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The cover shows a schematic drawing of both stable states of the
surface-stabilized ferroelectric liquid crystal structure. The liquid crystal
(grey) with its spontaneous polarization (P) is sandwiched between two
glass plates (blue). The incident light (red) is polarized by the first
polarizer (green) and can be manipulated by the birefringence of the liquid
crystal medium and eventually transmitted through the second polarizer
(green). The polarity of the applied electric field determines which of both
states is obtained.
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Introduction

In the last decade, the area of applications of liquid crystal
displays
(LCD's)
has
grown
from
wrist-watches
to
computer-terminal and television displays, and now LCD's are
considered to be the potential successors of the cathode ray tube.
Most of nowadays liquid crystal displays are based on effects shown
by nematic liquid crystals. Other effects have been proposed as well
and, among them, the surface-stabilized ferroelectric liquid crystal
effect, first described in 1980, is beginning to attract considerable
attention. It distinguishes itself from other liquid crystal effects by
its fast switching and bistability, characteristics which permit a
large number of new applications. For that reason, a research
program was started in 1985 at the Display Principles and Devices
department of the Philips Research Laboratories Eindhoven. The
aim of the work, that will be reported in this thesis, was to study
the electro-optic switching behaviour of the surface-stabilized
ferroelectric liquid crystal effect.
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Liquid crystals
In certain materials one or more stable phases are observed
between the crystalline solid and the isotropic liquid phase: the
liquid crystalline (LC) phases. In thermotropic LC phases, a certain
degree of long-range orientational ordering is preserved after the
solid phase has melted. The long-range positional ordering of the
centres of mass of the molecules is now either absent or strongly
reduced. On raising the temperature above the clearing temperature,
the LC loses all its ordering and becomes an isotropic liquid. If an
LC phase occurs, the molecules generally possess a strong geometric
anisotropy, mostly a rod-like shape. This type of molecules will be
considered in the following.
The LC phase is called nematic (N), when the positional
ordering of the centres of the molecules is completely absent. Only
the long-range orientational ordering of the long axes of the
rod-like molecules remains. As shown in figure la, all axes are
aligned more or less parallel to eachother. The local alignment of
the long axes of the molecules is described by the director n. In fact
η indicates their average orientation. For symmetry reasons, i.e. the
absence of polarity, the extent of orientational order of the long
axes of the molecules is described in terms of the following order
parameter S:

S = y < 3cosV - 1 > ,
where φ denotes the angle between the long axis of the molecule
and the director n. If 5 = 0 the molecules are randomly oriented, i.e.
the phase is isotropic; if S = 1 the alignment is perfect. In practice,
LC phases possess an order parameter of 0.3 to 0.8. If the molecules
are optically active and not racemically mixed, the nematic phase
is called chiral nematic (N*). The chirality entails that the director
η continuously rotates around an axis and a helical structure is
formed (fig.lb).
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Figure 1 Some important liquid crystalline phases: (a) nematic;
(b) chiral nematic; (c) smectic A; (d) smectic C.
The LC phase is called smectic when besides the orientational
ordering a positional ordering in at least one dimension is present.
Then a periodicity of the molecular density is observed. In
consequence, the centres of the molecules are usually interpreted as
to be arranged in equidistant layers. Many types of smectic phases
exist differing in the orientation of the director with respect to the
layer normal and the arrangement of the centres of the molecules
within the layers.
Two smectic phases possess no positional
ordering of the centres of the molecules within the layers: the
smectic A (SmA) and the smectic С (SmC) phase. In the SmA phase
the layer normal is parallel to the director orientation (fig.lc),
whereas in the SmC phase the director orientation and the layer
normal make an angle ω (fig. Id).
The LC phases show a macroscopic anisotropy in the refractive
index («,/(), dielectric susceptibility (c^) and magnetic susceptibility
5
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(•¿ili), where χ,β = χ. y or ζ. These second-rank tensors describe the
interaction of the anisotropic system with electric or magnetic fields.
For uniaxial phases, these tensors л,,,, ε,β and χ^ι can be represented
as:

Ai 0 0 \

О я1 0
^ 0 0 oc J

when the z-axis is chosen parallel to the director (i.e. the uniaxial
axis). The subscripts || and J. indicate the components parallel and
perpendicular to the director. The anisotropy is then described in
terms of the quantities An = w,¡ — Πχ, Αε = ει — ει and Αχ = /, — / ι .
These parameters are commonly used to denote the anisotropy not
only in uniaxial phases but also in weakly biaxial phases, like e.g.
the SmC phase'. The effective interaction of the director orientation
with an electric or magnetic field is determined by these anisotropics
and the mutual orientation of field and director. Thus, an electric
or magnetic field can cause a change in the director orientation and
hence a change in the effective optical anisotropy. This can be used
to modulate the polarization of incident light. LC devices are
commonly based on this concept.

Liquid crystal devices
Most biréfringent transmissive LC devices are constructed as
follows. A thin LC layer is positioned between two glass plates,
which are coated with a transparent tin-doped indium oxide (ITO)
electrode and an aligning layer to impose a certain director
orientation at the surfaces. Light polarizing sheets are attached to
the outsides of the glass plates (fig.2). The incoming
linearly-polarized light passes the biréfringent LC layer and its
polarization changes. An electric field, applied by means of the
ITO electrodes, causes a change in the director orientation. Due to
the resulting change in the effective birefringence the outgoing light
6
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intensity after passing through the second polarizer changes too.
These LC devices are electro-optic modulators.

Φ
ITO

ITO

LC

Г Ί

Polarizer Glass

Alignment

Γ Τ

Glass Polarizer

Figure 2 Schematic configuration of a liquid crystal device.

When considering liquid crystal displays the amount of
information displayed is an important factor. By dividing the ITO
electrodes into several parts with separate connections,
low-information-content displays can be realized (fig.3a).
For high-information-content displays the number of external
connections to the electrodes is lowered by dividing the top
electrode into columns of ITO and the bottom electrode into rows
of ITO (fig.3b). Each intersection of the row and column electrodes
represents a picture element (pixel). The electric field applied to a
pixel depends on the potential difference between the corresponding
top and bottom ITO lines. Normally the pixels are addressed
sequentially (row by row), meaning that the relevant electric field
on the pixel and thus on the LC is only present during a certain
fraction of time. During the remaining time the LC should
"memorize" its state. This is a basic form of so-called passive-matrix
addressing.
7
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Figure 3 Addressing LCD's: (a) single digit; (b) passive-matrix
addressing; (c) active-matrix addressing.
A possibility to improve this "memorization" is to add a
switching element to each pixel. Again the pixels are addressed
sequentially, but now the relevant electric field stays on a pixel,
because the switching element electrically isolates it from the rest
of the display directly after it has been addressed. This is called
active-matrix addressing. The electrode on one of both glass plates
is divided in small squares of ITO (pixels) instead of lines, each of
these squares provided with a semiconductor switching element. A
network of narrow row and column metal lines connects the pixels
to the outsides of the glass plate (fig.3c).
The opposite ITO
electrode is not divided in parts. The present LC effects require the
8
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use
of
active-matrix
addressing
in
order
to
realize
high-information-content displays, which have to show many
different images within a short time period (e.g. television). The
attendant technology, however, for imbedding a switching element
for each pixel is more complicated than the one for passive-matrix
addressing.
The Surface-Stabilized Ferroelectric Liquid Crystal structure
In 1975 R.B. Meyer et al.2 predicted and demonstrated that a
chiral SmC phase can exhibit ferroelectric behaviour. First they
considered the symmetry elements of an achiral SmC phase: a
twofold rotation axis ( C2 ) perpendicular to the director and in the
plane of the smectic layer, a mirror plane (m) normal to the twofold
rotation axis and consequently an inversion centre (i) (fig.4). The
range of possible director orientations in the SmC phase (at an
angle ω with respect to the layer normal) lies on a cone, as shown
in figure 4. The point group of this phase is С2Л.3
When the SmC phase is composed of chiral molecules (the
SmC* phase), the mirror plane symmetry operation (and thus the
inversion) does not hold any longer; the point group is now C2.
The remaining twofold axis allows the existence of a permanent
dipole moment parallel to the C2 axis. Thus, if a transverse dipole
(i.e. a dipole perpendicular to the long axis of the molecule) is
present, each smectic layer possesses a spontaneous polarization
(Λ), which will be tangent to the SmC cone and in the plane of the
smectic layers, for the C2 axis lies in that plane.
To demonstrate the ferroelectric behaviour of such a phase,
R.B. Meyer and coworkers synthesized a new chiral SmC material
DOBAMBC (p-Decyloxybenzylidine
p'-amino
2-methylbutyl
2
cinnamate, fig.S) . However, they found that, due to the chirality
of this phase, the orientation of the director and the spontaneous
polarization changes from layer to layer, according to a helix in the
direction of the layer normal (fig.6). Thus, the overall polarization
was zero. The linear interaction of the electric field with Ps (a
9
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Figure 4 Symmetry elements of the SmC phase (т,і,Сг): in the
SmC* phase only Ci remains.
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Figure 5 p-DecyloxybenzyUdine ρ'-amino 2-methylbutyl
cinnamate (DOBAMBC).
characteristic of ferroelectric behaviour) could only be observed in
structures with a deformed helix.
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Figure б The helix structure of the SmC* phase describing the
director twist from layer to layer.
In 1980, Clark and Lagerwall1 described a structure in which the
ferroelectric character of the SmC* phase is optimally employed:
the so-called Surface-Stabilized Ferroelectric Liquid Crystal
(SSFLC) structure. In this structure the helix of the director
orientation is suppressed by planar-orienting boundaries. Now, the
director is restricted to both planar-oriented positions on the SmC
cone (fig.?) and the planar orientation will be maintained
throughout the LC layer if the LC layer thickness between the
boundaries is sufficiently small (< 2/яп). Then, the overall
polarization (tangent to the SmC cone) is directed either upwards
or downwards along the normal to the boundaries. Both states are
stable: the SSFLC structure is a twofold degenerated system. This
degeneracy is eliminated by applying an electric field between the
boundaries. The interaction of this field with Ps will bring the
structure fully into one of the two possible director orientations
according to the polarity of the applied field (fig.8). Such a uniform
director orientation is stable as long as no electric fields of opposite
polarity are applied. This holds for both states, i.e. the SSFLC
structure is bistable.

и
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Figure 7 The SSFLC structure: planar-orienting boundaries
limit the director orientation on the SmC cone to two possible
states. The overall polarization Ρ is directed either upwards or
downwards along the normal to the boundary surface.

The difference in orientation between both states is twice the
SmC cone angle ω. The SSFLC structure can be considered as a
biréfringent slab because of the uniform director orientation and
the attendant optical anisotropy. The optical axis can be rotated
over an angle 2ω, i.e. both states can be distinguished using
linearly-polarized light. The switching process between both states
is dominated by the strong ferroelectric torque ( Ρ χ E ) between the
applied electric field E and the polarization P. Therefore the SSFLC
structure can be manipulated considerably faster than
non-ferroelectric LC structures.
The SSFLC effect can be made use of in an electro-optic switch,
which then will be characterized by bistability and very fast
switching. It can be applied as a fast light modulator, but the
combination of speed and bistability makes it particularly suitable
for passive-matrix addressed displays. Even if the amount of
12
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Figure 8 The SSFLC effect. The polarity of the applied electric
field determines which of both states is obtained; using a crossed
polarizer set a clear difference in transmission can be realized.
information content increases and the displayed image changes
rapidly, it is still possible to use passive-matrix addressing in
combination with the SSFLC effect. In principle, there would be
no need to apply the technologically-more-difficult active-matrix
addressing1·4. This is one of the main reasons of the strong interest
of the international LC and LCD research in the SSFLC effect.

Scope of this thesis
This thesis reports on research concerning the electro-optic
behaviour of the SSFLC structure. The emphasis lies on those
phenomena, which are essential for the application of the effect in
electro-optic devices.
The appearance of room-temperature FLC materials in 1985,5
marked the start of this research program. The first problem met,
was the realization of SSFLC samples for experimental purposes.
Chapter 1 describes how we succeeded in obtaining a uniform
13

Intiocluuion

alignment and a well-defined (2/лті) LC layer thickness The next
step was a provisional identification of the director patterns and the
smectic layer structure in these SSFLC samples by measuring the
transmission under stationary (or very slowly varying) applied
electric fields. Up to 1987, most of these kind of electro-optic
studies were performed on rather thick SSFLC samples 67 Our
results on thin samples, as described in chapter 2, seemed to
indicate that the smectic layer structure is tilted with respect to the
normal of the boundary surfaces, i.e. the smectic layers are not
perpendicular to the surfaces, and that this tilt can be strongly
reduced by electric field treatment. Almost simultaneously. X-ray
diffraction results were presented by others" 9 , which unambiguously
proved that the smectic layers in SSFLC samples form a chevron
structure and indeed have a tilt with respect to the surface normal.
After identifying the director pattern and the smectic layer
structure the switching behaviour between both stable states could
be investigated. The next three chapters study the dynamics of the
switching behaviour under variable electric fields by monitoring the
transmission through SSFLC samples time-dependently In chapter
3 the impact of the chevron smectic layer structure on the dynamics
is analyzed. As shown in chapter 2 and in literature 10 , the chevron
structure can be irreversibly altered by a low-frequency electric field
treatment. The influence of this alteration on the SSFLC switching
behaviour is studied in detail. Further, the effect of various rubbing
treatments of the incorporated alignment layers on the dynamics
and the chevron reorientation is also reported in this chapter.
Chapter 4 briefly continues the study on the influence of the
alignment layer on the SSFLC switching behaviour. As different
aligning polymer species with a high crystallinity were reported to
yield the best alignment quality in SSFLC devices" l 2 , we set out to
confirm this tendency by varying the degree of crystallinity within
a single polymer species using thermal-anneal methods and
measuring the electro-optic dynamics.
Gradually it became clear that the existing models (as presented
e.g. in refs. 7, 13 and chapter 2 of this thesis) do not satisfactorily
14
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describe the empirical data mentioned in the previous chapters
Therefore, a new model was proposed in chapter 5 The basic idea
of the model is that the planar orientation of the director is
maintained under all circumstances The model was studied to what
extent it could describe the irreversible smectic layer reorientation
and the electro-optic behaviour of the SSFLC effect under
stationary and pulsed electric fields One of the outcomes of this
model is a bending of the smectic layers This was simultaneously
suggested by others in order to explain their experimental d a t a l 4 l \
Additionally, some simple calculations on this smectic layer
bending were performed (appendix to chapter 5)
Because we recognized that SSFLC switching must be
accompanied by charge compensation due to the inversion of the
direction of the spontaneous polarization, the switching behaviour
was investigated once more, but now the samples were electrically
isolated immediately after the electric pulse had been applied.
Under these conditions the charge compensation is expected to
dominate the switching behaviour. The resulting dynamic behaviour
might differ strongly from the one, described in the previous
chapters. As reported in chapter 6, it turned out that, under these
circumstances, it was even possible to control the amount of
switched area of an SSFLC sample That gave a unique opportunity
to realize a reliable gradation in transmission. Until then the
bistabihty of the SSFLC effect and the achievement of a
controllable continuous gradation were considered to be
conflicting16.
Finally, the achieved knowledge was used to demonstrate two
new applications of SSFLC devices. In chapter 7 we described how
they were employed as fast, low-power shutters in order to enable
three-dimensional television. Chapter 8 reports on an effort to
realize an SSFLC display, which had to meet video requirements
with respect to speed and gradation. The present SSFLC displays,
which employ passive-matrix addressing, could not fulfil these
demands1617. We set out to apply active-matrix addressing, because
then the charge compensation mechanism, as reported in chapter
15
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6, could be utilized to achieve the required gradation and speed with
the current FLC materials.
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Sample configuration
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Sdmple conlìguration

A brief description is given of the preparation of
Surface-Stabilized Ferroelectric Liquid Crystal (SSFLC) samples,
on which the experiments are performed as reported in the next
chapters. The emphasis lies on those aspects of SSFLC technology
which differ from standard liquid crystal technology: i.e. the liquid
crystal mixture composition; the sample assembling procedure; the
macroscopic alignment and the optical configuration. The
experimental setup will be described in the chapters concerned.
Ferroelectric liquid crystal material
Whereas the first ferroelectric liquid crystal (FLC)
DOBAMBC' was a pure compound, most of present-day
commercially-available FLC materials are mixtures consisting of
approximately 10 to 20 different compounds. Only in this way the
physical parameters can be conveniently adjusted. Such a mixture
is mainly composed of one or two homologue series of LC
compounds which exhibit a SmC phase within a certain
21
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temperature range. Figure 1 shows the basic chemical structure of
several commonly used homologue series. By mixing many close
homologues, the desired SmC temperature range can be broadened
and positioned around room temperature. Likewise the required
sequence of less-ordered LC phases can be obtained; as will be
explained in the alignment paragraph of this chapter, a phase
sequence of isotropic-N*-SmA-SmC* is desired.

