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Director orientation of a ferroelectric liquid crystal on substrates
with rubbing treatment: the effect of surface anchoring strength

by T. UCHIDA, M. HIRANO and H. SAKAI

Department of Electronic Engineering, Faculty of Engineering, Tohoku
University, Sendai 980, Japan

One of the most important problems with ferroelectric liquid crystals is obtain-
ing homogeneous as well as bistable alignment, not only to study their physical
characteristics but also for their application to optical devices. In this connection
it was predicted that the formation of homogeneous alignment requires strong
surface anchoring, whereas bistability requires weak anchoring. We have therefore
developed a method to determine the surface anchoring strength, and have tried
to clarify whether there is a suitable anchoring range. It was found that 4/K,,
(A is the surface anchoring and K,, is the twist elastic constant of liquid crystal)
of 4 x 107% to 2 um ™! satisfies the contradictory requirements for homogeneous
as well as bistable alignments for the material studied, and the bookshelf structure
is successfully formed with this condition.

1. Introduction

Ferroelectric liquid crystals have become of major interest for applications to
display devices and various optoelectronic devices, as well as of physical interest
because of their features of their fast response and memory characteristics [1]. How-
ever, one of the most important problems with these materials is obtaining homogen-
eous and/or bistable alignment. A practical method of obtaining homogencous
alignment for a conventional liquid crystal is rubbing, although the optimum rubbing
condition for the ferroelectric liquid crystals has not yet clarified in terms of alignment
uniformity, reproducibility and stability. Therefore, in this paper we discuss the
mechanism of homogeneous alignment of such a material, particularly in relation to
the surface anchoring strength.

2. Experiment and discussion
Glass substrates used in the experiment on the liquid crystal orientation were
treated as follows:

(1) dipping in 5wt % aqueous solution of polyvinyl alcohol (degrees of saponifi-
cation 86-5-89 mol %, polymerization grade 500; Kanto Chemical Co., Inc.);

(2) drying, followed by heat treatment (at 130°C for 15 min);

(3) rubbing with a cloth.

The ferroelectric liquid crystal used in the experiment was CS-1011 (Chisso
Corporation), which has a chiral nematic (N*) phase and smectic A (S,) phase above
the chiral smectic C (S¢) phase.

As for the homogeneous alignment of ferroelectric liquid crystals, it is known
empirically that the use of a liquid crystal with the phase sequence isotropic (I)-N*-
S,—S& combined with the gradual decrease of temperature from the isotropic to the
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Figure 1. The formation process for homogeneous alignment of the ferroelectric liquid
crystal.

chiral smectic C phase is effective to obtain better alignment. These facts reveal that
the formation of homogeneous alignment (i.e. the bookshelf structure) of ferroelectric
liquid crystals proceeds according to the following steps (see figure 1):

(1) homogeneous alignment of the N* phase;

(2) smectic layer is formed perpendicular to the surface at the transition to S,;

(3) the smectic layer is maintained and the bookshelf structure is formed at the
transition to SE.

Of these, steps (1) and (3) are known to be difficult, in general. We have therefore
emphasized the investigation of these two steps and we discuss them separately.

2.1. Homogeneous alignment in the N* phase

Molecular alignment in the N* phase was investigated by using a Cano wedge cell,
as shown in figure 2, the substrate surface was treated as described in the previous
section. As is well known, distribution of the molecular alignment in this cell is
discrete and disclination lines appear at the boundaries as shown in figure 2. Here,
homogeneous alignment occurs in the thinnest region, and the upper limit of the cell
gap of this region is d(D, ), as shown in figure 2; this is equal to Py/4 (P, is the natural
pitch) in the equilibrium state. In the cooling process, however, P, increases with
decreasing temperature, so d(D,) increases according to Py, as shown by the full line
in figure 3. Further, if the cooling rate is increased too much, then the increase of
d(D,) becomes unable to follow it and deviates from P,/4 as shown by the broken line
in the same figure. Then, when the temperature reaches to the N*-S, transition the
alignment is frozen in. Therefore, d(D,) at the transition, d,, indicates the largest
cell-gap to give homogeneous alignment.

Next, the effect of the surface anchoring strength on the liquid crystal alignment
was examined. Figure 4 (a) shows the temperature dependence of d(D,) as a function
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Figure 3. Temperature dependence of Py/4 and d(D,) for various cooling rates.

of the cumulative number of rubbings for a cooling rate of 0-5°C min~". It is seen from
this figure that d, decreases as the cumulative number of rubbings decreases; this is
shown directly in figure 4 (b). The reason for this can be explained as follows. The
weaker the surface anchoring, the larger the deviation of the molecular orientation is
from the rubbing direction, which decreases the bulk twist elastic energy and hence
decreases the force needed to shift the disclination to its equilibrium position (see
figure S5). Therefore, d, becomes smaller according to a decrease of the surface
anchoring strength.

