest picture, 
suppose that all of the director twist takes place in the middle region 
of the cell where (because of the holding voltage) the director is so 
nearly vertical that its twist does not rotate the polarization of the 
light wave. Then each boundary layer is like a birefringent plate with 
the boundary-inversion layer BI thicker and more birefringent than 
the 3 layer. Switching between down and up interchanges the two 
layers, and has the same optical effect as rotating a birefringent plate 
between crossed polarizers. 

The optical properties of the bistable states for light at normal 
incidence have been studied in detail, based on a boundary layer 
model of the  configuration^.^^ 

At this point we have a good, highly stable bistability and a method 
of obtaining optical contrast between the bistable states. Now how 
can we control the selection of the states and switch between them? 
The problem is to make the director inversion layer move either up or 
down as we choose. What is needed is some controllable way to break 
the symmetry of the cell, in order to select either the down state or the 
up state. The first descriptions of this display recognized many of its 
advantages, but described a method of switching that is rather slow 
and difficult to contr01.~”~~ 

The breakthrough that makes this display possibly practical is the 
discovery that it can be switched by a short, low-voltage dc pulse, 
which selects one or the other of the bistable states, depending on the 
polarity of the pulse.” Figure 9 illustrates the switching scheme. The 
top row shows the director lines for the key states. The next row is the 
envelope of an ac holding voltage applied to a row electrode, and next 
is the dc voltage applied to a column electrode. At the bottom of the 
figure, we see one of the pels of a matrix array sandwiched between 
row and column electrodes. In the held state, the holding voltage is 
applied to the row electrodes with the column electrodes grounded. 
Experiment shows that we cannot switch directly from one bistable 
state to the other, but the holding voltage must first be turned off to 
allow the pels to relax toward the symmetric configuration. (This is 
the price one pays for having such a good, stable bistability. But, it is 
also a tremendous advantage for line-at-a-time addressing because it 
means the already-written lines are locked in and immune to the 
pulses used to switch subsequent lines.) The dc pulse applied to a 
relaxed pel then biases the configuration toward the desired state, and 
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16 R. N. THURSTON 

A4 SYMMETRIC (Sl A t  
CONFIGURATION ASYMMETRIC UP 

DOWN 

AC ON 0- 
VOLTAGE 

DC SWITCHING VOLTAGE ".I I rP 
ROW ELECTRODE 7 

FIGURE 9 (a) Key states and (b), (c) switching scheme. The bistable asymmetric 
configurations are held by an ac holding voltage of rms amplitude V, applied to the 
row electrodes with the column electrodes grounded. Before switching, the ac is turned 
off to permit relaxation toward the S state. Switching is activated by applying to the 
column electrodes a dc pulse whose polarity selects the up or down state. The second 
dc pulse of opposite polarity (second phase of bipolar switching pulse) allows faster 
multiplexing, as explained in the text. (From Reference 57.) 

the holding voltage is turned on again to lock it in. The second pulse 
of opposite polarity allows faster multiplexing. Its function is to 
restore the not-yet-written lines to a neutral state so that they will 
respond properly when selected. In multiplexing, all columns are 
addressed in parallel and the rows are sequentially scanned. It takes 
about 40 ms for the pels to relax sufficiently to be switched, but this is 
no great hardship because the entire display can be relaxed at once. 
Once the entire display is relaxed, the rows can be written at an 
estimated 20 ms per row, so that the time to erase and rewrite a 
display of r rows is estimated as (40 + 20r) ms. 

To me the most exciting thing about this work was thinking about 
the switching mechanism. Let us first ask why the dc switching effect 
was not expected, when it is obvious that dc has a preferred direction. 
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LIQUID CRYSTAL BISTABLE DISPLAYS 17 

Why should it be mysterious? The reason it is mysterious is that this 
effect is in a nematic liquid crystal, which has no permanent dipole 
moment. Therefore, the torque exerted by the electric field on the 
director is quadratic in the field, and independent of polarity. If the 
coupling of the director to the electric field is insensitive to the 
polarity, then how do we get a polarity effect? We concluded that the 
cause is an asymmetric distribution of electric field across the cell. 
When the field is higher near one wall than the other, the greater 
torque tending to align the molecules vertically in the higher field 
region biases the director inversion I layer toward the lower field 
region. We have suggested two possible mechanisms for an asymmet- 
ric distribution of electric field across the cell. One is an interface or 
double layer effect and the other an ion depletion e f f e ~ t . ” . ~ ~  

Figure 10 illustrates the interface effect. We suppose that for some 
electrochemical reason, ions of one sign, say negative, are stuck at the 
surface as illustrated on the left of Figure 10, leaving a net positive 
charge in the bulk. In the absence of an applied voltage, the field has 
a distribution which points toward the nearest wall. This means 
negative near one wall and positive near the other as in the solid 
curve showing 0, versus z .  Here, 0, is the z component of electric 
displacement. Initially, before there is time for any ion movement, a 
suddenly applied field simply adds to this double layer field, produc- 