H2m+1 C m - ^ ) > ~ @ - 0-CnH2n + l

PYP mon

NCB n(o)m

Figure 1 Commonly used homologue SmC series;
phenylpyrimidines (PYP) andn-cyclohexylbiphenyls (NCB).
Many of the physical LC parameters of the mixture are
determined by the properties of the homologue series (LC phases,
optical and dielectric anisotropy, SmC cone angle, etc.). The
required chirality of the SmC phase for realizing ferroelectric
behaviour is induced by adding a small amount of chiral dopant 2 .
The resulting mixture is SmC*. The dopant controls the
ferroelectric physical parameters such as the sign and magnitude of
the spontaneous polarization ( Ps ), and the helical pitch of the
mixture. Finally, a second dopant is often added which
compensates the pitch caused by the first dopant, but which does
not cancel the induced Λ· As will be explained in the alignment
paragraph of this chapter, a long pitch in the chiral nematic phase
is required. Figure 2 shows a listing of the available parameters of
one of the here investigated FLC mixtures.
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Sample assembling
The SSFLC samples, meant for electro-optical investigation, are
constructed as follows. Because of the required small LC layer
thickness, the samples must be manufactured in a "clean-room"
environment and all the materials used must be filtered in order to
avoid dust. Two transparent glass plates, partially covered with
ITO (tin-doped indium oxide ; a transparent conducting material)
electrodes, are thoroughly cleaned and coated with an alignment
layer. In general, the alignment layer is a thin polymer layer
(îtlOO-lOOOÂ), deposited as a solution by spinning and then
thermally treated to remove the solvent. Next, the polymer layer is
23
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rubbed with a rotating velvet cloth; that rubbing results in an
alignment of the LC director parallel to the rubbing direction. On
one of the glass plates a thin line of glue (UV curable loctite 350)
is deposited near the edges. This line is closed apart from a small
interruption (i.e. filling hole). On the other glass plate spacers are
deposited: quartz (Shinshikyu-W) or polymer (Epostar) spheres
with a uniform diameter (in the range l-3/<m). which determine the
LC layer thickness. The quartz spacers are preferred because they
are not compressible and possess a higher accuracy in diameter.
They are deposited at a concentration of lOO-lOOOmm-2. They do
not cover, however, a significant surface fraction because of their
small size. Then the two glass plates are assembled facing each
other, the glue line is cured by UV irradiation and the distance
between both plates equals the spacer diameter: the cell gap. The
cell gap is checked by measuring the interference versus wavelength
spectrum1.
Finally, liquid crystal has to be injected into the cell. As the
viscosity of the highly-ordered SmC* phase is very high at room
temperature, the filling process is done at elevated temperatures,
where the LC material is in the nematic or isotropic phase
(80-ll0 o C). The empty cell is heated in an evacuated chamber.
Because of the filling hole the cell is evacuated too. LC is deposited
on the filling hole with a syringe and then it enters the empty cell
by capillary suction. That process can be facilitated by letting air
into the vacuum chamber. When the cell has been filled, it is pressed
mechanically to ensure that the glass plates are pressed onto the
spacers. Next, the filling hole is sealed with a standard 2-component
glue and the sample is slowly cooled (< 0.5oC//min) down to room
temperature. The ITO electrodes can be contacted from the outside
and the electro-optical behaviour of the thin LC layer can be
studied in transmission.

24
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Alignment of the SSFLC structure
The SSFLC structure involves two different director
orientations (see fig.3). Standard alignment techniques can only
cause one preferred orientation of the director and can therefore
not be used. Furthermore the smectic layers must be aligned parallel
to eachother.
Many techniques, such as shear alignment4,
spacer-edge growth5, epitaxial growth with magnetic fields6 and
temperature-gradient controlled methods 7 , have been used in order
to obtain an alignment which suffices. None of them gave satisfying
results over larger surface areas. Nowadays, the commonly used
technique is based on combining rubbed polymer alignment layers
with a careful design of the LC mixture such that it possesses a
favourable sequence of LC phases.

Figure 3 The SSFLC structure. The smectic layers are parallel
to eachother; two different director orientations occur and none
of both coincides with the normal to the layers.
The SSFLC sample is assembled in such a way, that the rubbing
directions of both (planar-orienting) alignment layers are parallel
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(fig.4). The LC is injected into the cell in the isotropic phase and
subsequently cooled to the chiral nematic phase. The pitch in the
chiral nematic phase should be large enough (larger than four times
the cell gap) in order to avoid a twisted director orientation through
the sample. Then, the director pattern will be untwisted and parallel
to the rubbing direction of both alignment layéis. When the sample
is cooled down to the SmA phase, the director orientation remains
unaltered and the resulting SmA layer structure (normal to the
director orientation) is uniaxial. On cooling down to the SmC*
phase, it is assumed that the smectic layers will remain parallel to
eachother and that the director will tilt away from the rubbing
direction, taking either of the two planar-oriented positions. If the
pitch in the chiral nematic and in the SmC* phase is large enough,
it mostly suffices to rub only one of both alignment layers.
The bistable switching behaviour strongly depends on the
interaction between the rubbed alignment layer and the LC. This
causes the alignment procedure for SSFLC samples to be very
critical. The alignment quality of SSFLC samples is judged by two
criteria: the uniformity of the alignment of the smectic layers, which
can be estimated from the presence of defects, and the bistable
switching behaviour. The choice of the aligning polymer species
strongly influences the alignment quality8. In order to obtain good
results several polyamides (nylon-6, -11, -6.6, -4.6, -6.10, -9.9, -6.12,
-12.6), aromatic polyamide (APA), polyimides (Nissan RN305,
Merck ZLI2650, Dupont 2566, JSR JIB1001), polyvinylalcohol
(Kuraray PVA), teflon and also obliquely-evaporated SiOs have
been tested. Polyimides are widely used for aligning nematic LC,
but although some yield quite a uniform alignment, all of them
deteriorate the bistable SSFLC switching process. The best results
are obtained with nylon-6.6 (polyhexamethylene adipamide
dissolved in m-cresol/methanol), APA
(polyhexamethylene
terephtalamide dissolved in n-methylpyrohdone) and PVA
(polyvinylalcohol dissolved in LLO). These alignment layers are
used in our further studies.
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Figure 4 Alignment by cooling through the LC phase sequence.
in the chiral nematic phase an untwisted director orientation is
obtained resulting in a "parallel-layer" structure in the SmA
phase, which persists in the SmC* phase.
The alignment quality is also influenced by the rubbing
treatment and the thermal treatment of the polymer layer; see
chapters 3 and 4, respectively. While examining the uniformity of
the alignment and the bistable switching behaviour, one should be
aware of the fact that the application of low-frequency (< 200Hz)
electric fields can cause irreversible changes in the sample structure
(see chapter 3).
Optical configuration
The optical performance of SSFLC samples is examined by
considering the transmission of incident light through a sample
which is sandwiched between two crossed polarizers. As shown in
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figure 5, both states give rise to a uniformly-oriented biréfringent
slab. The optical axes of both states are positioned symmetrically
with respect to the rubbing direction and lie in the boundary plane.
The angular difference between both states equals two times the
SmC cone angle ω.

Positive voltage

Negative voltage

Figure 5 The SSFLC effect. Both states give rise to a
uniformly-oriented biréfringent slab. The polarity of the applied
electric field determines the resulting state.
The transmitted intensities /,(/=1,2) for both states, given
incident polarized light of intensity lo, are described by
/, = / 0 sin2(20/) + 2co) sin2 {ndAni λ)
І2 = IQ sin (2θρ — 2ω) sin {ndAnjX),
where I\ refers to a negative applied electric field and h to a positive
applied field (or vice versa). р is the angle of the polarization of the
front polarizer with the rubbing direction, d the thickness of the
LC layer, Δ« the optical anisotropy of the LC phase and λ the
wavelength of the incident light9. These formulas imply that one
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state is completely dark if 0r equals to (/: = 0). This means that the
polarization of the incident light is parallel to the optical axis of
that state. Now the incident light is not influenced by the
birefringence of the LC phase and consequently it will be totally
absorbed by the second (crossed) polarizer. In order to maximize
the transmitted light intensity for the other state ( /, ) and thus the
transmission difference between both states, 2to + 2ΘΡ must be equal
to 90°. As θη equals ω, ω must then be 22.5°. Most FLC mixtures
are indeed optimized to have a SmC cone angle of approximately
22.5° at room temperature. The angular difference between the
polarization direction of the front polarizer and the optical axis of
this state is then 45°. The incident linearly-polarized light is
decomposed in two equal electric vectors, one component parallel
to the director which propagates with a speed of Í/A?. and one
component perpendicular to the director, propagating with a speed
of clnL(c is the speed of light in vacuum). On reaching the other side
of the sample, there exists a phase difference between both
components, which depends on dAn/À.
The resulting
elliptically-polarized light can be partly transmitted through the
second polarizer. The relation between the transmitted intensity and
/./dAn is illustrated in figure 6. The bars indicate the range of visible
wavelengths (400 to 700nm) for various dAn values.
As can be seen from figure 6, a relatively flat intensity spectrum
is obtained near XjdAn = 2; the transmission losses for the complete
visible spectrum are minimal and the appearance will be colourless.
In this case the phase difference between both vectors was
approximately 180°; when adding both components almost
linearly-polarized light is obtained, but rotated over approximately
90° when compared to the incident light. Therefore, it can pass the
second polarizer. This is called zero-order birefringence. Since the
usual FLC mixtures possess a An of approximately 0.14 and the
average wavelength of light in the visible spectrum is 550nm, the
thickness of the LC layer has to be ~2μηι. Fortunately, this value
agrees well with the required small LC layer thickness in order to
realize the bistable SSFLC structure 9 .
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Figure 6 Birefringence: transmitted intensity through a uniform
biréfringent slab between crossed polarizers vs. λ/dAn. For
several dAn values (in ßm) the range of visible wavelengths is
indicated by the horizontal bars.
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Abstract
Dynamical and polarization-dependent transmission-intensity
measurements on thin surface-stabilized ferroelectric liquid crystal
samples indicate that the orientation of the director is uniform from
top to bottom glass plate in the fully-switched, the memory and all
transient states. Switching occurs via two processes: a continuous
shift on the smectic С cone and a multidomain transition. This
behaviour appears to be caused by tilted smectic layers. Reduction
of this tilt results in a true bistability in which memory and
fully-switched states are nearly indistinguishable.
Introduction
Since it became clear that room-temperature smectic С (SmC)
liquid crystal mixtures, exhibiting ferroelectric behaviour1, would
become available, the effort towards a technologically-acceptable
realization of the Surface-Stabilized Ferroelectric Liquid Crystal
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(SSFLC) structure, as proposed by Clark and Lagerwall2, increased
rapidly. This structure, showing bistable, high-speed, black & white
switching, still is one of the most promising candidates for future
high-definition or television liquid crystal displays.
One of the problems in obtaining a true bistable SSFLC
structure is the fact that more than two states occur. Optical studies
have revealed different kinds of splayed or twisted structures which
influence the bistability and the optical performance 34 , but most of
these studies were done on rather thick (5-8μιτι) cells. Here, similar
optical experiments on thin cells will be reported to identify the
occurring states and examine their behaviour; the results will be
significantly different.
Experimental
Using "epostar gp 20" polymer spacers, samples with a Ι.Ομτη
cell gap are manufactured. For alignment a nylon-6.6 layer is
deposited on both glass plates and strongly rubbed in parallel
directions. The samples are filled in the isotropic phase (950C) with
ferroelectric liquid crystal mixtures ZLI3234 or ZLI3654 from
Merck, Darmstadt. ZLI3234 possesses a SmC phase from -9 0 C to
67 0 C and a spontaneous polarization (Λ) of 9.2nC/cm2. The P, of
ZLI3654 equals -29nC/cm2 and its SmC phase temperature range is
-30oC to 620C. After filling the samples are slowly cooled down to
room temperature without applying any fields or mechanical
stresses. In this manner large-area, well-oriented and defect-free
SSFLC devices are obtained.
Optical hysteresis
To carry out real-time observation of the switching process a
0.1 Hz triangular ac sweep voltage was applied. The transmission
through the sample between a crossed polarizer set is monitored;
the angle of the front polarizer with respect to the rubbing direction
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(% parallel to the smectic layer normal) is set to 21°. A hysteresis
is observed as in figure 1. Visual observation confirms that the
black state {1} gradually changes over the total sample area into a
dark-grey state {2}. When the polarity of the electric field is
inverted, domains arise and grow without changing their intrinsic
transmission until they completely cover the area (state {3}) and on
further increasing the voltage this low-brightness white state
changes, again gradually, into a bright white state {4}. In the
opposite sweep direction the same processes occur.

Figure 1 Transmission-voltage hysteresis (0.1 Hz triangular ac
field) of 2.0μηί ZLI3234 samples.
It appears that the ultimate states {1} and {4} (fully-switched)
shift under decreasing electric field to states {2} and {3}, which
switch into one another upon voltage inversion via a multidomain
structure.
Under short-circuit conditions the switched states {1} and {4}
immediately fall back to {2} and {3} respectively, so these are the
memory (zero-field) states. ZLI3654 samples show identical
processes only at lower voltages because of the higher spontaneous
polarization.
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Snitching
To confirm this two-step switching process the transmission
transient is monitored at the instant of a sudden inversion of the
polarity of an applied dc voltage. For several amplitudes of the
electric field E the results are as in figure 2.
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Figure 2 Transmission transient when'invertingthe electric field
on ZLI3234 samples.
At low fields only one step, based on the nucleation and
growing of domains, is measured (i.e. {2} to {3}, as in figure 1).
With increasing electric field this transition becomes faster and
additionally a second step occurs, which is less fast and saturates
at another transmission (i.e. {3} to {4}). With opposite polarities
the same occurs (low E : {3} to {2} , high E: extra step {2} to {1}).
Thus, with low E switching between the memory states occurs,
whereas at high E an additional transition takes place which pulls
the memory states further into the ultimate switched states. Similar
behaviour is observed for ZLI3654 samples at lower voltages.
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Intensity measurements
To identify
the director pattern of the observed
non-multidomain states a semi-stationary (0.2Hz) square-wave
voltage of sufficient amplitude is applied to the samples and the
polarizers are readjusted to obtain minimum transmission for one
of both states. This is repeated for various amplitudes of the
square-wave voltage. The minimum is always obtained when the
polarizers are crossed. For decreasing amplitude the angle of the
front polarizer with respect to the rubbing direction (0P) needs to
be decreased. Figure 3 denotes this angle as a function of voltage.
The value of the minimum transmission is always exactly the same.

