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Microdomain texture produced for an analog gray-scale technique
using ferroelectric liquid crystals containing nanometer-scale particles

Eriko Matsui and Akio Yasuda
Sony Corporation Research Center, 174, Fujitsuka-cho, Hodogaya-ku, Yokohama-shi 240, Japan

~Received 2 August 1996; revised manuscript received 19 December 1996!

We have previously reported a novel gray-scale technique to be used with ferroelectric liquid-crystal~FLC!
displays. The technique uses the microdomain texture, and the addition of nanometer-scale particles into the
FLC mixture enables a wide distribution of threshold voltages within one pixel. We now report that threshold-
voltage broadening is caused by an increase in the smectic-layer tilt angles and this microdomain growth is
pinned by nanometer-scale particles. We found, moreover, that the microdomain texture can be classified into
two types, depending on the switching process.@S1063-651X~97!12307-8#

PACS number~s!: 42.70.Df, 64.70.Md
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INTRODUCTION

A novel gray-scale technique to be used with ferroelec
liquid-crystal ~FLC! displays has been previously reporte
In the technique the addition of nanometer-scale partic
into the FLC mixture enables a wide distribution of thresho
voltages within one pixel element@1#.

This time we report that one of the properties of this te
nique is the inhibited domain growth with switching. In
FLC without particles, domains grow even if voltage is n
applied. However, in a FLC with particles, 1–10mm do-
mains appear when voltage is applied and do not grow un
no electric field. Moreover, we show here two types of m
crodomain texture, which are caused by different increas
processes of their domains: In type A, thenumberof mi-
crodomains increases as applied pulse voltage is increa
and in type B, thesizeof microdomains increases as appli
pulse voltage is increased. This domain growth schem
clearly explained by Avrami theory.

Ferroelectric liquid crystal makes passive matrix addre
ing of displays of a large number of lines possible w
memory effect. FLC displays have advantages such as a
response time and wide viewing angle: however, gray-sc
technology must be developed for the application to FLC
to video displays because of this bistable limitation. With t
use of the addition of nanometer-scale particles into a no
FLC mixture ~FLC1!, video-rate display has been achieve

EXPERIMENT

The properties of the ferroelectric liquid-crystal mixtu
~FLC1! used for these experiments are shown in Table I. T

TABLE I. Properties of a novel ferroelectric liquid-crystal mix
ture ~FLC1!; video-rate display has been achieved.

Phase transition temperature~°C! Iso 115 N* 105
SmA 69 SmC*

Melting point 29 °C
Spontaneous polarization 10.1 nC cm22

Pulse width~under620 V/mm! 20.0 ms
~under612.5 V/mm! 32.0 ms

Contrast ratio~with 3:1 bias pulse! .50
561063-651X/97/56~1!/600~8!/$10.00
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surface-modified nanometer-scale particles were amorph
titanium dioxide from Idemitsu Kosan Co., Ltd. Their ave
age diameter was 17 nm. Nanometer-scale particles w
added to FLC1 to the amount of 1 wt % and were disper
homogeneously. The formation of SiO obliquely evapora
layers for alignment layers was made as previously repo
@2#. The SiO alignment layers were assembled in an antip
allel configuration. The sample cells used for the electr
optic measurements consisted of two indium-tin-oxid
~ITO-! coated glass plates whose inside surfaces were co
with SiO film. The FLC mixture with nanometer-scale pa
ticles was injected into the space between the plates in
isotropic phase and gradually cooled down to room tempe
ture. The diameter of the microdomain can be controlled
adjusting the cooling rate after the injection. The relations
between the diameter of the micro domain in type A and
cooling rate is shown in Fig. 1. The thickness of the L
layers was made 1.6mm by SiO2 spacers. To stabilize the
microdomain structure, an electric-field treatment was
plied to the cells at room temperature after the injection.