Here we evaluate the rubbing strength quantitatively, and clarify its relation to the
surface anchoring strength. It is predicted that the rubbing strength, R, is a function
of the rubbed density by the fibres of the rubbing cloth:

R, = yL, ey

where y is a coefficient related to the rubbing pressure, the fibre density of the rubbing
cloth, the coefficient of friction, etc., and L is the total length of the rubbing cloth
which contacts a certain point of the substrate. It is given by

2nrn
L = Nl(l+m>, 2)
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where N is the cumulative number of rubbings, /is the contact length in circumference
of the rubbing roller, » is the number of revolutions per minute (r.p.m.) of the roller,
ris its radius and v is the speed of the substrate stage, as shown in figure 6. In equation
(1), y is difficult to define but L can be defined definitely, so we have defined L to be
the rubbing parameter when the rubbing pressure and rubbing cloth are fixed.
The validity of the definition of L is confirmed by the experimental results shown in
figure 7, where d, is plotted as a function of L when N and n are changed individually.

Rubbing cloth

\ Ro-aticn speed @ n
Roller \

Glass substrate

S

Moving speed @ v
| —
el

Stage \

Contact length : {

Figure 6. The definition of the parameters associated with rubbing.
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Figure 7. Relation between d, and the rubbing strength parameter, L, when n and N are
changed independently (cooling rate 0-5°Cmin~!, v = 0-25cms™').

Next, we have tried to evaluate the rubbing strength in terms of the anchoring
strength. The principle of measurement is as follows. When a chiral nematic is
introduced into the cell whose substrates have been rubbed in the antiparallel or
parallel direction, the free energy per unit area is [2]

1 v 2n¥ .
F = 51(22 (E - F(,) d + Asin® ¢, 3
where K,, is the twist elastic constant, P, is the natural pitch, 4 is the cell gap, 4 is
the surface anchoring strength, ¢, is the deviation of director at the surface from
the rubbing direction and y is the twist angle of the director in the cell, as shown in
figure 8, and is related to ¢, by

Vv = nm + 2¢,, n = integer. 4)
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The first term of equation (3) corresponds to the elastic energy and the second term
to the surface anchoring energy. The director orientation in this cell is obtained by
minimizing F, or dF/d¢, = 0, which gives the torque balance equation as

K, <2F7; - %) = 1Asin2¢,. (5)
From this the surface anchoring strength reduced by twist elastic constant, 4/K,,, is
4 2 <Z_n_m7t+2¢s) ©)

K, sin 2¢s \ P, d ’

where m is integer. Here, at the edge of homogeneous alignment region or the
neighbourhood of the first disclination line of the Cano wedge cell, equation (6) can
be rewritien by substituting P, = 4d and m = 0, to give

A _ m= 4

K,  dsin2ég,

= n_z(pbs

T dsiny
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Figure 9. The dependence of the ratio 4/K., on the rubbing strength parameter, L.
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It is seen from this equation that A/K,, can be determined if the cell gap and twist
angle at the first disclination are known. We measured the distribution of the cell gap
in the Cano wedge cell by optical interference before the introduction of the liquid
crystal, and determined the value of i through optical rotation, using two polarizers.
The resuits obtained for A/K,, of various samples are plotted in figure 9 as a function
of the rubbing strength parameter, L. It is seen from this figure that A/K,, is propor-
tional to L, and hence the surface anchoring strength can be controlied precisely by
the parameter L.

3. Formation of the bookshelf structure in the chiral smectic C phase

It is assumed in this section that the homogeneous alignment in the N* and S,
phases has already been attained as a precondition for discussing the formation of the
bookshelf structure in the S% phase. Clark and co-workers [3-5] have clarified,
however, that even if the homogeneous alignment is obtained in the S, phase, the S¥
phase forms a chevron structure with bent smectic layers, which causes the generation
of zig-zag domains and a decrease in the effective switching angle between bistable
alignments. We have considered the origin of the formation or the stability of the
chevron structure to be related to strong surface anchoring because this structure is
favourable to fix the surface molecules. Therefore, strong anchoring was considered
to prevent the formation of the bookshelf structure. In connection with this problem,
it was predicted that the bistability of the molecular orientation also requires weak
anchoring. On the other hand, the surface anchoring strength must be sufficiently high
to obtain homogeneous alignment in the N* phase, as mentioned in §2. Thus,
conflicting conditions are required for the surface anchoring strength, so we tried to
find whether there is a suitable range which satisfies both requirements.

For the first, we analysed the molecular alignment of the initial state just after the
transition from a homogeneous S, phase to the S phase. In the analysis the alignment
was observed with a microscope, and the orientational direction in the azimuth was
determined by measuring the direction of optical extinction between two polarizers.
It was found that zig-zag domains or a modification of them were observed for almost
all samples, regardless of the anchoring strength, and that the switching angle was
only about 14° instead of the 38° which was expected from the tilt angle of this liquid
crystal at 23°C.