•

V

15V
Figure 3 The (crossed) polarizer set angle (0P) for minimum
transmission of non-multidomain states vs. the applied electric
field on ZLI3234 samples.
All the "non-multidomain" states between {1} and {2} (or {3}
and {4}) as observed in figure 1 can be made equally dark and
colourless by rotating the sample between the crossed polarizers.
This observation is unaltered whether monochromatic (585nm) or
white light is used. The colourless appearance of the dark states
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between crossed polarizers leads to the conclusion that the director
pattern is uniformly-oriented throughout the sample (from top to
5
bottom glass plate), thus without splay or twist! The optical axis
is parallel (or perpendicular) to the polarization of the incident
light. Assuming that the director and the optical axis of the liquid
crystal coincide, the projected director angle, 0, towards the rubbing
direction equals 0P.
Figure 4 renders the transmission of both states as a function
of the amplitude of the applied (0.2Hz) square-wave voltage, in the
case that for each amplitude the angle between the crossed polarizer
set and the rubbing direction (0P) is reset according to the results
as in figure 3.
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Figure 4 Measured transmission intensities of both states
(non-multidomain) vs. the applied electric field (o). The
polarizer angle ΘΡ is adjusted corresponding to fig. 3. The crosses
(x) indicate the calculated intensities of the bright state
according to eq. 2 and the θ values from fig.3 (ZLI3234).
As already mentioned, all "non-multidomain" states can be
made equally dark by rotating the sample. This means that even the
zero-field states can yield a high contrast. The intensity of the bright
state falls with decreasing voltage. This is due to the decreasing 0
to obtain minimum transmission. As birefringence can be described
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by eq. 1, the relation between the intensity of the bright state and
0 is given by eq. 2, obtained by substituting θ = Р.2Ь
hnghí = A) sin"(20 + 2ep)sin~{ndAnlX)
Ihright ~ sin 2 (4^)

(1)
(2)

As shown in figure 4, the measured intensities correspond well to
the calculated results.
Since the director pattern is uniform in all "non-multidomain"
states over larger areas and also within the domains, these states
may be depicted by a single director pattern, which in its turn may
be represented by one single director state, because of the
uniformity going from top to bottom glass plate. In figure 5a, where
these director states are projected on the glass plates, the decrease
of their angle with the smectic layer normal is depicted. The optical
angular difference (20) between states {1} and {4} almost equals the
optimum value of 45° (20 = 45°: Ihrigh, is at maximum value, see eq.
2) 26 . If the front polarizer is set parallel to one of these states the
measured transmission intensities are as in figure 5b. However,
when the front polarizer is set parallel to state {2} or {3}, one of
both memory states will be dark, but because of the much smaller
optical angular difference between the memory states, a loss in
brightness occurs as depicted in figure 5c (or figure 4, low E). It
should be noted that for passive-matrix addressed SSFLC displays
the performance of the zero-field states will determine the display
quality.
In addition it should be noticed that sometimes field reversal
can distort the memory states ({2} or {3}) obtained after
short-circuiting the sample. Depending on the length of the pulse
before short-circuiting and the ionic impurities in the sample an
internal field will arise with the opposite polarity compared to the
applied pulse. On short-circuiting, this will cause small domains of
the opposite state, preferably nucleating at defects in the smectic
texture or nearby spacers.
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Figure 5 (a) Projected director states, ih) transmission
intensities if front polarizer \ {!}, (c) if front polarizer l| {2}.

The switching mechanism
From the forementioned observations the switching behaviour
of the director on the SmC cone becomes clear, as depicted in figure
6. {1} and {4} lie at the ultimate positions and possess the
maximum polarization parallel to the applied field, because the
spontaneous polarization is always tangent to the SmC cone' and
the electric field E is directed along the normal to the substrates.

multidomam

Rubbing direction
Figure 6 Director states on the SmC cone

Only with a high E field these positions are reached. With lower
E a continuous shift occurs. The director shifts on the SmC cone
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towards states {2} and {3}, accompanied by a decrease of the
polarization parallel to E. The memory states {2} and {3} are
energetically most favourable when no field is applied and switch
into one another via a multidomain structure. Figure 5a depicted
the projection on the substrate of figure 6. As it was deduced from
transmission measurements that all states are uniform, the complete
director pattern would behave as in figure 7.
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Figure 7 Uniform director pattern switching; the arrow (P)
indicates the component of the spontaneous polarization parallel
to the applied electric field.
The remaining question is: why are states {2} and {3} the
most-favourable states, when no field is applied? Figure 8 depicts
two possible explanations: (a) the memory states are non-planar
oriented; (b) the fully switched states are non-planar oriented.
Possibility (a) would mean that strongly-rubbed nylon-6.6
causes a molecular tilt of the liquid crystal in the order of 10° to
20°. With a standard nematic liquid crystal the molecular tilt was
determined magneto-optically to be less then 3° to 4°. Possibility (b)
would mean that the smectic layer structure is tilted 10° to 20°;
Clark and Lagerwall7 recently reported X-ray diffraction results on
SSFLC samples indicating non-perpendicular smectic layers with a
tilt of 13° towards the substrate normal. Thus possibility (b)
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(a)

(b)

Figure 8 Two possible explanations for the two-step switching
process.
appears to be more realistic: the fully-switched states are non-planar
oriented and the smectic layers are tilted (fig.9).

Figure 9 Tilted smectic layer structure; Ρ depicts the
spontaneous polarization, δ the smectic layer tilt angle.
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For maximal interaction with an applied electric field the
director moves from the planar-oriented position towards the outer
position on the SmC cone. At lower E the outer position will not
be reached and without any field the memory states lake the most
favourable position with respect to the alignment layer (i.e. planar).
The origin of this initial tilt of the smectic layers is believed to lie
in the strong increase of the smectic cone angle from 0° in the SmA
phase to 25° in the SmC phase at room temperature.

Improvement
After treating a ZLI3654 sample for several minutes with a
100Hz, +15V electric field at room temperature, the memory states
have become almost equal to the switched states and the continuous
transition has become very narrow. This can be interpreted as a
reorientation of the smectic layers to a structure with a
strongly-reduced tilt angle δ towards the substrate normal. Only
ZLI3654 exhibits this behaviour, probably because it combines a
low viscosity with a high spontaneous polarization. Only then the
torque between the high-amplitude electric field, perpendicular to
the substrate, and the polarization (being parallel to the initially
tilted smectic layers, fig.9) seems to be able to reduce the layer tilt.
These results confirm that explanation (b), i.e. the initially tilted
smectic layers, is appropiate.
After this 100Hz electric field treatment the measurements, done
in the first part of this work were repeated. Similar results are
obtained, only now the {1} to {2} and {3} to {4} transitions have
become very narrow, rendering memory states with an equal
contrast and brightness as the switched states. E.g. figure 10 shows
the result of the same experiment as in figure 5b. In this way an
optimal bistable SSFLC structure is obtained! After this treatment
has been performed small non-birefringent stripes, exactly parallel
to the smectic layers are observed, probably resulting from the
deformation of the smectic layer structure.
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Figure 10 Transmission intensities ajter 100Hz electric field
treatment on ZLI3654 samples.
Conclusion
In 2.0μΓη, nylon-6.6-aligned SSFLC samples defect-free
orientation and black & white switching is achieved. Owing to a
tilted smectic layer structure, switching occurs via two processes: a
continuous movement (depending on E) on the SmC cone and a
multidomain transition between the memory (zero-field) states,
which are planar oriented on the substrate. All the observed states
can be represented by a director pattern which is uniformly-oriented
from top to bottom glass plate, as complete extinction is obtained
between crossed polarizers. No splay or twist states occur, probably
due to the small sample thickness and the strong interaction with
the nylon alignment layers. A high Ps mixture can simply be treated
to reduce the smectic layer tilt, resulting in a true SSFLC structure
in which the memory states optically perform as the switched states
(high contrast, high brightness).
Figure 11(a) shows a 6.5 inch diagonal, single-digit-addressed
2.0/xm SSFLC device. The photograph was taken after the display
had been short-circuited during three months. Both zero-field states
are very stable. Figure 11(b) and (c) show the same display when
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it is being switched with different polarities of the applied electric
field.

(a)

(b)

(c)

Figure 11 (a) 6.5 inch Ι.Ομηι SSFLC display short-circuited;
(b), (c) switched.
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Abstract
Low-frequency electric field treatment irreversibly changes the
chevron structure of a surface-stabilized ferroelectric liquid crystal
sample: the angle between the smectic layers and the surface normal
decreases. As a result different textures appear and a pronounced
effect on the switching behaviour is observed. The switching angle
and the necessary pulse amplitudes at constant pulse width in order
to obtain switching between both stable states have increased. The
required reorientation voltages decrease with rising spontaneous
polarization. This reorientation process is strongly influenced by the
rubbing treatment of the alignment layer. The anchoring properties
of the alignment layer seem to be directly responsible for the
appearance of defects, for the initial switching angle, for the electric
field strength necessary to reorient the chevron structure and for the
pulse amplitudes required to switch between both stable states.
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Introduction
Since the description of the Surface-Stabilized Ferroelectric
Liquid Crystal (SSFLC) effect by Clark and Lagerwall1 , many
investigations on the electro-optical behaviour of this effect have
been reported. As for its application, a very important feature is the
obtainable bistability. X-ray experiments2 have proved that the
smectic layers are arranged in a chevron structure (fig. 1) and not in
the previously assumed "bookshelf geometry". Consequently the
angle between the optical axes of both planar-oriented stable states
is less than twice the smectic С (SmC) cone angle3. At relatively high
electric fields an irreversible reorientation of the chevron smectic
layer structure occurs to one with a smaller tilt angle of the smectic
layers with respect to the surface normal (smectic layer tilt (5)1·4. This
process has a strong impact on the bistability concerning the optical
switching angle and the necessary pulse amplitudes for switching.
The purpose of the present work is to study the chevron
reorientation process and the attendant bistability, as these
parameters are crucial for bistable SSFLC devices. Also the
influence of the rubbing treatment of the alignment layer is
investigated in order to understand the role of the interaction
between the surface and the liquid crystal in the reorientation
process.
Description of the samples and the bistability tests
Figure 2a illustrates a standard bistability
test. A
periodically-inverted (20ms) bipolar pulse-set (two times 64μ8) with
amplitude V, is applied to the sample. Simultaneously the
transmission through the sample between crossed polarizers is
monitored. Usually an instantaneous response to the pulses occurs,
resulting in a uniform dark and a uniform light state, differing ΔΛ
in transmission (fig.2a). For low V, both states relax fastly to a
multidomain structure and macroscopically no transmission
difference during both 20ms periods can be observed. On increasing
54

The bistabilitv of the SSI'LC effect in electricallv-reoriented chevron structures

Figure 1 The SSFLC chevron structure, illustrating the relevant
angles ω (SmC cone angle), θ (projected optical axis towards
rubbing direction) and δ (smectic layer tilt towards surface
normal) and the polarization P.
Vs the relaxation rate to the multidomain structure decreases. As
soon as Vs passes a certain saturation value Vh, , the domain walls
seem removed and the sample relaxes to a dark or a bright
homogeneous stable state, without breaking up into the
multidomain structure; a higher Vs has no further effect. This is
bistable operation: both memory states obtained last for a long time
without applied electric fields and both can cause complete
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extinction between crossed polarizers. The attendant extinction
angle 0 of the first polarizer of the crossed polarizer set with respect
to the rubbing direction (z-axis) determines the optical axis of the
uniformly oriented director. One stable state is characterized by a
positive 0, the other by a negative Θ. The total angular difference
between both stable states is then 20. With a fixed 0 the
transmission difference between both states Δ/ ( = Λ — /:) is
proportional 1 to sin2(40). Optimally 0 should be 22.5°, but usually
its value is much smaller. As previously reported 1 , the value of 0 is
only a fraction of the SmC cone angle ω (which is mostly 20 to
25°) , due to the smectic layer tilt δ (fig. 1). The transmission
difference between the fully-switched states ΔΛ (fig.2a), does
correspond with an optical angular difference of approximately
2ω. This nearly equals the largest obtainable transmission difference
of such a biréfringent structure.
Figure 2b shows an additional bistabilily test. Now small
bipolar disturbing pulses Vns, also with 64//s pulse width, are applied
during the time between the switching pulses Vhl. The result is a
modulation of the transmission because the sample instantaneously
responds to the pulses at one polarity of V)n and switches back to
the initial state at the other polarity of V,,,. AI remains constant,
but the modulation ratio Δ/,,,/Δ/ depends on V„,IVhi. If an SSFLC
structure is to be applied in a passive-matrix addressed display, this
modulation ratio should be as small as possible, as this pulse
sequence resembles the applied electric field on a picture-element in
such a device.
Unless otherwise stated, SSFLC test samples are Ι.όμπι thick,
have poly vinyl-alcohol (PVA) alignment layers (rubbed under the
conditions mentioned in Table I, sample no.9) and are filled with
liquid crystal
ZLI3654 (Merck; spontaneous polarization
2
Λ = — 29nC/cm and ω -25° at room temperature) in the isotropic
phase (950C) and cooled down to room temperature at 0.3oC/min.
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20ms
)ms

64ц5
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ÎAInst

ΔΙ
«

(a)

•

(b)

Figure 2 (a). Standard bistabilit\ test on SSFLC samples
applied voltage on and simultaneouslv recorded tiansmission
through a sample between crossed polarizers The transmission
difference between both states, AI, is defined as the di f fetente
between the time-integrated transmission values over both
20ms-periods ƒ, and F.
fbj Additional bistabilitv test
incorporating disturbing pulses V„, .
The chevron reorientation process
Whereas the forementioned narrow pulses only cause reversible
switching phenomena, the application of low-frequency (0.1-200Hz)
electric fields to SSFLC samples gives rise to a slow irreversible
decrease of the smectic layer tilt angle δ.
This decrease is
accompanied by an irreversible texture change, clearly visible
4
between crossed polarizers . In figure 3 micrographs are shown
which were taken from an SSFLC sample to which square-wave
voltages (10Hz) of various amplitudes Vr have been consecutively
applied for 30s.
Initially, after cooling down from the isotropic phase, the
texture is defect-free, only a few needle-like zig-zag defects are
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(e)

(f)

Figure 3 Micrographs of an SSFLC sample consecutively treated
for 30s with 10Hz square-wave voltages of different amplitudes:
(a) OVjexture I: (b) 2V.texture I'; (e) 5V; (d) 15V; (e)
20V.all texture II: (f) 25V,texture 111. The arrow indicates the
rubbing direction (z-axis).

present (texture I, fig.3a). On applying a Vr of 2V, most of these
zig-zag defects disappear (texture Γ, fig.3b). Higher Vr values
(5-10-15-20V) induce another texture that exhibits an increasing
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number of "roof-shaped" defects (texture II, figs.3c,d,e). The visible
inhomogeneities in texture II suggest a local variation of the smectic
layer tilt angle δ. For V, values exceeding 2()V the texture changes
to a rather uniformly striped pattern (texture III, fig.SO
LI pon performing the standard bistability test (fig.2a), the
results appear to be correlated with these different textures. This is
illustrated in figure 4, where the transmission values of both stable
states A and /2 are shown as a function of the pulse amplitude V,
for the various textures. In each texture the difference between
I] and /:. Δ/ , increases with V, until it reaches a maximum value
( K > У/,,)- This maximum transmission difference increases in the
consecutive textures.
Δ |
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Figure 4 Result of the standard bistability test for various
textures obtained after a reorientation treatment flOHzJOs)
with Vr = 0V(I); 15 (П); 20V(1I) апа25 (ПІ) respectively.
The integrated transmission over both 20ms periods /| and /2 vs.
pulse amplitude V,.
The initial 2 value in texture I is only 13°, due to the smectic
layer tilt δ. Figure 5 illustrates that the decrease of δ in the
consecutive textures entails the increase of Θ, as could be expected
(sec fig. 1). Therefore Δ/ ( ~ sin2(40)) also increases until it nearly
equals the maximum transmission difference AIS (fig.4). The
saturation value Vf,, increases in the consecutive textures.
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Figure 5 Optica! angular difference between both stable states,
20, as a function of the previously applied reorientation voltage
Vr (¡0Hz,30s).
Texture!