The gray scale was evaluated using the waveform sho

FIG. 1. Relationship between the cooling rate and diamete
microdomains in type A; the diameter of microdomains can be c
trolled by cooling the speed after injection.
600 © 1997 The American Physical Society
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56 601MICRODOMAIN TEXTURE PRODUCED FOR AN ANALOG . . .
in Fig. 2. One frame is 16.7 ms for interlaced TV signa
The driving scheme applied consists of bipolar reset and
lect pulses to ensure that there is no dc electric field wh
might degrade the liquid-crystal materials. The electrode
tential is controlled by fixing the electrode ground level
order to apply the potential as the waveform. In an FLC c
FLC molecules switch by an interaction between sponta
ous polarizations and an applied electric field and are st
in the memory state. A reset pulse assures that the s
starting situation~preferably the black state! is obtained be-
fore a gray level is written, which is necessary to obtain
reproducible gray level@3–5#. The gray level is determined
by a bipolar select pulse with a variable amplitude. Elect
optical transmittance spectra in the memory state were m
sured using a photomultiplier between crossed polariz
The transmittance dependence on the applied electric
was plotted for theV-T curves.

It is difficult for x rays to detect the layer tilt angle in eac
switching domain, because the switching domains
smaller than 10mm in diameter and the measuring spot of
rays is 5 mm in diameter. In our work the apparent tilt an
of each switching domain at each applied voltage was o
cally monitored using a high-magnification objective le
combined with a condenser lens@6#. It was found that each
microdomain showed bistability.

Two types of microdomain texture were prepared us

FIG. 2. Driving scheme for gray-scale evaluation. One frame
16.7 ms for interlaced TV signals. The driving scheme applied c
sists of a bipolar reset and select pulses to ensure that there is
electric field which might degrade the liquid-crystal materials. T
electrode potential is controlled by fixing the electrode ground le
in order to apply the potential as the waveform. A reset pulse
sures that the same starting situation~preferably the black state! is
obtained before a gray level is written, which is necessary to ob
a reproducible gray level@3–5#. The gray level is determined by
bipolar select pulse with a variable amplitude.

FIG. 3. Bipolar pulse waveform of electric-field treatment f
the microdomain texture in type B; thesizeof microdomains in-
creases as applied voltage is increased.
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two ways of electric-field treatment and cooling speed. F
type A, preparation was very simple. After injection, th
FLC was cooled25 °C/min to room temperature and a
electric field with a square waveform of 100 Hz und
620 V/mm was applied for 2 s. For type B, after injectio
the FLC cell was cooled25 °C/min to 67 °C~this tempera-
ture is 2 °C below the smectic-A–smectic-C* phase transi-
tion temperature! and was cooled23 °C/min to room tem-
perature under an applied electric field with the bipolar pu
waveform shown in Fig. 3 in 14 min. Moreover, this cell wa
under an electric field with a square waveform of 100
under620 V/mm for 2 s atroom temperature.

The photograph of the microdomain texture in t
memory state at each applied voltage was taken betw
crossed polarizers using a microscopic camera system.
photograph of microdomain texture at each applied volta
allowed the determination of the ratio of area undergo
switching to the whole area an image processor.
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FIG. 4. V-T curves of a FLC panel at RT after injection and th
of a FLC panel being left for 5 min in the isotropic phase. T
V-T curves of the threshold voltage region of the cell of regu
distribution particles before being left in isotropic phase we
broadened. TheV-T curves of the threshold voltage region of th
cell of irregular distribution particles after being left in isotrop
phase were steep.

FIG. 5. Relation between the effective spontaneous polariza
Ps and the apparent tilt angleg with applied voltage with the
SmC* tilt angle u is defined. tang5tanu/cosd and Pseff

5Ps cosd
show that the apparent tilt angleg with applied voltage yields the
layer tilt angled. And d yieldsPseff

; thePs value is proportional to
the threshold voltage, which we consider to be the origin of
Vth broadening phenomenon.
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602 56ERIKO MATSUI AND AKIO YASUDA
INHIBITED GROWTH OF MICRODOMAINS
AND MECHANISM OF MICRODOMAIN TEXTURE

The domain growth during switching in FLC’s with con
ventional texture has been reported previously@7–9#. FLC
switching with domain growth was observed with strob
scopic instruments. In a FLC with conventional texture,
domains nucleate and grow under electric field, and ext
to the whole of the sample, growing and coalescing unde

FIG. 6. Relationship between applied voltage and tang. It was
found that each microdomain showed bistability. This result is
incident that larger apparent tilt angles correspond to larger laye
angles, which have a smaller effectivePs value for higher voltage
required for switching.
-
e
d
o

electric field. However, in a microdomain texture with a FL
with added nanometer-scale particles, the domains nucl
and grow under an electric field, and do not grow in t
memory state under no electric field, giving the microdom
texture gray levels. The pinned growth of conventional d
mains brought about by the existence of fine dust in the F
panel has been reported@10#. Similarly, we assumed that th
microdomain growth is pinned by nanometer-scale partic
This assumption was proved to be correct by the follow
experiment.