Next, a square-wave voltage (typically + 20V, 500 Hz) was applied to this initial
state and the alignment was then analysed after removal of the voltage. Figure 10
shows the orientation of the binary memory states as well as the applied voltage states
as a function of the ratio 4/K,,, where the applied voltage was a bipolar pulse voltage
of +20V, 1 ms width, as shown in figure 11 (). It is seen from figure 10 that in the
strong anchoring region (4/K,, 2 2um™"), the orientations in the memory states are
+ 7°, which is much smaller than those in the voltage applied states (£ 19°). On the
other hand, in the weak anchoring region (4 x 107?um™"' < A/K,, < 2um™'), the
orientations in the memory state coincide with those in the applied voltage states.
Here the lowest limit of A4/K;,, 4 x 107>um™', indicates that the homogeneous
alignment in the S, phase could not be obtained for lower values. Figures 11 () and
(c) show the optical response properties for the cells with strong and weak anchoring,
respectively. The latter cell is confirmed to have ideal memory states without change
in contrast after removal of the applied voltage. Figures 12 (a) and (b) show photo-
graphs of the cells with strong and weak anchoring, respectively, in the memory state



14:56 26 January 2011

Downl oaded At:

1134 T. Uchida et al.
Weak Strong
anchoring anchoring
o [ |
@
3 +20 v 2 * .'." [Py
@ r i '
= V(+)applied \ Memory
o +10r \ state
— be-D-Dugen
P L
= //Rubbing direction
“ O — = — = —
(@]
% 'P"o-o-ﬂ%
2 -0 RN
= b V{-)applied H
s a R
S| T
~ —_ —
£ 102 17! 1 10!

(A/KZZ)/pm‘1
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Figure 11. Optical response of the ferroelectric liquid crystal cell with strong and weak
anchoring. (@) Applied voltage. (b) Strong anchoring. (¢) Weak anchoring.

after application of a square voltage of +20V, 500 Hz. Zig-zag domains are observed
for the cell with strong anchoring, as shown in figure 12(a), but homogeneous
alignment without domains is attained for the cell with weak anchoring, as shown in
figure 12(b).

Based on these experimental results, the molecular orientational model is
proposed as follows.

(a) The strongly anchored cells have a chevron structure, as shown in figure 13 (a),
by which the existence of zig-zag domains can be explained as boundary lines
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Figure 12. Photomicrograph of the ferroelectric liquid crystal cells with (@) strong anchoring
(zig-zag domains) and (b) weak anchoring (domain free).

of the two different bend structures of the smectic layers as reported by Clark
and Rieker [5].

(h) The cells with weak anchoring can change their structure from the chevron to
the bookshelf, as shown in figure 13 (), by application of a square voltage.
The zig-zag domain-free alignment and ideal memory property can be
explained by the formation of the bookshelf structure.

(¢) The cells with strong anchoring cannot change their chevron structure by
application of a square voltage, because the orientations of the surface mol-
ecules are almost fixed to the rubbing direction.

The role of the square voltage in (b) is considered to stretch the bending layer by the
polarization P, combined with the electric field. This idea is confirmed by the fact that
liquid crystals with higher P, have a stronger tendency to form the bookshelf struc-
ture. The detailed mechanism is under investigation and the results will be reported
in the near future.
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its director organization.

4. Conclusion

In order to realize homogeneous alignment (i.e. the bookshelf structure) in the SE
phase, it is necessary to obtain homogeneous alignment in the N* phase. For this
purpose surface anchoring must be sufficiently strong and/or the cooling rate must be
sufficiently low to increase the upper limit of the cell gap for homogeneous alignment,
d,, to be larger than the actual cell gap. On the other hand, bistable alignment was
considered to require weak anchoring, so a method of measuring surface anchoring
strength was developed, and the anchoring strength of rubbed substrates was deter-
mined with this method. As the results show, the anchoring strength is proportional
to the newly defined rubbing strength parameter, L.

The molecular alignment and switching properties of ferroelectric liquid crystal
cells with various anchoring strengths which were controlled by this method were
investigated. The results show that the bookshelf structure in the SE phase was
obtained by extremely weak rubbing as well as by the application of a square voltage.
A typical value of the ratio of the anchoring strength to the twist elastic constant,
A/K,, was4 x 107*to 2 um~' for the material studied. The ferroelectric liquid crystal
cell with bookshelf structure has no zig-zag domains and reveals a large switching
angle in the memory state which is almost equal to twice the tilt angle.

The authors express their hearty thanks to Professor Tatsuo Higuchi for his
valuable advice and support.
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