fi

Texture
II

40

(О

_c

<

20
V ns /V b: =1/12

10

20

30
V r [V]-

Figure 6 The transmission modulation ratio (ΔΙ„,ΙΔΙ) in
response to small disturbing pulses with relative amplitudes
(VmlVhi) of 1/6 and 1/12 vs. the previously applied reorientation
voltage Vr (lOHzJOs).
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The result of the additional bistability test (fig.2b) on samples
with the various textures is shown in figure 6. The optical
modulation ratio Δ/,,,/Δ/ does not alter significantly during the
chevron reorientation process until texture III is obtained. Then the
response to the disturbing pulses strongly decreases. A comparison
of figures 5 and 6, suggests that Δ/ηι/Δ/ is strongly correlated with
Θ. When Vm¡Vhl= 1/6(1/12), Δ/,,,/Δ/ is approximately 35% (18%)
in textures I and II, whereas it drops to 14% (7%) in texture III.
Influence of the spontaneous polarization
Presumably, the driving force for the irreversible reorientation
of the smectic layers is the interaction between the electric field and
the tilted polarization P. 1 In order to investigate the influence of the
spontaneous polarization Λ, bistability tests, similar to the
abovementioned experiments, were performed on five different
SSFLC samples with ƒ> values of 7, 10.2, 13.5, 16.8 and 20nC/cm : .
These samples are composed of material from a 2-bottle
ferroelectric liquid crystal mixing system from Merck (ZLI4237).
Most of the other material parameters remain relatively constant.
It turns out that the reorientation process is not influenced, with the
exception of the reorientation voltages Vr for obtaining the different
textures, which decrease with rising P,. From the consecutive
reorientation treatments with a stepwise (5V) increasing Vr, the
value at which the relatively-sharp transition to texture III has
occurred in ~50% of the observed area, Vr (III), can be estimated.
Figure 7a shows this value as a function of PK.
Also Vbl decreases with increasing P,. This is shown in figure 7b,
where, for the five samples, 20 is plotted versus the attendant Vh, ;
20 is varied by applying different reorientation treatments. The
modulation ratio Δ/,,,/Δ/ (determined according to the test as
described in fig.2b) is not influenced by the P t variation and closely
resembles the previously obtained results in figure 6.
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Figure 7 Five ZLI4237
2

• (InClcm );

samples with varying P< values:
2

2

:

χ (10.2/jC/cm ); о(13.5лС/ст ); •(16.8иС/сш );

2

О(20яС/сш ). (a) Estimated reorientation voltage Vr (±1V)
at which texture III appears vs. P,. (h) Pulse amplitude for
complete switching, Vhl, vs. the optical switching angle 2Θ.
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Influence of the alignment
The influence of the alignment on the chevron reorientation
process is studied by varying the rubbing treatment of the PVA
alignment layers over a wide range. Table I lists the exact rubbing
data of the various alignment layers. The micrographs in figure 8
are taken from various SSFLC samples before a reorientation
treatment was given (texture I).

Table I Rubbing conditions of SSFLC samples
Sample
no.
1
2
3
4
5
6

Rubbi ng
(a) (b)
01
01
0.1
0.1
0.2
01

0
10
10*
10**
10
100

Category
(c)
S

s
I
I
1
H

Sample
no.
7
8
9
10
11

Rubbing
Category
(b)
(c)
(a)
01
04
0.2
0.2
0.4

500
100
100*
400
400

H
H
H
H
H

A 1-mm pole velvet cloth is used to rub with. The glass plate is transported
under the rubbing η heel with a speed oj Icmjs. The radius of the rubbing
wheel is 70mm. Only one of both sides is rubbed, (a) impression depth of
the velvet cloth in mm. (b) rotation speed of the rubbing wheel m rpm
ft) rubbing categories. S = soft rubbed, I = intermediate rubbed, H = hard
rubbed. (*) both sides are rubbed. (**) the rubbing treatment is executed
5 times.

The non-uniform orientation of sample no.l (fig.8a) is
characteristic for the soft-rubbed samples 1-2. Figure 8b
characterizes the intermediate-rubbed samples 3-5: a uniform
orientation is present, but it is accompanied by a large number of
63

Chapter 3

100 pm

—

"

*

•

•

"

~ ^ τ ^ •¿¿S

-—'"'с"' *J^t-^-i-S
***

^.-.,

I

·•-....

F

100 pm

(b)

100 pm

Figure S Micrographs of differently-aligned samples from Table
I (texture I): (a) no.I soft rubbed; (b) no.3 intermediate
rubbed; (c) no.9 hard rubbed. The arrow indicates the rubbing
direction (z-axis).

defects (zig-zags). With increasing rubbing work the amount of
these needle-like defects is reduced. In the hard-rubbed samples 6-11
very few or no defects appear; figure 8c (sample no.9) is typical of
these samples.
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The effect of the reorientation treatment on the standard
bistability test on all samples, mentioned in Table I, is illustrated
in figures 9 a, b and с Figure 9a shows 20 and figure 9b Vi„, which
result after the consecutive application of the reorientation electric
field (lOHzJOs) with increasing amplitude Vr . Figure 9c is derived
from figures 9a and b by eliminating Vr and shows the н, value for
obtaining complete switching between both stable states with a
difference in optical angle of 2 , irrespective of the V, treatment that
was necessary to obtain this value of 29.

φ

40'

(Fig. 9)
Vr[V|-
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Figure 9 The differentlv-aiigncd SSFLC samples from Table I
fall into three ruhhmg regimes (m) depicts the range of
soft-ruhhed (S) samples 1-2. (Ш) the range of hard-ruhhed
(H) samples 6-11, the inteimediate-rubbed fl) samples are
(О) no3, (4) no.4 and (oj no.5. (a) 20 \\s reorientation
voltage Vr , (b) pulse amplitude Vh, vs Vr. (c) the optical
angular difference 20 vs the pulse amplitude Vh,, obtained from
(a) and (b) b\ eliminating V,
Again the three separate regimes of rubbing work can clearly
be distinguished. The soft-rubbed samples 1-2 (S) behave nearly
identically as do the hard-rubbed samples 6-11 (H). The curved
lines only serve as indications of the observable tendencies. The
intermediate-rubbed samples 3-5 (I) strongly differ and indeed
establish a kind of transition regime between the (S) and the (H)
samples. The significant tendencies are the following:
- The initial 20 value (Vr = 0V) increases from approximately 6° (S)
to 13 0 (H)(fig.9a);
- In the (S) regime 2Θ increases more easily (at lower Vr) during the
reorientation process (fig.9a);
- Vh, rises even faster in the (S) regime (fig.9b) and therefore the
voltages Vhl required to switch over an angle 2Θ are the highest for
the (S) samples, and the lowest for the (H) samples (fig.9c).
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Discussion
( I ) The chevron reorientation process and the influence of Ps
The tilted smectic layers of SSFLC samples can be irreversibly
reoriented by low-frequency electric fields. The impact of this
reorientation on the obtainable bistability consists of an increase
of the optical switching angle 20 between both stable states, due to
the decrease of the smectic layer tilt δ and the planar orientation
of the director on the substrates' surface (fig.l). This leads to a
strong increase in the obtainable transmission difference Δ/ between
both states. The necessary pulse amplitude Vhl to obtain complete
switching also increases because of the larger 20. As the chevron
reorientation deforms the layer structure, this irreversible process
is accompanied by the appearance of textures. Texture III resembles
the originally-imagined "bookshelf geometry"1, since it exhibits a θ
that is almost equal to ω, as was previously reported 3 . Here, the
transmission modulation in response to small disturbing pulses V»,
is considerably smaller than in the other textures. This can be
totally attributed to the fact that in the bookshelf geometry the
transmission intensities are less sensitive to a deviation of the
position of the director on the SmC cone from the planar-oriented
state.
The influence of the spontaneous polarization on both F r (III)
and Vh, confirms the idea that the minimization of the ferroelectric
interaction energy — Ρ · Ε is the driving force not only for the
switching but also for the reorientation process1·3.

(2) The influence of the alignment on the chevron reorientation
process
The rubbing treatment of the alignment layer strongly
influences the reorientation process and the attendant bistability.
Increasing the rubbing work on PVA alignment layers results in:
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a) a transition from a non-uniform (S) to a uniform smectic layer
orientation (I), followed by a reduction of the number of needle-like
zig-zag delects (I->H);
b) an increase of the initial 0;
c) higher reorientation voltages;
cl) a decrease of the necessary pulse amplitudes for switching.
The range in which these relations are observed lies between 10 and
lOOrpm of the rubbing wheel (see Table I). Below lOrpm or above
lOOrpm, no further influence is measured. This influence of the
alignment can be explained by considering the orientation
conditions. Thereto, two alignment directions of the liquid crystal
have to be taken into account: the "in-plane" orientation with
respect to the rubbing direction and the "out-of-plane" orientation.
As the liquid crystal director is assumed to lie parallel to the
polymer chains of the alignment layer, the in-plane alignment may
be imagined to be caused by the stretching of the polymer chains
in the direction of the rubbing and the out-of-plane alignment is
thought to be controlled by the flattening of the polymer chains
onto the rubbed surface. Then the abovementioned relations can
be understood as follows.
a) Soft rubbing only partly orients (stretches) the polymer surface
along the rubbing direction and therefore the smectic layers are not
uniformly aligned (fig.8a). The transition to the uniform layer
structure at intermediate rubbing (fig.8b) indicates that the
complete polymer surface is oriented now5. When cooling from the
isotropic phase via the nematic phase to the smectic A (SmA) phase,
the number of smectic layers which are not exactly normal to the
surface is controlled by the out-of-plane orientation (see fig. 10).
During the subsequent cooling to the SmC phase, the layers have
to tilt away from the surface normal, as explained by Rieker et
al.2. As shown in figure 10, the random occurrence of SmA layers
which are not normal to the surface necessarily brings about SmC
layers that have opposite chevron directions. This is known to cause
zig-zag defects6, as in figure 8b. On further increasing the rubbing
work a reduction of the out-of-plane director orientation occurs.
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This leads to a smaller number of SmA layers that are not normal
to the surface.
Therefore less zig-zag defects will occur, in
accordance with the result in figure 8c (hard rubbing). The effect
of a possible molecular pretilt on the appearance of zig-zag
defects" is not considered here, because measurements on nematic
liquid crystal samples (ZLDOK): Merck) oriented by these various
alignment layers indicated a molecular pretilt of less then I o in all
cases.
Nematic
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Figure 10 Less hard rubbing allows a larger out-of-plane
orientation; in the nematic phase a larger deviation of the
director from planarity occurs, leading to a random-tilted layer
SmA configuration and a SmC chevron structure possessing
more zig-zag defects and a higher mean absolute layer tilt.
b) The resulting mean absolute tilt <5 of the complete sample in the
SmC phase will be minimal in the case of an initially perfect
"bookshelf" SmA configuration (hard rubbing). A lower layer tilt δ
results in a higher initial Θ, because the director in the stable states
is positioned at the intersection of the SmC cone with the surface
(fig.I)1. This agrees with the data in figure 9a before the
reorientation process {Vr = OV : 2Ö(S) < 20(1) < 20(H)).
c) The reorientation process involves a rearrangement of the
smectic layers and a motion of the liquid crystal molecules across
the surface. The resulting larger 0 value means that the director has
rotated in-plane, away from the rubbing direction. Uchida et al.8
already experimentally determined that this reorientation is
facilitated by a less strong in-plane anchoring with respect to the
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rubbing direction (similarly brought about by soft rubbing),
although they only measured the result of one single reorientation
treatment
d) The necessary pulse amplitude Vhl for obtaining bistable
switching is not determined by the switching to the opposite state
during the pulse, but by the subsequent relaxation towards the
multidomain structure (fig.2a) During the switching pulses, the
ferroelectric torques arc thought to outweigh any surface
interactions, but not during the relaxation, when external fields are
absent. In the course of this relaxation towards the multidomain
structure the director must pass non-planar positions on the SmC
cone again. This is energetically less favourable in the case of a
large planar-anchoring energy, which hinders out-of-plane
orientation. Normally, the relaxation to the multidomain structure
can be avoided by removing the domain walls with a large
V,{V,> V,,,,fig2a) With hard rubbing the larger planar-anchoring
energy forms an extra obstacle for the relaxation and thus the
required Vh, is smaller (fig 9c)
In this context, it is worth to mention that an analogue to
sample 9, but based on an aromatic polyamide (poly
hexamethylene-terephtalamide) alignment layer, was made and
subjected to similar experiments The result was that the texture was
completely defect-free, a high initial 2Θ value was found (15°) and
the voltages Vhl required to switch over an angle 20 (as in fig.9c)
were somewhat lower than in the case of the (H) PVA samples.
Thus, although the rubbing characteristics also depend on the
polymer species, it appears that this alignment layer behaves as if
it has even stronger anchoring properties. That can be understood,
because of the presence of aromatic rings in the polymer, which are
expected to interact strongly with the aromatic rings of the
liquid-crystal molecules.
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Conclusions
The application of low-frequency electric fields to SSFLC
samples irreversibly alters the initial chevron structure to one with
a lower smcctic layer tilt with respect to the surface normal, as a
consequence of the torque exerted by the field on the polarization.
This continuous reorientation is accompanied by texture changes.
The lower smectic layer tilt causes a larger optical angular
difference between both stable states, resulting in a larger
obtainable transmission difference. The pulse amplitude necessary
for switching from one state to the other also increases. Therefore.
it is essential that reports in literature of bistability measurements
on SSFLC samples are accompanied by a record of the
previously-applied low-frequency electric fields. Only in this way
the reported data can be mutually compared.
The third texture very closely resembles the originally proposed
"bookshelf geometry". It has a minimum response to disturbing
pulses, a maximum transmission difference between both stable
states and a relatively uniform appearance. Therefore this texture
seems to be the most suitable for application in SSFLC displays.
It appears that the rubbing work performed on PVA alignment
layers controls the in-plane and out-of-plane anchoring properties.
The in-plane anchoring properties are found to be responsible for
the uniform orientation of the smectic layers and the
chevron-reorientation field strengths. The out-of-plane anchoring
properties are found to determine the number of initially-present
zig-zag defects, the initial optical switching angle and the pulse
amplitude required to switch from one state to the other in SSFLC
samples.
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Abstract
The influence of the crystallinity of the alignment layers on the
electro-optical behaviour of ferroelectric liquid crystals is
quantitatively demonstrated. The degree of crystallization of thin
nylon-6.6 alignment layers was varied using thermal-anneal
methods and determined by Fourier transform
infrared
spectroscopy. The reaction of an obtained memory state of
surface-stabilized ferroelectric liquid crystal samples to small
disturbing electric fields decreased when the degree of crystallization
of the incorporated nylon-6.6 alignment layers was higher.
Introduction
The Surface-Stabilized Ferroelectric Liquid Crystal (SSFLC)
effect, described by Clark and Lagerwall1, distinguishes itself from
other liquid crystal effects by its fast switching and bistability,
which make it particularly suitable to be applied in
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high-informalion-content displays Its critical alignment however,
is notorious for its difficulty
whereas the smectic la>ers must be
arranged in a uniaxial bookshelf geometry, a bistability and
switching between two different planar-oriented states must be
made possible. Several studies have revealed that good results can
be obtained using iiylon-6.6 (poly-hexamethylene-adipamide) as an
alignment layer2 И Recent work in which various polymers were
compared suggested that the degree of crystallinity of the aligning
polymer is an important factor' 6 .
Here, the influence of the degree of crystallization on the
bistability of SSFLC samples is studied without changing the
polymer species in order to obtain quantitative results. Therefore,
the degree of crystallization of nylon-6.6 layers is varied and the
electro-optical bistability of SSFLC samples, incorporating these
alignment layers, is investigated.
Degree of crystallization
According to standard procedures2 nylon-6.6 is dissolved in
methanol/m-cresol,
spin
coated
on
glass
plates
with
indium-tin-oxide electrodes or on ZnSe windows (for Fourier
o
transform infrared spectroscopy, FTIR) and dried at 160 C for 1.5
hours in vacuum. This yields standard layers "S". Within the
temperature range where a polymer exhibits rubbery behaviour the
molecular mobility rises with temperature. The formation of nuclei
for crystallization, however, is thermodynamically favoured at
lower temperatures. Therefore, thermal-anneal procedures will
7
cause a variation of the resultant degree of crystallization . "S"
layers are healed to 280 o C to become isotropic and subsequently
quenched to 20 o C to obtain a relatively amorphous layer, called
"A", or quenched to 160oC and held there for 4hrs to obtain a more
crystalline layer, called "C". Figure 1 shows scanning electron
microscopy photographs of the surfaces of an "A" and a "C" layer.
The number of spherulites indicates a clear difference in degree of
crystallization.
76

Influence of the crystallinitj af the alignment la\er on the SSKLC bistiibilitv

Figure I Scanning-electron-microscopy photos (lOOOOx) of the
surface of an "A" (a) and a "C" (b) annealed nylon-6.6 layer.