Nanometer-scale particles, whose specific gravity
higher than that of FLC’s by a factor of 3, easily sink in FL
materials during the isotropic phase. TheV-T curves at room
temperature~RT! of the FLC cell of microdomain texture
with nanometer-scale particles and the same cell after b
left for 5 min in the isotropic phase were plotted. The resu
are shown in Fig. 4. The threshold voltage region of the c
of regular distribution particles before being left in isotrop
phase was broad. The threshold voltage region of the ce
irregular distribution particles after being left in isotrop
phase was steep. Moreover, on the cell left 5 min in
isotropic phase, further growth of domains was observed
using a polarizing microscope. Regular distribution of p
ticles in the layer is crucial for stable gray levels because
growth of domains can be pinned by the particles in
smectic layer.

The nanometer-scale particles are larger than FLC m
ecules by a factor of at least 5 even in an ideal case with
aggregation. These particles would influence alignment
FLC molecules. The broadening of the threshold region
brought about by an increase in the number of the smec
layer tilt angles. The relation between the effective spon

-
ilt
FIG. 7. Two types of increasing process of switching microdomains, photographs in size 60mm350mm and illustrations: ~a! The
numberof microdomains increases with switching, and~b! the sizeof the microdomains increases with switching.
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56 603MICRODOMAIN TEXTURE PRODUCED FOR AN ANALOG . . .
neous polarizationPs and the apparent tilt angleg with ap-
plied voltage with the SmC* tilt angleu is defined in Fig. 5:

tang5tanu/cosd, ~1!

PSeff
5PS cosd. ~2!

Equations~1! and~2! show that the apparent tilt angleg with
applied voltage yields the layer tilt angled. And d yields
Ps eff ; the Ps value is proportional to the threshold voltag
which we consider to be the origin of theVth broadening
phenomenon. Each microdomain shows bistability. The
sults of apparent tilt angle measurement are shown in Fig
Larger apparent tilt angles correspond to larger layer
angles, which have a smaller effectivePs value. That is,
higher voltage is required for switching. The linear relatio
ship between applied voltage and tang is shown in Fig. 6. In
the vicinity of nanometer-scale particles, FLC molecules
affected by the interaction between the molecules and
particle surface. This interaction produces deviations in
layer tilt and, thus, theVth broadening phenomenon occur

FIG. 8. V-T curves of the two types of texture:~a! Thenum-
ber of microdomains increases as applied voltage is increased
shape is round, and~b! the sizeof the microdomains increases a
applied voltage is increased; the curve has a more linear regio
-
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-

e
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With the application of the above-mentioned electric fie
treatment, the structure of layers at various angles is st
lized, just as the chevron structure is uprighted with the
plication of an electric field@11#. Each microdomain shows
bistability, does not grow further, and maintains a ste
V-T curve at the threshold voltage. The microdomain text
has a large number of domains, for example, for 300mm
3300mm 104 domains, each of which has differentVth ,
within as much area as one pixel. Thus the microdom
texture shows a broadening of the threshold region in
pixel element.

TWO TYPES OF MICRODOMAIN TEXTURE

Microdomain textures can be classified into two types
pending on microdomain increasing processes as app
voltage is increased, by polarized microscopic observat
In type A, thenumberof the microdomains increases wit
switching, as in Fig. 7~a!, while in type B, thesizeof the
microdomains increases with switching, as Fig. 7~b!. These
two types of texture can be produced using same FLC1
the surface-modified TiO2 particle mixture by changing the
alignment by temperature control and the application of
electric-field treatment after injection. Comparing theV-T
curves, in type A the shape is round as in Fig. 8~a!, while in
type B the curve has more linear region as in Fig. 8~b!. The