SECTION D, v s  z 
FIGURE 10 Sketch of the z component of electric displacement 0, versus I shows 
field asymmetry arising from double layers. Suppose, for example, that negative ions 
from the liquid crystal or from impurities in it are preferentially absorbed at the SiO 
surfaces of the cell, forming a layer of charge per unit area a-  at each surface, as 
pictured at the left. With no applied voltage (solid curve) the electric field in the 
adjacent diffuse layer is directed toward the wall, the value of 0, being - a -  at one 
wall and + a -  at the other. The difference 2a- persists in the presence of an applied 
voltage (dashed curve). In the resulting asymmetry, the field is higher near the wall 
toward which the applied field is directed, and the stronger torque there, tending to 
align the molecules vertically, biases the director inversion (I) layer ‘toward the opposite 
wall, i.e., in the direction opposite to the applied field. (From Reference 58.) 
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18 R. N. THURSTON 

ing a higher magnitude near one wall than the other, and an asymme- 
try that could account for the dc effect.58s59 

In the ion depletion effect, we suppose that one ion, say negative, 
has a higher mobility than the other. A dc field produces regions 
depleted of positive and negative ions at the positive and negative 
electrodes, respectively. As the voltage is maintained, the transient 
depletion region behind the faster (more mobile) ion thickens faster 
than the other one. The resulting transient charge distributions pro- 
duce a higher field in the region depleted of the faster ion, as sketched 
in Figure 11. 

To obtain faster switching, one would like to exploit the interface 
effect because it gives an immediate asymmetry as soon as the dc 
pulse is applied, whereas if the other mechanism acts alone, there is a 
delay before field asymmetry can build up from the differential 
drifting of the ions?8 There is no direct experimental evidence for 
either of the suggested mechanisms. 

I 

L 

I O N  CLOUDS ELECTRIC 4-FIELD 
FIGURE 11 Transient asymmetry arising from a difference in mobility of the positive 
and negative ions. The mobility difference leads to an asymmetric distribution of ionic 
space charge, from which arises asymmetry of the electric field. The space charge is 
represented by ion clouds whose positions are shown at two times f l  and r 2 ,  both soon 
after the application of an applied voltage V. In this picture, the negative ions have the 
higher mobility, as shown by the wider depletion region behind the negative clouds. At 
the t h e  t l ,  the electrode charge Q;' - Q; is screened by an accumulated ionic layer 
u; at the anode and u: at the cathode to bring 0, on the liquid crystal side of the 
accumulated ion layers to the values shown by the points B andA I . From Poisson's 
equation, 0, increases with z in the region depleted of negative charge, and decreases 
in the region depleted of positive charge. The sketches of 0, versus z show an 
asymmetry in which the field is higher in the region depleted of the more mobile ion. 
The stronger torque on the molecules in that region biases the I layer toward the 
opposite wall, i.e., toward the target wall of the faster ion. (From Reference 58.) 
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LIQUID CRYSTAL BISTABLE DISPLAYS 19 

A study was made of the thickness dependence of the pulse 
duration (“switching time”) needed to activate the desired state.60 Not 
surprisingly, the results showed that the time increases drastically with 
thickness; therefore, fast switching requires a thin cell. The fundamen- 
tal limitation on cell thickness, if not imposed by manufacturing 
considerations, is loss of contrast between the two states. The states 
were easily distinguished at our smallest thickness of 1.2 pm, where 
the needed activation time was less than 1.5 ms. 

Figure 12 shows results of measurements5’ on the persistence of the 
activation when the holding voltage is delayed from its usual turn-on 
position, which is immediately after the first pulse. These are the 
results for two different experiments in the same cell. The right hand 
curve is with a unipolar switching pulse, and the other with a bipolar 
switching pulse. To interpret these curves, one must understand that 
the cell has a favored (F) state. Due to some accidental asymmetry, 
the boundary angles may be slightly different on the two surfaces. As 
a result, when the ac holding voltage is turned on without any 
switching pulse at all, the entire display goes to the favored state. 
However, an applied pulse of only 2 V and 5 ms duration activates 