FTIR was used to determine the degree of crystallization of
these thin nylon-6.6 layers. Other techniques, e.g. DSC (differential
scanning calorimetry) or pyenometry (density measurement), are
not appliable to these small quantities of material. According to
Starkweather and Moynihan 8 the degree of crystallization of
nylon-6.6 is directly linked to the absorption intensity of two IR
peaks. The absorbance of the "amorphous" 1139cm"' (8.8/<m) peak
decreases with increasing degree of crystallization, while the
integrated absorption intensity of the "crystalline" 936cm '
(10.7μπι) peak simultaneously rises with the crystaUinity. They
presented a standard graph showing these absorption intensities as
a function of density, which can be used as a relative measure of the
crystallization degree9; both dependences are linear. The linearities,
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which resulted from the least-squares approximation, can be
described by:
/(10.7/xm) = 0.03 + O.Q53X
Α(&.8μηι) = 0.365 - 0.0037*
where /(10.7цт) stands for the integrated absorption intensity of
the 10.7μηι crystalline band in arbitrary units, A(8.&ßm) for the
absorbance per 25.4 μπι material thickness of the 8.8μιη amorphous
peak and X for the crystallization percentage (0-100%). In ref. 8,
I(\0.7ßm) is given in arbitrary units and therefore a calibration with
a nylon-6.6 test sample of known degree of crystallization must be
performed. For this a 52μιη thick nylon-6.6 sample was used; by
measuring its density, the crystallinity was determined to be 45.1%.
Now, the degree of crystallization of any sample can be obtained
by determining the quotient of the measured ¡(ΙΟ.Ίμηι) and
Λ(8.8μΛΜ) values and subsequently including the correction factor
from the calibration experiment. This quotient is then equal to
(0.03 + 0.053*)/(0.365 - 0.0037JO
and uniquely determines the degree of crystallinity X. In this way
the thickness of the sample is ruled out of the equation.
The nylon-6.6 layer thickness on the ZnSe windows is a few
microns. The FTIR equipment used is a Bruker IFS45. The
enlarged relevant parts of the complete FTIR spectra of an "A", "S"
and "C" sample are presented in figure 2. From these spectra the
(calibration-corrected) quotients of the 10.7μπι and 8.8μηι peaks are
calculated to be 11.5, 12.5 and 15.4; the derived percentages of
crystallization are then 43.5%, 45.7% and 50.8% for the "A", "S"
and "C" sample respectively. The expected tendency of these X
values is clearly present.
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Figure 2 Relevant pan of FTIR spectra (800- 1200cm {) for
"A". "S' and "C" annealed nylon-6.6 lavers on ZnSe. The
absorhances are differently seeded for each spectrum.
SSFLC bistability
SSFLC samples are prepared using nylon-6.6 layers on
glass/indium-tin-oxide plates, which are thermally annealed as
described above to yield "A" and "C" layers, the extremes in respect
of crystallinity. One of both plates is rubbed strongly to obtain a
uniform orientation. Cells, incorporating two "A" or two "C" layers,
are assembled using spacer beads to obtain a cell gap of
approximately LS/im. Ferroelectric liquid crystal ZLI3654 (Merck)
is injected in the isotropic phase (95 0 C), the cell is sealed and cooled
down to room temperature. In both cases the alignment quality is
good (few zig-zag defects). The SSFLC samples are connected to
79

С lidpter 4

a voltage supply which can provide different pulse sequences, and
they can be observed optically through a polarization microscope
equipped with a photomultiplier (Philips. AVPI50) The applied
voltage waveform and the resulting transmission are recorded
simultaneously Prior to this experiment, the SSFLC samples arc
treated electrically (~15V, 10Hz, Imin) in order to upnghten the
smectic layers4
The transmission through the SSFLC samples combined with
crossed polarizers is measured under the application of four
different voltage waveforms, to detect undei what condition an
influence of the crystalhnity can be observed The results depend
strongly on the cell parameters (layer thickness, alignment quality)
For a coirect comparison the data obtained from just two samples
will be discussed Their cell parameters are practically identical and
the observed tendencies are characteristic for all measured samples
Figure 3 is a histogram giving a survey of all the transmission
values observed for the four different voltage waveforms applied to
these two SSFLC samples the "C" (open bands) and the "A"
(shaded bands) sample. The levels in histogram 3a show the
transmission values of the dark and light state under application
of a square wave voltage (±5V, 50Hz) The SSFLC sample is
rotated between the crossed polarizer set to obtain maximum
extinction in the dark state
The bistabihty is examined by applying a Ims-wide pulse, Vh, ,
periodically inverted every 20ms By definition, the pulse amplitude
Vhl is the minimum required value to obtain the stable memory
states, the transmission values of these states are shown in 3b. Still
no relevant differences can be observed between the "C" and "A"
samples
Next, the bistabihty measurement is repeated while adding small
~lms-wide bipolar disturbing pulses Vns during the time between
the switching pulses Vhl as illustrated in figure 4a. Both memory
states react instantaneously to these disturbing pulses at one
polarity of Vin and switch back to the initial state at the other
polarity of Vm, resulting in an up and down modulation of the
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Figure 3 Histogram showing the transmission values observed for
SSFLC samples based on "C" nylon-6.6 alignment layers (open
hands) and on "A" layers (shaded bands) under several applied
electric fields: (a) square wave 5V, 50Hz: (b) 1 ms pulse
periodically (20ms) inverted ; (c) as (h) but a bipolar sequence
of small (1¡12) ~ 1ms pulses is added to the signal: (dj as (c)
but the relative amplitude of the added pulses is 7/6; (e) as (d)
but the sample is rotated for an optimum contrast ratio.
transmission values as shown e.g. in figure 4b or с This results in
broad bands of observed transmission values as given in 3c and d.
The amplitudes of the disturbing pulses are 1/12 (3c) and 1/6 (3d)
oiVhi.
Under these conditions a clear difference appears between the
"C" and the "A" sample. Figures 4b and с show the actual
transmission recording of the "A" (4b) and the "C" (4c) sample in
the case that Vn,IVhl is equal to 1/6 (corresponding to histogram 3d).
When applying Vm the memory states appear to be less stable in the
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time
Figure 4 Applied voltage (a) ami simultaneously recorded
transmission of "A" (h) and "С" (c) nylon-6.6 layer aligned
SSFLC samples, driven with a Vmj Vh, ratio of 1/6 and measured
between crossed polarizers (corresponds to histogram 3d).
"A" sample: a larger modulation results. When, under the condition
that Vns¡Vhi= 1/6, the SSFLC sample is rotated to obtain a better
contrast ratio, i.e. one state must be as dark as possible, the
optimum result is given by histogram 3e. Because the modulation
of the transmission values is less for the "C" sample, the mean
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transmission of the dark slate is much lower, thus the contrast ratio
will be better. In fact it is 8:1 for "C" and only 3:1 for "A".
Discussion and conclusions
Summarizing, it has been observed that:
1) The degree of crystallization of nylon-6.6 layers can be varied
by thermal-annealing methods. FTIR is a suitable technique to
determine the degree of crystallization of thin polymer layers
quantitatively.
2) Λ moderate increase (approximately 1/7) in degree of
crystallization of a nylon-6.6 alignment layer results in an improved
bistability of the SSFLC sample, with respect to the persistence of
an obtained memory state against small bipolar disturbing pulses.
The relevance of crystallinity has also been suggested in other
studies 56 , but the present work proves its importance quite clearly
as we avoided hidden variables due to the variation of polymer
species. Our study confirms quantitatively that relatively small
variations in degree of crystallinity already result in distinct changes
in bistability. It is temptative to speculate on a mechanism
explaining the influence of the crystallinity. In our opinion the
well-ordered (chain-folded) crystallites in an alignment layer might
anchor the liquid crystal more strongly to the planar surface
orientation. Increasing the degree of crystallization should then
enhance this surface anchoring. When in SSFLC devices switching
is performed using sufficiently high electric fields ( ы), the
interaction between the polarization and the electric field is likely
to overrule any surface influence. Small disturbing pulses (V„,)
causing partial switching, however, are situated in the (voltage and
time) threshold regime of SSFLC switching. Now, the planar
surface anchoring might be able to hinder the rotation of the
director on the smectic С cone and therefore decrease the response
to these fields, as indeed was demonstrated in the experiments.
In actual (passive-matrix addressed) display devices disturbing
pulses will mostly be present on those pixels which are not
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addressed at that time, with an even larger ratio V„,IVhl.U) Since the
resulting modulation causes a decrease in the attainable contrast
ratio and brightness . a highly crystalline alignment layer is
preferred.
Acknowledgement
The authors wish to thank their colleagues D.J. Broer,
M.T.Bordiert, F.R.Hoekstra, A.R.J.Bouw and C.J.Gerritsma and
G.Vertogen (Catholic University Nijmegen) for helpful discussions
and assistance with the measurements.

84

ІпЛиспсс ot ihe cr\si.illimt\ o( the jlignmcm Ijver on the SSILC bist.ibilit\

References
1. N.A.Clark. S.T.Lagerwall, Appi.Phys.Lett. 36, 899(1980).
2. J.S.Patel. T.M.Leslie, J.W.Goodby. Ferroelectrics 59,
137(1984).
3. K.Flatischcr. K.Skarp, S.T.Lagerwall. B.Stebler,
Mol.Cryst.Liq.Cryst. 131, 21(1985).
4. W.J.A.M.Hartmann. Ferroelectrics 85, 67(1988).
5. B.O.Myrvold, Liquid Crystals 3. 1255(1988).
6. J.M.Geary. J.W.Goodby, A.R.Kmetz, J.S.Patel, J.Appl.Phys.
62.4100(1987).
7. A.Sharpless, Polymer Science vol.1, North-Holland,
Amsterdam, (1972) chap.4.
8. H.W.Starkweather, R.E.Moynihan, J.Pol.Sc. 22, 363(1956).
9. R.Zbinden, Infrared Spectroscopy of High Polymers, Acad.
Press NY (1968), chap.l. pp 15-18.
10. S.T.Lagerwall, J.Wahl, N.A.Clark, Int.Display Res. Conf., San
Diego, USA, 213(1985).

85

86

5

SSFLC
field-induced director pattern modulation
described in terms of smectic layer bending

W.J.A.M. Hartmann, G. Vertogen, C.J. Gerritsma,
H.A. v.Sprang, A.G.H. Verhuist

Presented at the second international conference on
ferroelectric liquid crystals, Göteborg, Sweden (1989).
Accepted for publication in Ferroelectrics (dec. 1989).

87

88

SSI-1 С direttili pattern modulation in terms ot smectic layer bending

Abstract
It is proposed to modify the description of the
electric-field-induced modulation of the director pattern in
Surface-Stabilized Ferroelectric Liquid Crystal (SSFLC) structures.
This modification is based on a constantly planar-oriented director
pattern, combined with the boundary conditions that the smectic
layer tilt is relatively fixed near the surface, but free at the chevron
interface. As a consequence the interaction between an electric field
and the polarization causes a bending of the smectic layers. This
description is able to provide a consistent interpretation of reported
data on the electro-optical behaviour of SSFLC structures.
Introduction: the current description
Since the SSFLC structure was reported by Clark and
Lagerwall1, its electro-optical behaviour has been the subject of
many studies. Originally, the smectic layers were considered to
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possess a "bookshelf geometry", in which all the layers were
oriented perpendicular to the substrate, and just two states would
occur: the uniform UP and the uniform DOWN state. As a result
from studies on the structure, this description has evolved to the
current one.

Ж

Figure J The SSFLC chevron structure illustrating the angles a
(c-director rotation), ω (SmC cone angle), θ (director
projection on boundary), δ„ (smeetic layer tilt with respect to the
surface normal) and the projected polarization parallel to the
electric field /\ = .Pcosacos^n ) .
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The current description of the smectic layer structure and the
attendant reversible field-induced director pattern modulation can
be summarized as follows. Mostly the smectic С (SmC) phase is
obtained after cooling through the smectic A (SmA) phase, and
then the smectic layers are arranged in a chevron structure (fig.l),
as was unambiguously proved by the X-ray experiments from
:
Rieker et al. . In their opinion the appearance of the chevron
structure must be ascribed to the anchoring of the smectic layers to
the surfaces: the intersection of the layers with the glass plates (in
the SmA and the SmC phase) cannot move. Further, the SmC cone
angle ω is accompanied by a shrinkage of the distance between the
layers. Therefore, in the SmC phase the layers must tilt away from
the surface normal. In this context, it should be noted that the
concept "smectic layer" visualizes the periodicity of the density in
smectic liquid crystals, but cannot be considered as a discrete entity.

ΘΘΘΘΘΘ
00
Θ
0 0 0 0 0 0
0"0"0 0 " θ " θ
00 00 0 0
0 0 0 0 0 0
UL

UR

TR1

TR2

TL2

TL1

Figure 2 Several c-director patterns as suggested in the current
description.
Besides both uniform (UL and UR, see fig.2) states, many
additional states appear under the application of electric fields.
Mostly these optically-differing states are interpreted in terms of a
constantly varying c-director within the smectic layers, leading to
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'twisted or splayed dncctor patterns (fig 2). the smectic layer
structuie itself is thought not to change A
Questions
Two important questions, howevei, are not satisfactorily
answeied by this descnption.
First of all. is it necessary to introduce "twisted or splayed"
director patterns to explain the observed optical behaviour 9 Is it not
possible that the directoi pattern in the SmC phase remains at least
planar-oriented, like in the SmA and the nematic phase 9 This
presumption was tested experimentally as follows. SSFLC samples,
to which a slowly-increasing unipolar electric field is applied, pass
through a continuous range of uniform states, all showing complete
extinction between a crossed polarizer ье . In a 1.6μιη thick
ZLI3654 (Merck, OJ = 25 C ) SSFLC sample, the extinction angle Θ
between the front polan/er and the z-axis (fig. 1) increases from
approximately 8° to 23°, as shown in figure 3 (dots) Superimposing
ac fields of 50 to 100kHz with maximum amplitudes up to 20V on
several of these different homogeneous states does not cause any
detectable change As Δε is negative (-2), this result indeed indicates
that none of the occurring director patterns contains a significant
deviation from plananty, because in that case a reaction to the
ac-field should have taken place. In this respect, it should be noted
that the frequently-reported ac-stabiluation effect (with ac fields of
similar frequency and amplitude) always refers to the hindrance of
the switching of a homogeneous state to the opposite state when
an electric field is applied anti-parallel to the present
polarization 67 . Here, the ac field is superimposed on an electric field
applied parallel to the present polarization of a homogeneous state,
thus the switching process to the opposite state is not involved.
Secondly, the frequently-reported bistabihty measurements on
SSFLC samples, e.g. as illustrated in figure 4, always show a very
fast relaxation from the switched states (during application of the
pulse) to the memory states (no applied electric field). In fact it is
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Figure 3 Extinction angle 0 vs. applied electric field. · before
reorientation treatment; χ after reorientation treatment.
measured to be 250 to 350μ5 for 1.6μιη ZLI3654 samples. The
driving forces for the relaxation from field-induced to zero-field
states (which are assumed to be splayed or twisted) are generally
ascribed to surface interaction terms 1 , analogous to the relaxation
in nematic liquid crystals. However, the relaxation time of ~300μ8
is much faster than what is usually observed in nematic liquid
crystals, which even possess a much smaller viscosity. Therefore a
modified description, which provides an alternative driving force
for relaxation, would be of interest.