he

FIG. 9. In type-A microdomain texture, the domains a
1–5mm in size. Each domain is surrounded by layer-parallel a
layer-normal walls.~b! In type B, domain growth occurs along th
layer-parallel wall under applied pulse voltage increasing.~c! The
FLC domain wall structure. The domains of FLC cells are separa
by walls. Schematic of the surface-stabilized ferroelectric liqu
crystal structure, showing the tilted smectic with layers normal
the bounding plates, the director orientationn ~short lines!, and the
accompanying ferroelectric polarizationP ~arrows!. Pursuing the
magnetic analogy further, the domain walls are ‘‘Bloch-like’’
directed along the smectic layers and ‘‘Neel-like’’ if normal to th
layers@10#.
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604 56ERIKO MATSUI AND AKIO YASUDA
easy controllability of theV-T curves is required for TV
displays, because the controllability of the gray scale deri
from theV-T curve shape is related to quality of display. It
indicated that theV-T curves can be controlled by textur
control.

We now consider in more detail the FLC domain w
structure. The domains of the FLC cell are separated
walls, as shown in Fig. 9~c!. This figure shows a schemat
of the surface-stabilized ferroelectric liquid-crystal structu
showing the tilted smectic with layers normal to the boun
ing plates, the director orientationn ~short lines!, and the
accompanying ferroelectric polarizationP ~arrows!. Pursu-
ing the magnetic analogy further, the domain walls a
‘‘Bloch-like’’ if directed parallel to the smectic layers, an

FIG. 10. Measurements of the ratio of the area undergo
switching to the whole area at each threshold voltage. On inte
tion, the curve showing the ratio of the area undergoing switch
to the whole area eventually produces theV-T curve from transmit-
tance.~a! In the case of microdomain texture type A, tight pinnin
may be reflected by the sharp peak; that is, the domains are i
pendent.~b! In the case of microdomain texture type B, doma
growth occurs along the layer-parallel wall as applied pulse volt
is increased, as observed by a polarizing microscope. The do
growth was inhibited in the memory state. The loose pinning a
coalescence of the domains. Therefore, the microdomain text
can be classified into two types, depending on the strength of
domain wall.
d

y

,
-
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‘‘Néel-like’’ if normal to the layers@10#. In type-A micro-
domain texture, the domains are 1–10mm in size. Each do-
main is surrounded by layer-parallel and layer-normal wa
as observed by a polarizing microscope and illustrated
Fig. 9~a!. The domain wall cannot suppress the growth
domains by itself, as described above. However, doma
may have a tight pinning property because on the order
hundred particles are calculated to exist in each domain.
ure 10~a! shows the measurement of the ratio of the a
undergoing switching to the whole area at each thresh
voltage. On integration, the curve showing the ratio of t
area undergoing switching to the whole area eventually p
duces theV-T curve from transmittance. Tight pinning ma
be reflected by the sharp peak; that is, the domains are i
pendent. On the other hand, in the case of microdomain
ture type B, domain growth occurs along the layer-para
wall as applied pulse voltage is increased, as observed u
a polarizing microscope as shown in the illustration in F
9~b!. The domain growth was inhibited in the memory sta
and a broad peak is observed as in Fig. 10~b!. Therefore, the
loose pinning aids the coalescence of the domains. Thus
crodomain textures can be classified into two types, depe
ing on the strength of the domain wall.

DISCUSSION OF TWO TYPES
OF MICRODOMAIN TEXTURE
USING AVRAMI THEORY

Next, we explain the domain growth of the microdoma
texture by applying the Avrami model. The Avrami mod
can be written as

tn52 ln@12S~ t !/S~0!#, ~3!

wheren is the dimensionality of the Avrami model,S(t) is
the reversed area at timet, andS(0) is the total area. We
regarded thatS(t)/S(0) is T(t), whereT(t) is the transmit-
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FIG. 11. Physical understanding of effective dimensionalityn of
the Avrami model for microdomains@8,12–15#. For n51, domain
growth is one dimensional. Forn52, two-dimensional growth and
one-dimensional growth plus an increase in the number of doma
For n53, three-dimensional domain growth and two-dimensio
growth plus an increase in the number of domains. Forn54, three-
dimensional growth plus an increase in the number of domains
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TABLE II. Dimensionality in the first~lower gradient! step; this result indicates that with the addition
the particles the surface anchoring may be weakened.