I 1 I I I 1 I I I 
TA= 5.0 ms 
VA 2.0 VOLTS 

I U STATE V,= 1.8 VOLTS RMS, 5 kHz 
100 

80 

60 
0 
U 

40 

20 

0 - 
0 5 10 15 20 25 30 35 40 45 

T, MILLISECONDS 

FIGURE 12 Effect of opposite-polarity pulse in shortening persistence of activation. 
Percent switched to U versus T. T, > I s. A short persistence is desirable in order to do 
line-at-a-time switching (multiplexing) at a fast rate because the not-yet-selected pels 
must recover from the switching pulses for previous lines, in order to respond properly 
when selected. (From Reference 57.) 
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20 R. N. THURSTON 

the unfavored (U) state. With the unipolar switching pulse, one can 
wait 25 ms before applying the ac holding voltage, and still get the U 
state. (For longer times, some pels of the display go to the favored 
state.) With the bipolar pulse, the activation loses its effect much 
faster, allowing faster multiplexing. For multiplexing, a short persis- 
tence is good, because one wants the not-yet-addressed lines to 
recover from all the previous pulses and be ready to switch properly 
when selected. These results are for a 5 pm cell. Reducing the cell 
thickness should reduce the persistence even further. From the results 
in Figure 12, the speed of line-at-a-time addressing has been esti- 
mated at 20 ms per line or faster. This allows 15 ms for the persistence 
to decay and 5 ms for the first phase of the bipolar pulse. 

Since the switching pulses on the column electrodes are applied to 
all the rows, a possible limitation on the multiplexing rate occurs if 
the ms voltage of the switching pulses Y,  exceeds the critical thresh- 
old voltage V, for stability of the asymmetric states. In this case, the 
not-yet-addressed pels would be prevented from switching when se- 
lected because the switching pulses themselves would function as an 
effective holding voltage > V,,, that would keep the pels locked into 
one of the asymmetric states. This problem can be eliminated by 
using a dual-frequency material, in which the dielectric anisotropy 
cII - cl changes sign from positive to negative as the frequency is 
increased through a cross-over frequency fp .6' A signal at a frequency 
above fc, applied to the not-yet-addressed rows can overcome the 
orienting effect of the switching pulses, whose effective frequency is 
below fc F2 An experiment simulating dual-frequency multiplexing 
showed that the principle is sound and confirmed that the display can 
be switched directly from the high-frequency held symmetric state.63 
However, because of the higher viscosity of the dual-frequency mate- 
rial used, there was no improvement over E7, even with V, > V,% in 
the dual-frequency case. This application needs a stable dual- 
frequency material with a higher dielectric anisotropy and a lower 
viscosity, a low cross-over frequency being of lesser importance. In 
the meantime, the results of Figure 12 suggest that useful multiplexing 
rates can be achieved by inserting a dead time between the switching 
pulses and using a material for single-frequency applications, such 
as E7. 

The dc-switching effect is qualitatively repeatable, having been 
used successfully to switch every cell of about a dozen that were 
tested, including an insulated cell (cell with a 0.5 pm layer of 
polyimide between the metallic electrode and the SiO alignment 
layer) and cells filled with different liquid crystal materials. The 
results on the insulated cellM have been interpreted to mean that 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
04

 2
0 

Fe
br

ua
ry

 2
01

3 



LIQUID CRYSTAL BISTABLE DISPLAYS 21 

charge injection into the liquid crystal is not essential to the switching 
mechanism. 

A possible disadvantage of the boundary layer display is that the 
holding voltage or switching pulses can conceivably trigger disclina- 
tions that bring in the topologically distinct V state of Figure 2, 
which, at the usual holding voltages, is likely to be the state with the 
lowest electric Gibbs function (most stable state). This has been 
observed to occur at the higher holding voltages in a few pels of the 
investigated displays. The V state then takes over the entire pel in 
which it originated, but does not go beyond the active area that has 
electrodes on both surfaces. Turning off the voltage for several 
seconds suffices to restore the H state. In the few pels that are prone 
to V state formation, the disclinations originate on the same surface 
imperfections each time they appear, and it is expected that better 
processing control will eliminate this problem. 

5. CONCLUSION 

Of all the displays based on configurational bistabilities of the direc- 
tor field, the boundary layer display is the most promising. It has the 
advantages of low power and low voltage operation, good contrast, an 
estimated addressing speed that is already fast enough to be useful for 
some applications, and a bistability that is relatively insensitive to 
changes in holding voltage, cell parameters, material properties, and 
temperature. 

There are unanswered questions: the acceptable angle of view 
needs to be investigated; the estimated addressing speed should be 
confirmed by setting up the circuitry to actually do it; last not least, 
the polarity-dependent switching mechanism is not yet settled. Our 
conjecturesSS seem plausible, but they lack direct confirmation. Once 
the switching mechanism is understood to the point where the impor- 
tant parameters are known and can be controlled, it will surely be 
possible to improve the switching speed and multiplexing capability 
beyond the currently estimated 20 ms/line. 

While the work that has been done is not complete enough to 
firmly appraise the potential of this display, everything that has been 
learned supports it as a practical, flat, matrix addressed display of 
large information content. 
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