Modification of the description
In order to improve the current description with respect to the
forementioned questions, the following modification is suggested.
The basic idea is that the director remains planar-oriented throughout
the sample.
Analogous to Rieker et al.'s "layer anchoring
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Figure 4 Bistability measurement: applied electric field and
simultaneously recorded transmission.
condition" this idea also implies the existence of a chevron structure
in the SmC phase 2 . As shown in figure 5, any observed field-induced
optical change (in 0) now must be described in terms of a coupled
variation of the smectic layer tilt δ and the c-director orientation
a.
The angles α, Θ and δ satisfy the relations sin α = tan (5/ tan ω
and tan Θ = tan ω cos δ cos α expressing the planar-orientation
condition. Figure 6 depicts the relation between я and <5; figure 7
shows the resulting values of Θ and PJP as a function of the smectic
layer tilt δ. The induced optical change is governed by the
interaction energy — Ρ · Ε = —PE cos α cos δ.
In this way the
system can retain the planar orientation it possessed in the nematic
and SmA phase. By using the freedom of the c-director rotation
angle α and the smectic layer tilt δ it can respond to the applied
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Figure 5 A variation in θ must he described in terms oj a
simultaneous change in α and δ in order to retain a
planar-oriented director.
electric field (i.e. decrease the in-product — Ρ · Ε ) without lea
the preferred planar orientation.
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Figure 6 Planar-orientation condition.
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Figure 7 θ and PJP vs. δ under the planar-orientation

^
condition

(co = 25°).

The description is completed by two additional boundary
conditions:
( 1) the smectic layer tilt at the surfaces, δ,,, is fixed. Changing <5„
involves a rearrangement of the layers at the surfaces, an
energetically unfavourable process2.
(2) At the chevron interface the layer tilt, δ, is relatively free. This
new boundary condition seems plausible, because in this modified
description the distortion energy of the chevron interface is very
low. The discontinuity at the chevron interface only appears in the
projections of the polarization in the y- and z-directions (fig.l). Due
to the planar orientation condition, the projection of the
polarization on the x-axis, Px, and the director pattern itself remain
continuous.
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Consequences
Now, four different cases of electric fields applied to SSFLC
samples will be discussed in terms of the modified description.

(Ì)

E\\P*
The application of an electric field parallel to the present
polarization causes a partial bending: α and δ decrease
simultaneously in order to decrease — Ρ · Ε , whereas the director
pattern remains planar-oriented. The bending occurs near the
chevron interface, as the smectic layer tilt is fixed at the surfaces
according to the boundary conditions. In the curved part θ
increases as was illustrated in figure 5. Referring to the
forementioned experiment (fig.3, dots) this means that at zero field
θ equals 8° throughout the sample and the smectic layer tilt δ0 is
calculated to be 23.7° (as ω = 25° for ZLI3654). At non-zero fields
the optical axis is twisting back and forth from 0 = 8° (¿ = 23.7°) at
the surface via ö's up to 25° (<5->0o) at the chevron interface to again
θ = 8° at the opposite surface. This is depicted in figure 8.
\ \ - \ - . -\ . \ ^ . - , \ . . . ч \ .

Q

e
θ
Ч ^ 4' ' V w ЧЧ 11 W M 4 W l

E =0

•

' л

EttPx

Figure 8 Smectic layer bending projected on \,z-plane and
corresponding c-director rotation for E = 0 and ЕЦР, .
The optical behaviour of a twisted profile of this kind in
1.6/яп thick samples was calculated also 8 : it turned out that
"wave-guiding" of polarized light does not occur and that the
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sample міі beha\e as a uniloim birefnngent slab oriented at
approximateK the average angle <0> Consequently, extinction
must be maximal between crossed polari/ers This means that these
optical experiments (eg fig 3). which led to the suggestion of
uniform dneclor patterns'. can also be explained by back-and-torth
twisted director patterns At higher electric fields, the bent part will
expand towards the surfaces, this means that the average angle
<0> (^: the extinction angle) also increases The limit situation
<0> — ю will not be reached at moderate fields, as that would
require an overall upnghtenmg of the smectic layers These results
are in complete agi cement with the experimental data in figure 3
(dots), which in fact depicts these <0> values

(2) E-+0 relaxation
The bending of the smectic layers does provide a new driving
force for the relaxation previously discussed (fig 4) Now, the
switched states are bent, whereas the zero-field states are unbent
(fig 9). It can be expected that the tension in a curved chevron
structure is quite high, because even at small ω (e.g just below the
SmA to SmC transition) the layers form the straight chevion
structure instead of a slightly curved structure 2 . Thus the fast
relaxation to the stable states might be attributed to the high
tension in the bent layers.

(3) High E irreversible chevron reorientation
When low-frequency, high-amplitude electric fields are applied
to SSFLC samples an irreversible reorientation of the chevron
structure occurs 5 9 1 0 1 1 .
Texture changes are observed and the
extinction angle 0„ of the zero-field states has increased (see figs. 3
(crosses) and 10)".
This reorientation process can be explained as follows, at high
fields the layers are strongly bent (fig.8) and the tension in the bent
layers might exceed a certain limit. Then the system starts to relieve
this tension by an irreversible decrease of the initial smectic layer
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Figure 9 Layer tension in the switched states drives the
relaxation process
towards the zero-fields states
(x,z-projection).
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Figure 10 Zero-field extinction angle (doubled) of 7.LI3654
samples after the consecutive application during 30s of a 10Hz
square-wave voltage with several amplitudes Vr.
tilt δο at the surface (fig. 11). This involves a rearrangement of the
smectic layers and an attendant motion of the liquid crystal
molecules across the surface; an irreversible "friction-like" process.
Defect textures arise and it has been experimentally verified that
surface anchoring hinders this reorientation1011. The new δ0 value
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can be lowered continuously by further increasing
reorientation-electric-field amplitude or duration (fig. 10)".

the

Figure Π At high E the tension in the bent layers is relieved by
a chevron reorientation; this is an irreversible process.
After reorientation, the zero-field state is again an unbent
chevron structure, but with a lower smectic layer tilt δ„ and
therefore a higher 0„ . Low-electric-field modulation appears like
before, only the θ„ value has increased irreversibly (fig.3, crosses).
(4) ЕПРХ
When considering the switching of the SSFLC director pattern
to the opposite state by applying an electric field anti-parallel to the
present polarization, ¿¿"Ц^х > a P a r t 0 ^ the smectic layers near the
chevron interface may be thought to bend initially to a higher δ. In
this way the anti-parallel Px is minimized (α-*90 ο ) without violating
the planar-orientation condition; the director can even be switched
further continuously to the opposite position on the cone (fig. 12).
Thus near the chevron interface the layer tilt δ increases from
23.7° to 25° (equal to ω) and then returns to 23.7°, thereby
facilitating continuous movement of the c-director from α via 90°
to 180°-a or vice versa. Again this bending is hindered near the
surfaces, so the surface region should switch discontinuously
(multidomain switching including non-planar director patterns) at
somewhat higher electric fields (fig. 13).
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Figure ¡2 Near the chevron interface, backbending facilitates
continuous switching to the opposite state without leaving the
planar orientation. At the right, the c-director rotation is
depicted.
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Figure 13 Continuous switching in the bulk via backbending
followed by discontinuous switching in both surface regimes
(\,z-projection).
Many reports on switching phenomena in SSFLC structures
clearly suggest the occurrence of a low-voltage continuous
bulk-switching process followed by a discontinuous multidomain
101

Chapter 5

surface-switching process 12 · 13,4 , completely in accordance with the
predictions of this description.
E.g. the polarization current
measured under a triangular wave-form electric field mostly exhibits
two clear peaks: the first peak is attributed to the continuous
bulk-switching step and the second to the discontinuous
surface-switching process14.
Conclusion
A model was proposed to describe the smectic layer structure
and the attendant field-induced director pattern modulation. It was
based on retaining the planar-orientation condition (which the
system possessed in the nematic and the SmA phase also) and
responding to the applied electric fields by varying the c-director
angle α and the smectic layer tilt δ simultaneously. Many reported
electro-optical phenomena in SSFLC samples, namely: the
increasing optical extinction angle with electric fields applied
parallel to the polarization ( Ε^Ρχ ); the fast relaxation to the
zero-field states; the irreversible reorientation of the chevron
smectic layer structure at high fields and the two-step
continuous-bulk/discontinuous-surface switching process under an
anti-parallel electric field ( FfiPj ), could be satisfactorily explained
by this simple description.
These results demonstrate that, when describing the director
pattern modulation in SSFLC samples, the possibility of a variable
smectic layer structure has to be taken into account.
A direct experimental verification of the model might be
obtained from X-ray scattering experiments on electrically driven
SSFLC samples. Since X-ray scattering detects the layer structure
itself, the predicted field-induced bending of the smectic layers
should cause a distortion of the diffractogram. One should be
aware, however, that it is not trivial to maintain a dc electric field
on the liquid crystal layer itself during the rather long recording
time of an X-ray diffractogram. Recently, some experiments of this
kind (although on a different ferroelectric SmC system) have been
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reported by Johno et al.15 who indeed observed reversible smectic
layer modulation. Hopefully more experiments will be done in the
near future.
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The shape of a bent smectic layer

W.J.A.M. Hartmann, G. Vertogen

Here only attention is paid to the bending of a SmA layer. The
starting point of the calculation is the positional deformation
free-energy density of a SmA layer, the orientational free-energy
density and the constraint that the director must remain
perpendicular to the distorted smectic layer. The profile of the beni
layer is obtained by the requirement that the total distortion free
energy of the system must be minimal.
The geometry of the system is given in figure 1. The boundary
condition is such that the director is required to make an angle ф(
with the boundary. Consequently, the SmA layer is bent because
of the mentioned constraint.
The positional deformation free-energy density of a SmA layei
1
reads

ƒ/ (Г) = y ¿ " c W á " « / ^ '

(1)
lOf

Appendix 5

Director
η
ζ

i
Layer profile

χ=0 5

Figure I Distorted SmA layer and dejmition of the relevant
parameters.
where λ is the layer bending elastic constant, n(r) denotes the
director and
u

_1_

*ß = τ2 ^ " / < +

d

a

^ ' '^

=

x,y,z

(2)

with d, Ξ djdi (i = x,y,z) and u(r) being the displacement of a point
having a position г before the distortion. In the present case the
vector field u(r) is described by u(r) = м(. )ег, where d is the unit
vector along the z-axis. It follows directly that the local tilt of the
layer is given by
du
.
,
—— = tan φ,
ax

(3)

where φ = φ(χ) is the angle between the tangent to the SmA layer
and the normal to the boundary surface. This directly leads to
u(x) =

dx' tan0(;c')
u(x) = u{\ -x)

0<д:<1/2

(4)

1/2<JC< 1

Because of symmetry it suffices to consider the region 0 < χ < 1/2.
The director η is parallel to the SmA layer normal:
nx = — sin φ(χ), riy = 0, η, = cos φ{χ).
Substitution of (5) in (1) and using u^ = 0 except
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u

x:

=

:x — "T" t a n Φ(χ)

u

(6)

the following expression is obtained for the positional deformation
free-energy density of a SmA layer:
/,{χ) = ±-ληηΛφ·

(7)

The orientational deformation free-energy density is given by
/Лг) = і - З Д І

п(г))2 +

i - K2(n(r).cur\ n(r))2 + i - ^з(п(г) χ curl n(r))2,

(8)

where Κ), Κι and K^ are the elastic constants for splay, twist and
bend respectively1. Substitution of the director field (5) gives
fd {x) =±-Kx cos2 φ φχ2 + ±-K3 sin2 φ φ2

(9)

with φχ = άφΐάχ.
Adding (7) and (9) gives the total distortion energy of the first
half part of the layer:
F (φ)= 4r f 2 ί(Κι со52ффх2 + Κι 5\ηφφχ2) + λ sinV]djc. (10)
The extremal condition
OF
дф

d ( dF \
dx \ дфх J

(Π)

gives the following Euler equation
Фхх = -γ sin 3 0 cos φ,

(12)

where φχχ = άφχ1άχ and it is assumed that K\ = K-¡ = К for reasons
of simplicity. It follows immediately from (12) that
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^ = -7V

sin4

^

+ C

'

(13

)

where y = ^JXjK and the minus sign appears because φ(χ) is a
monotonically decreasing function of χ on the interval
0 < x < l / 2 . The integration constant С is determined by the
solution of the differential equation (13), i.e.
f*o
Ух =

dò'
, Ψ
^/sinV + С

^

(14)

and using the boundary condition 0(1/2) = 0. This means that С
is given in terms of the relation

M

0

«¿ο

άφ'

(15)

^/sinV + С

Clearly, the layer profile and the deformation energy must be
calculated numerically. The following three steps are required:
a) determination of the integration constant С by solving (15) and
substitution of this constant in (14) in order to obtain ф(х);
b) substitution of the resulting ф(х) in (3) in order to determine
u(x) , i.e. the layer profile;
c) substitution of ф(х) in (10) in order to obtain the total distortion
free energy F, which can be separated in a part due to the bending
of the layer and a part due to the deformation of the director
pattern.
Each of these steps will also be discussed in terms of two analytical
approximations, which hold in the limits of small and large γ.
a) Figure 2 illustrates the numerical results for a chosen value
0o = 0.52rad. , i.e. sin 00*1/2. For small γ (< 2) a linear profile is
obtained, whereas for larger γ a "reciprocal" profile results.
These results can be obtained analytically: for small у (15) can
be approximated by
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Figure 2 Numerically calculated φ(χ) vs. χ for y = 2 and
y = 100; drawn line shows the analytical approximations as given
by (17) and (18).

h=i '

Φ αφ

,i.,cJ2*í

(16)

and then (14) gives
φ(χ) = φ0(1 - 2x).

(17)

Consequently, a linear profile results for small y. For large γ the
integration
constant
С
approaches
zero.
Replacing
4
sin 0(x) by ф\х), it follows from (14) that
ух =

ГФо αφ
φ0
—7Г
or
ф(х)
=
———h
ώ2
УФох + 1

(18)
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Indeed a reciprocal relation is obtained for large y. As can be seen
from figure 2, this approximation does not hold for small values
of φ, for the analytical curve does not reach φ = 0.
b) In figure 3 the obtained u{x) profile is shown for y = 2 and
7= 100 with φο = 0.52rad.. For small y (17) is substituted in (3) and
the profile follows from
- ^ - = tan ф{х) * ф{х) = ф0(\ - 2x),

(19)

i.e. the positional displacement is approximately described by the
parabolic profile
u(x) = ф0х(\ - χ).