Dimensionality
intermediate-voltage

region

Dimensionality
high-voltage

region

Microdomain texture: type A FLC
with particles

0.4–0.8 1.0–2.5

Microdomain texture: type B FLC
with particles

0–0.6 0–0.5

Conventional texture FLC
only
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tance at timet. The physical understanding of the effectiv
dimensionalityn of the Avrami model is summarized in Fig
11 @8,12–15#. In the case ofn51, domain growth is one
dimensional. In the case ofn52, there exist two possibili-
ties, one is two-dimensional growth and the other is o
dimensional growth with an increase in the number of d
mains. In the case ofn53, again similar to the case ofn
52, one possibility is three-dimensional domain growth a
the other is two-dimensional growth plus an increase in
number of domains. Forn54, there is only three-
dimensional growth plus an increase in the number of
mains.

Using square-wave pulses in a variety of applied voltag
the relation between transmittance change and time
monitored for three type textures in type A with particles,
type B with particles, and in conventional texture witho
particles. We have classified the switching area into a hi
voltage region, in which the switching area is the whole pi
element, and an intermediate-voltage region giving the
crodomain texture for gray level as shown in Fig. 12. The
switching areas~this transmittance! are calculated as in Ref
@15# and change logarithmically. The dimensionalityn is de-
rived from the gradient of these plots. The scheme has b
classified as a first~lower gradient! and second~higher gra-
dient! step as in Fig. 12, depending on the dimensionality
the system, where ln$2ln@12T(t)#% is plotted against lnt.

We summarize the results of the gradients of the curve
the three different systems, microdomain texture type A w
particles, type B with particles, and conventional textu
without particles. In the first step, dimensionality is shown
-
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Table II. Dimensionality of types A and B with particles
0–2. Dimensionality of conventional texture without pa
ticles is 0, and thus no switching occurs in this region. Th
results indicate that with the addition of the particles t
surface anchoring may be weakened, and so switchin
easier under lower voltages, while in the second step dim
sionality shows the prominent feature of the microdom
texture in Table III. In the type-A cell, the dimensionalit
corresponds ton52 or 3 or in between, that is, consiste
with observation by a microscope in Fig. 7~a!. In the type-B
cell, the lower dimensionality reflects the smaller contrib
tion of the increase in the number of domains, that is, c
sistent with observation by a microscope in Fig. 7~b!. In the
high-voltage region of the whole switching area, the ex
tence of the particles clearly makes a difference. In type
with particles, with the two reinforced domain walls, th
dimensionality in the high-voltage region is 3, the same
that in the intermediate region. In type B with particles, w
the one reinforced domain wall, the dimensionality in t
high-voltage region is higher than that in type A. In the co
ventional texture without particles, the dimensionality in t
high-voltage region is the highest microdomain texture w
particles. We considered that the particles pin the growth
domains and suppress the explosive domain growth indic
by a dimensionality over 4.

CONCLUSION

Threshold-voltage broadening was observed with the
dition of nanometer-scale particles into a novel FLC mixtu
An increase in the distribution of the smectic-layer tilt ang
h
tional
xture
domain
TABLE III. Dimensionality in the second~higher gradient! step; in intermediate-voltage region wit
particles, the dimensionality is consistent with observation by a microscopy in Fig. 7. In the conven
texture without particles, the dimensionality in the high-voltage region is the highest microdomain te
with particles. We considered that the particles pin the growth of domains and suppress the explosive
growth indicated by a dimensionality over 4.

Dimensionality
intermediate-voltage

region

Dimensionality
high-voltage

region

Microdomain texture: type A FLC
with particles

2.5–2.9 2.9–3.0

Microdomain texture: type B FLC
with particles

1.7–2.4 2.6–3.7

Conventional texture FLC
only

3.1–3.3 3.4–5.5
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FIG. 12. Transmittance change versus time in three type textures~a-1! in type A with particles,~b-1! in type B with particles, and~c-1!
in the conventional texture without particles using square-wave pulses in a variety of applied voltages.h, a high-voltage region, which
switching area is the whole pixel element;d, an intermediate-voltage region giving the microdomain texture for the gray level. T
switching areas~this transmittance! as in Ref.@15# and change logarithmically. ln$2ln@1-T(t)#% is plotted against lnt, ~a-2! in type A with
particles,~b-2! in type B with particles, and~c-2! in the conventional texture without particles.
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causes theVth broadening. Two types of microdomain te
ture were found and classified into the domain number
creasing type and the domain size increasing type. Var
V-T curves can be obtained by controlling the texture w
our FLC and particle mixtures.
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