(20)

The discrepancy between the numerically calculated points and the
analytical curve is due to the replacement of tan 0(x) by φ(χ) . For
the large γ value the profile is approximately logarithmic as follows
from the substitution of (18) in (3):

ψ- = tan φ(χ) * φ(χ) =

Φθ

(21)

уф0х +1

ax
i.e.
u(x) = \\nMQx

+1).

(22)

In this case, a good agreement between numerical and analytical
results is obtained, the average φ of the logarithmic profile is
relatively small and thus the replacement of tan φ by φ should be
a better approximation than in the case of a parabolic profile.
c) The total distortion energy of the deformed smectic layer is given
by (10). The numerically calculated proportional contributions of
the orientational deformation free energy and the positional
deformation free energy to the total distortion energy are shown in
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Figure 3 Numerically calculated layer profile for 7 = 2 and
y = 100: drawn lines show the analytical approximations as given
by (20) and (22).
figure 4 for some small values of 7 (0.1, 0.5, 1 and 2) and for some
large values of 7 (10, 25, 100 and 1000).
For small 7 the orientational deformation free energy is the
dominant contribution, whereas for large 7 both contributions are
approximately equal. The analytical results are as follows. For
small 7 the distortion energy F i s obtained by substituting (17) into
(10), giving

F

=

Τ Í 2 [*< - 2 < M 2 +
ι J0

λ sin4

( 0 o ( l - 2x))\dx *

^00 + - ^ - Фо ·

(23)
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Figure 4 The numerically calculated proportional contributions
of the orientational deformation free energy and the positional
deformation free energy to the total distortion energy F.
Clearly the orientational contribution exceeds the positional one.
For large γ the distortion energy F is obtained by substituting (18)
into (10) giving

2 1

(γφ0χ + 1)

[т^

[т^

+ λ sin (

+|^о4][ο

+|^][^]

Φο
) dx «
(γφ0χ+ 1)
dx

(γφ0χ + Ι) 4
1

1 -

(^

1 г л. з , 1 λ , 3
— Куф0 +-^ — Φο •
Both contributions are equal as Κγ = Я/у.
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Concluding, it is found that the layer profile of a bent SmA
layer changes from parabolic to logarithmic with increasing layer
bending elastic constant (л). The bending becomes more and more
concentrated near the boundaries and the total distortion free
energy becomes equally divided between the orientalional
deformation free energy and the positional deformation free energy.
Reference
1. G.Vertogen, W.H. de Jeu, Thermotropic Liquid Crystals,
Fundamentals, Springer series in Chemical Physics 45, chap.5.
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Charge-controlled phenomena
in the SSFLC structure

W.J.A.M. Hartmann
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Abstract
An important characteristic of the
Surface-Stabilized
Ferroelectric Liquid Crystal (SSFLC) effect is charge compensation.
Investigations on SSFLC samples, which were electrically isolated
directly after applying a voltage, showed that this voltage drops
during the switching process as a result of the compensation of the
surface charge caused by the inversion of the polarization. The final
optical state depends exclusively on the initial conditions. Optically
it can be observed that domains come into being, grow and
stabilize, resulting into a certain distribution of black and white
areas. Consequently, the bistable SSFLC effect can be used for a
controllable continuous greyshading from black to white.
Introduction
The SSFLC effect, described by Clark and Lagerwall1, is a
well-known bistable phenomenon. It is due to the existence of two
117
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degenerate states corresponding with director patterns having an
associated up or down polarization. This degeneracy can be
removed by the application of an electric field perpendicular to the
cell boundaries (fig.l). The high-speed, bistable switching makes
this effect particularly interesting for use in liquid crystal displays2.
Consequently, many studies are being performed on the
electro-optical switching process of the SSFLC structure'·4. Mostly
the electric fields are applied as short pulses, repeated with a certain
frequency. During the time between the pulses, the samples are
short circuited or subjected to disturbing pulses. This situation
resembles the actual addressing of picture elements in
passive-matrix addressed liquid crystal displays.
Birelrtngence

Positive voltage

Negative voltage

Figure 1 The SSFLC structure exhibiting two stable states with
oppositely directed spontaneous polarization. Using a crossed
polarizer set the polarity-dependent switching can be utilized to
obtain a black & biréfringent optical shutter.
The stability of both occurring states is strongly influenced by
the electric fields, which are applied during the time between the
switching pulses. Here, the bistability is studied in SSFLC samples,
which were electrically isolated directly after a short applied
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switching pulse. Under these conditions the charge behaviour of the
SSFLC structure becomes an important factor: representing all
dipoles in both states as a charge distribution ( + and -) , it is
obvious that in the bulk of an SSFLC slate all charge is
compensated, but that near the surfaces residual charge exists
(fig.2). This is the surface polarization (equal to the spontaneous
polarization A), which characterizes the magnitude of the
ferroelectricity of the medium. The opposite state possesses the
same amount of charge at the surfaces, but with inverse polarity.
DOWN

>

-f

UP

X-'+ +
<

J

+

+

+

+_

14

Θ Θ Θ

Θ Θ ©

zero

zero

© Θ Θ

Θ Θ Θ

Figure 2 Representing the polarization as charge distributions,
the electro-static difference between the UP and DOWN state
lies in the sign of the remaining surface polarization.
Consequently, the switching of a certain area A of an SSFLC
sample from one state to the other is accompanied by a transport
of twice the surface charge over the sample thickness, i.e. an
amount of charge equal to 2 P, A is compensated. It should be
noted that under normal driving conditions an external voltage
supply keeps the voltage difference over the sample at a prescribed
level. Here, however, the sample is disconnected from its voltage
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supply and thus the charge compensation influences the stability
of both states.
Experimental setup
SSFLC samples based on ferroelectric liquid crystal material
ZLI3654 (Merck) were manufactured. Cell thickness between both
indium tin oxide covered glass plates was Ιμνη. Orientation of the
smectic texture was performed by using two rubbed nylon layers.
Cell filling took place in the isotropic phase. After cooling down to
room temperature the samples were placed in an electro-optical
setup as sketched in figure 3.
pulse width

photomultiplier

gate
pulse
height

'-==57

TT

source drain

analyzer
SSFLC
,
^ ^ sample
sf^y/Z^
polarizer

τί

BSV-81

high impedance
voltage follower
-5

0
V

GS

double channel
storage oscilloscope

5
•"

Figure 3 Electro-optical setup: the sample is connected to a
MOS transistor (its voltage-resistance characteristic is shown
at the left bottom) and the voltage on it is registered by the
voltage follower, while the photomultiplier measures the optical
changes. Both signals are simultaneously stored and displayed
on an oscilloscope.
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Switching took place between the two "truly bistable" states.
because an electric field treatment (~15V. 10Hz, Imin) was
performed to uprighlen the smectic layers out of the chevron
6
texture^ . No twisted states can be observed after this treatment
and the effective switching angle between both states will be almost
equal to twice the smectic С cone angle\ With a polarizing
microscope and a photomultiplier (Philips, AVP150) the switching
between both states was analyzed. The voltage pulses were delivered
to the cell via a metal-oxide-silicon transistor (MOST:BSV81). The
pulse width was determined by the gate signal of the MOST. When
cut off, the impedance towards the cell exceeded 500ΟΩ; the cell is
thus effectively isolated from the source. The amplitude of the
pulses was determined by the voltages which were supplied to the
source of the MOST. Parallel to the cell a voltage follower, also
with a very high impedance, was connected in order to monitor the
voltage waveform on the cell exactly. The output voltages of the
photomultiplier and the voltage follower were simultaneously
supplied to an oscilloscope, triggered by the gate signal of the
MOST. In this way the voltage waveform on and the switching of
the SSFLC sample could be correlated directly.
Results
Unless otherwise stated the pulses shown are periodically
inverted every 20ms, which is the repetition time, to avoid
long-term building up of charge. After the short pulses have been
applied, the sample is disconnected by the MOST, thus electrically
isolated, until the sequence is repeated. The crossed polarizer set is
adjusted to yield a starting situation which is as dark as possible.
(I) Transmission and voltage simultaneously recorded
Figure 4a depicts both the voltage on the cell and the
transmission through the cell as a function of time, after a 10μ5, 6V
pulse. During the huge change in transmission, the voltage drops
strongly with a very similar profile. Then the transmission relaxes
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to a constant level and the voltage decay slows down The
remaining decay is caused by the ohmic leakage through the cell
and because it is very slow compared to the initial decay, it is
allowed to extrapolate this factor linearly (broken line)
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Figure 4 (a) Voltage on and transmission through (Tr) an
SSFLC sample as a function of time after α 10μ5, 6V pulse has
heen applied and the sample has heen electrically isolated (h)
Actual transmission and voltage drop ΔV( = V-Vleatag,) Jor
several moments.
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In figure 4b the voltage, reduced by the ohmic leakage (the
extrapolated broken line), and the corresponding transmission are
depicted. A linear dependence is observed. The SSFLC reacts to the
voltage by switching a certain area into the opposite state and this
action compensates the initial charge: the voltage on this isolated
system drops. This process continues until the residual field has
dropped sufficiently.
(2) Variation of pulse width
The voltage on (fig.5a) and the transmission through (fig.5b)
an SSFLC sample are recorded as a function of time for a 6V pulse
with pulse widths tp varying from 0.5 to 200μ5, instead of the
previously mentioned constant width of 10μ5.
Figure 6, which shows the obtained transmission level after
500μ8 vs. the width of the applied pulse, confirms that three regimes
can be distinguished. Firstly, if the pulse width is less than 5μ$, the
charging of the sample is not fully performed: the starting voltages
are less than 6V. Only a small optical response takes place.
Secondly, with pulse widths from 5 to 20μ$ the starting voltage is
6V, thus the sample has been fully charged. The optical response
and the voltage decay behave rather similarly for these various
widths. In this regime the voltage drop is the largest. The third
regime has a pulse width of 50μ8 or more. In this case the charging
is of course complete, but the SSFLC structure has already started
to react during the pulse time. The voltage supply will "refill" the
sample with charge to keep the voltage at 6V. After the pulse, the
voltage drop will be less than normal, because part of the
charge-compensating area has already switched. After a 200μ8 pulse
scarcely any drop occurs and only the ohmic leakage is left.
(3) Variation of pulse height
Figure 7 shows the voltage (7a) and transmission (7b) for 10μ5
pulses with amplitudes varying from 0 to 6V. For larger voltages,
a larger optical response takes places and correspondingly the decay
in voltage is larger.
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Figure 5 Varying pulse widths- (a) recorded voltage on SSFLC
samples as a function of time for applied 6V pulses with varying
widths tP; (b) simultaneously recorded transmission under these
conditions.
Remarkable is the fact that the transmission saturates with a
relatively-constant half time (~66μ5) for all applied voltages.
Almost complete saturation is reached at approximately 160μ5,
which corresponds to the time, at which the voltage decay is
determined by the ohmic leakage factor only. The height of the
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Figure 6 Final transmission (after 500μ\) as a function of the
pulse width tp of the applied 6 V pulse.
applied voltage determines the final transmission,
influencing the transition time needed to reach this state.

without

(4) Pulse sequence incorporating blanking
As demonstrated in the previous part a pulse on an SSFLC
sample, which is disconnected after the pulse has been delivered,
causes a certain amount of optical change. This optical change is
caused by many domains which come into being and are growing
throughout the sample. An added pulse (~amount of charge) will
simply cause an extra change in transmission (~growth of domains
compensation of charge). In order to obtain a reproducible
domain structure one is forced to provide an identical initial
situation for every experiment. This initial situation can be any
occurring multidomain structure, as long as it is reproducible. A
preferred procedure is to deliver first a pulse high enough to obtain
switching of the total area, followed, after a short delay, by a
variable pulse Vs. This delay must be in the order of the switching
time of the SSFLC effect. In this way the sample is completely
switched after the first reset (blanking,
ь) pulse, thus the
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(a)

4

v

pulse

(b)

Figure 7 Varying pulse heights: (a) recorded voltage as a
function of time for applied 10ßs pulses with varying heights; (b)
simulianeouslv recorded transmission under these conditions.
polarization is uniformly directed and the second pulse will cause
a domain growth depending on Vs. The resulting state will be
independent of the history of the sample before the blanking pulse.
Figure 8 shows the result of such a pulse sequence. First a -6V,
50μ5 blanking pulse Кл is delivered and a delay time of 150μ5 is
incorporated in which the SSFLC sample is disconnected and
switches to the fully black state, i.e. the reproducible initial state.
Then a variable 50/is signal pulse V, is given, to which the SSFLC
sample can react. In figure 9 the voltage (9a) and transmission (9b)
are recorded for a variation of Vs from 0 to 6V. One can see that
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Figure 8 Voltage on and transmission through an SSFLC sample
vs. rime when the following sequence is applied: a 50μs, -6V
pulse (blanking, Vh), electrical isolation during 150pis (delay),
a 50pis, +6V pulse (signal, VJ and subsequent 20ms isolation
after which this sequence is repeated.
the blanking works; independent of the preceeding level, all states
are driven to the completely black state. Depending on the variable
voltage Vs, different reproducible intermediate transmission levels
can be realized. During the delay time, the voltage drop increases
with the required transmission change, as a larger area has to be
switched then. If the blanking voltage is too low or the delay time
too short, blanking will not be complete and the preceeding
information will influence the resulting transmission level.
Figure 10 shows photographs of the different intermediate levels
obtained by such an addressing scheme7: depending on the signal
voltage many (or no) domains will appear. The diameter of the
domains is 5μηι or less.
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Figure 9 Sequence of -6V, 50μ<> pulse (Vh), 150μχ electrical
isolation, varying 50ßs pulse (VJ and subsequent isolation,
repeated every 20ms, applied to an SSFLC sample: (a) voltage
on this sample vs. time and (b) simultaneously recorded
transmission through this sample vs. time for various signal
voltages V,.
Discussion
From the results it is clear that an electrically isolated SSFLC
sample follows different rules with respect to bistability and
switching behaviour. The inherent feature of charge compensation,
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(a)

(g)

(b)

(f)

Figure 10 Microscopically observed SSFLC sample under the
repetitive "blank-delay-signal" sequence for signal voltages V,
= OV (a); 2V (b); 3V (c); 4V (d); 5V (e); 5.5V (f) and 6V
(g)which accompanies the switching, is a factor of great influence. The
results in part 1 demonstrate this feature by the linear relation
between the transmission change (Δ7>) and the voltage drop {AV):
The transmission change (ATV) through an SSFLC sample
depends directly on the quantity of switched area ( AA ):
ATr ~ AA
The amount of compensated charge ( Δ 0 is also directly
dependent on the quantity of switched area {AA) and the
spontaneous polarization {Ps):
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AQ = 2PS AA
The voltage drop (ΔΙΌ on the isolated sample (acting as
a capacitor) depends on the amount of compensated
charge ( Δ 0
Q=CV,

AV = AQIC

In part 2 it was shown that if the charging of the sample has
been fully performed, the optical response does not differ strongly.
If the pulse width however, is so large that the SSFLC sample
already partially switches during the pulse, thus under non-isolated
conditions, the resulting transmission is influenced by both the
voltage height during the pulse time and the remainder of the
charge-compensating process afterwards. Likewise in part 3, where
the pulse height is varied, a switching to the other state is observed
as long as the voltage stays sufficiently high. The higher initial
voltages require more charge compensation and thus the resulting
amount of switched area will be larger. Because of the constancy
of the transition time it seems that the dynamics of the response are
not influenced by the voltage height during the isolated situation.
The system looks for an equilibrium: by switching a certain area
AA and thereby compensating the surplus charge.
This charge-controlled process provides multidomain structures,
which are not only rather stable, but reproducible as well (part 4).
Blanking is necessary in order to ensure an identical initial situation
and can be performed shortly before the signal pulse, because of the
high switching speed of the SSFLC effect. By varying the signal
pulse, every possible total area of e.g. small white domains on a
black background can be reproducibly obtained. Although several
different multidomain structures can occur (due to kinetic
differences in the samples and their surfaces), the resulting amount
of switched area is determined only by the signal voltage. The final
transmission is not influenced by these differences. This means that
the intermediate gradations in transmission should be reproducible.
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Conclusion
Under electrically isolated conditions the response of the
SSFLC structure to a previously applied electric field involves a
charge compensation, which decreases the field and thus stops the
response to it: this is charge-controlled switching.
If blanking is incorporated, the final total area of switched
domains can be controlled by a signal voltage. This will probably
be reproducible as it is not controlled kinetically, but by an
equilibrium between the initial charge and the attendant switched
area. Because of this, the SSFLC effect is able to provide a
gradation and then it can be applied in video displays. The
addressing will have to take place via an active matrix array, which
provides a transistor switch at every picture element. Such arrays
are commonly used for liquid crystal TV (LC-TV) based on the
twisted nematic liquid crystal effect, to enhance the picture
quality8. A ferroelectric liquid crystal TV (FLC-TV) display based
on this concept has been successfully demonstrated by the author 7 .
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Introduction
The effort to realize three-dimensional (3D) television with a
simple configuration never ceases. Most of the realistic suggestions
are based on presenting separately to the left and right eye two
different images, recorded by two cameras viewing the scene from
two different angles. The observer's brains are tricked into
interpreting this information as a 3D sensation. Spectacles always
seem necessary; normally passive spectacles are used to divide the
simultaneously presented information into the two different viewing
angle images. For instance, when each view is given a colour, in
which case the spectacles consist of two different colour filters, a
monochromatic 3D image can be obtained. Or, if two monitors
with differently-polarized light and a semitransparent mirror are
used, the spectacles consist of two differently-oriented polarizers,
making full-colour 3D possible.
Ferroelectric liquid crystal (FLC) optical shutters have reached
the point at which they can be applied in commercial products such
135
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as ultrafast black-and-white light valves featuring low power, high
contrast and brightness, and a wide viewing angle. In
field-sequential stereoscopy, the combination of an ordinary
television set, a video cassette recorder (VCR) and FLC spectacles
can realize clear 3D images.
Field-sequential stereoscopy
With field-sequential stereoscopy, the images are not provided
simultaneously, but one at a time. A home colour TV set working
at 50 or 60Hz presents its image by interlacing two half-images (the
even and odd lines) at 25 or 30Hz, resulting in a flicker-free image.
Now, the left and right view (recorded by the camera and VCR)
must be added to each other on one video tape or disk in such a
way that one half-image (e.g. the odd lines) consists of the left
view, while the other half-image (even lines) displays only the right
view. This is displayed on a single colour TV. The observer is then
supplied with active spectacles, which open and close at the same
frequency and in the same phase as the monitor's half-images. In
this way the observer's left eye only sees the half-image of odd lines
and the right eye only sees the half-image of even lines, resulting in
a two-image 3D impression (fig.l).
The most important requirement for the spectacles is a short
open and close time. After writing one half-image (about 270 lines),
the electron beam needs less than 1ms to return to the top of the
cathode-ray tube and to start displaying the other half-image. This
means that if the optical shutter does not fully close or open within
this 1ms, the 3D sensation will be lost in a part of the image. Other
requirements are high contrast and absence of colour effects to
obtain as much visual information as possible and low-power
driving so that the spectacles can be portable or even cordless.
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Figure I The principle of field-sequential stereoscopy.
Problems with past systems
In the past, several light-valve devices have been proposed as
spectacles for 3D TV. One candidate with the desired switching
speed was the ceramic solid-state-ferroelectric lead lanthanum
zirconate titanate (PLZT) shutter' . Unfortunately, PLZT's not only
have a very low transmission, but also need switching voltages up
to 600V. Attention soon shifted toward liquid crystal (LC) effects,
where the main drawback has been the switching time. The twisted
nematic (TN) liquid crystal effect needs at least 20ms. Dynamic
scattering effects can reach 5ms and two-frequency liquid crystal
effects 2ms at the limit.
Recently two improvements have been reported. Milgram and
van der Horst published results obtained with phase-changing
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cholesteric nematic scattering liquid crystal cells . These cells need
80 to lOOV switching pulses and 50 to 60V maintaining-voltage to
reach a switch-on time of approximately 1ms and a somewhat
longer turn-off time, which can be electronically manipulated to be
satisfactory. The glasses switch between a 100% transparent state
(without polarizers) and a scattering state, which might have a
degrading effect on the 3D quality because half of the total amount
of light reaching the eye contains no information at all. Further, the
development of a 3D medical X-ray TV system which operates with
an improved TN-type liquid crystal effect with a rise time of less
than 1ms has been reported\ It is driven with a "comparatively
safe" 30V.
The SSFLC solution
The Surface-Stabilized Ferroelectric Liquid Crystal (SSFLC)
structure was described by Clark and Lagerwall in 19804. It is based
on using the ferroelectricity of the chiral smeclic С liquid crystal
phase efficiently. It was not until 1985, however, when chemical
companies succeeded in synthesizing room-temperature smectic С
material, that commercial application was seriously considered. The
SSFLC structure (figs. 2 and 3) is based on a planar alignment of
the LC molecules at the surfaces of the glass plates to make sure
that the spontaneous polarization can only be parallel or
anti-parallel to the applied electric field.
By decreasing the distance between the glass plates, this planar
orientation is also kept in the bulk of the LC layer (fig.2). Now,
only two stable states exist; the structure is bistable. The polarity
of an applied electric field determines which of both states is
obtained. With the aid of two crossed polarizers, it is possible to
switch between black and a bright biréfringent colour (fig.3).
The intensity of the bright state (/) depends on dAn , according
to the formula4:
/ ~ είη'Ήω) sin (nciAn/X)
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Figure 2 The SSFLC structure; the planar orientation at the
suijaces limits the director η in the chiral smeetic С phase to two
possible states with polarization Ρ either vertically up or down.
where ω = smcctic С cone angle, d = LC layer thickness, л =
wavelength and Δ« = optical anisotropy. As can be seen, the
optimum smeetic С cone angle is 22.5° (4ω = 90 ο ) and the preferred
dkn value is approximately 0.28/xm in order to obtain a high
brightness and zero-order birefringence for the average wavelength
of visible light (A=550nm). Calculated colour coordinates are
depicted in figure 4 as a function of öfAn.5 Perfect white is nearly
attainable.
Technological problems in realizing SSFLC samples are
alignment and layer thickness, which should be 2.0μιη (three times
less than that of the common TN devices). SSFLC samples have
been made using nylon as an orienting layer, the hot-fill and press
method to construct the cells, and a Merck room-temperature
smeetic С mixture (ZLI3234, Δ/ι = 0.135). These samples show
black versus colourless-transparent switching, scarcely any viewing
angle dependence, high brightness and contrast (1:50), fast
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Positive voltage

Negative voilage

Figure 3 The SSFLC effect; using crossed polarizers one stare
causes extinction of the incident light, in the other state
biréfringent light is transmitted.
low-power switching, and a reasonable temperature stability. With
a 3V square wave the switching time is about 400/¿s. This means
that these cells are very suitable for 3D TV spectacles.

How the system works.
A VCR supplies the monitor with field sequential-stereoscopic
images. The monitor is provided with a detachable infrared
transmitter for the 50 or 60Hz synchronizing signal (fig.5). The
observer wears FLC spectacles that incorporate an infrared receiver
to pick up the infrared synchronization signal. Power is supplied
by two built-in small mercury batteries, and the SSFLC glasses
open and close in phase with the TV set's half-images. Because the
power needed is so low (3V and I <0.1 mA), it is no problem to fit
the infrared receiver and the power supply in the setting of the
glasses.
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Figure 4 Colour coordinates of the biréfringent state vs. άΔη.
The circle denotes the range that will he percepted as being
white.
The result is an impressive 3D picture, especially with TV sets
operated at 60Hz. PAL system TV sets are operated at 50Hz. This
means that the stereoscopic image shows a 25Hz flicker, which is
noticeable and varies with image brightness. NTSC systems operate
at 60Hz, causing the flicker to be 30Hz, which is much less
noticeable
because
this
value
approaches
the
critical
flicker-sensitivity frequencies. To avoid flicker completely, it is
possible to double the frame frequency of the TV set and VCR.
Then the flicker will not be detectable by the human eye. The
switching time of the FLC shutters is clearly fast enough for 50, 60,
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Figure 5 Cordless FLC spectacles and infrared transmitter.

100 or 120Hz TV systems. A 100Hz setup cannot yet be
implemented with home TV sets. However, marketing of 100Hz sets
is expected in the near future.
Using a 50Hz TV, we have made a comparison of our system
with commercially available (in October 1986) 3D spectacles, which
are based on nematic LC shutters. These are operated at +12V
square-wave ac voltage and are therefore not cordless. Their
closing time is less than 1ms, but opening these LC shutters requires
2 to 6ms (50-90% transmission). This insufficient opening speed
causes a loss in image intensity (brightness) that is quite noticeable.
The same scene observed through FLC spectacles results in a much
brighter 3D picture.
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Conclusion
The advantages of FLC field-sequential stereoscopy are:
it is compatible with both home TV sets and broadcast systems
the only accessories needed arc spectacles and a transmitter
full-colour 3D is possible
the spectacles consume low power (3V,I<0.1 mA)
it is easily portable, and cordless spectacles allow free movement
there is no limit to the number of simultaneous observers
the switching speed is fast enough for flicker-free 3D TV.
Field-sequential stereoscopy combined with FLC spectacles,
giving optimal performance, high speed, and low power
consumption, can provide a userfricndly (cordless) system of 3D
television viewing. Home TV set compatibility assures many
applications. Some possibilities are: 3D medical systems, (X-ray,
NMR tomography, echoscopy); 3D scientific instruments (e.g.
electron microscopy); 3D computer-aided design, manufacturing,
and graphics; 3D flight and traffic simulation; 3D consumer
electronics programs, either off-the-air or from tape or disk.

-
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Abstract
Although the Surface-Stabilized Ferroelectric Liquid Crystal
(SSFLC) effect is bistable, the possibility of creating a wide range
of grcyscales based on the multidomain structure, is demonstrated.
An active-matrix addressed SSFLC television display (black &
white) was realized, proving the greyscale capability.
Introduction
Since Meyer et al.' demonstrated the existence of ferroelectric
liquid crystals and Clark and Lagerwall2 described the SSFLC
structure wich makes optimal use of the ferroelectric character,
development in this area increased vastly. The main argument for
a large effort was not the use as a simple optical modulator, but its
promise as a display: when passive-matrix addressed it might be
able to switch within the line-time and during non-addressing lime
its bistability will keep it in the reached transmission state without
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loss of contrast. This means that the number of lines of a
passive-matrix addressed SSFLC display is almost unlimited. Much
effort is spent into reaching the required switching speed and
bistability1·"·5.
If the SSFLC structure could be provided with a greylevel
capability, video displays could be made. To realize this, several
methods have been proposed. Multiple frequency addressing6,
multiple pixels per pixel or variable thickness7 are all palliatives;
they add the greyscale potential to the SSFLC structure as if the
effect itself does not possess this possibility. In this way only a
limited amount of linear greyscales can be realized. To meet the
severe video requirements 128 logarithmic greylevels are needed,
which means an almost analogue gradation.
Here, it will be reported that the well-known multidomain
switching behaviour can be used to create nearly analogue
gradation within single SSFLC pixels. Unfortunately passive-matrix
addressed SSFLC displays are not yet suitable for video, because
of the material and technology requirements. For demonstration
purposes a thin-film-transistor (TFT) active matrix was used to
address the SSFLC pixels, because in this way video rates can be
reached even if the SSFLC material is not switching fast enough.
Also response to crosstalk, due to the poor bistability, is avoided
in this manner. As turned out later (see the paragraph
"Mechanism") the active-matrix addressing is crucial in obtaining
well-defined greylevels.
Addressing method
SSFLC testcells (2μιη, one-side-rubbed nylon-6.6 alignment,
filled in the isotropic phase with Merck ferroelectric liquid crystal
mixtures like ZLI3234 or ZLI3654) with a good uniform orientation
have been reported to switch between both states via a multidomain
8
process (fig.I) . One would like to stabilize every possible division
of the area by controlling the domain growth, and obtain a
continuous gradation.
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Figure 1 Domain switching under slowly varying electric fields.
For this it has to be taken into account that a certain voltage
during a certain pulse-time causes an absolute growth (or
shrinkage) of the domains. This means that if a voltage is impressed
on the SSFLC structure, the resulting state depends on the previous
state9. To obtain reproducible greyscales one has to incorporate a
blanking step, i.e. make sure that the starting situation before
addressing always is the same. The addressing scheme then looks
as in figure 2a. Every 20ms (50Hz refresh frequency) the SSFLC
pixel is addressed twice by the switching element (transistor), each
time during 64μ5. First a fixed voltage is delivered and then after a
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Figure 2 (a) Addressing scheme incorporating blanking voltage
Vb, delay time tj and signal voltage V,. The transistor electrically
isolates the pixel except during the 64μ5 periods when F* or V,
are applied, (b) Transmission as a function of time using this
addressing scheme with a variable V,.
delay , a variable voltage of opposite polarity is transferred to the
pixel, which will determine the greyscale. The blanking voltage ь
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of constant value causes the SSFLC structure to return to one of
the extreme states. Because of the switching time, it will need /,/
(several hundreds of ^s) to obtain complete blanking. After this a
signal voltage V, is delivered by the transistor, giving rise to a
certain amount of domain growth from the blanked state: a
greylevel. Depending on the height of this signal-pulse different
greylevels will be attained (fig.2b). These do not change during the
remainder of the frametime (20ms) because the active matrix
electrically isolates the pixel.
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Figure 3 Minimal required Vb and tj to obtain non-relaxing
greylevels for ZLI3234 (o) and ZLI3654 (x) samples.
It is very important that the blanking can be fully performed.
Figure 3 indicates the values of Vb and //f which are necessary.
When blanking is not complete a relaxation towards the final state
over several seconds will be visible and the greylevels will depend
on the previous image. Similar features were reported by Maltese9.
With ZLI3654 (which can be switched faster than ZLI3234) the
necessary delay time to obtain non-relaxing greylevels is shorter.
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Figure 4 Magnified greyleveìs for varying V,: (a) OV; (h) 2V;
(c) 3V; (d) 4V; (e) 5V; (f) 5.5V: (g) 6V.
Microscopically the greyscales appear as in figure 4. The size
of the small domains is less than 5 micron diagonal, meaning that
300 by 300^m pixels can contain thousands of linear greylevels.
Figure 5 shows the transmission-voltage dependence.
Mechanism
What is the mechanism behind this creation and stabilization
of greyscales and can these be expected to be reproducible over a
total display? To answer this, the switching process must be
considered carefully. During switching the polarization of the liquid
crystal is rotated 180° from vertical up to vertical down or vice
152

I erroelectnc Liquid Crvstal Video Display

1.0ϊ

Tr

[a.u.]
. /
2 =

0
ZLI3654

J

L.

_i

L

v« [v]
Vb=6V
t d =250 цз

Figure 5 Transmission Tr f integrated) vs. signal voltage V,.

versa. Switching an area A is equal to transporting an amount of
charge Q — 2 Д A over the cell thickness, as illustrated in figure 6.
Л is the spontaneous polarization.
In active-matrix addressed SSFLC structures this mechanism
realizes the greyscales. For a certain V, the pixel is loaded within
64/zs with a certain amount of charge Q ( = С V, where С is the
pixel capacity). When the SSFLC structure reacts, this charge is
transported to the other side of the electrode (thus compensated).
For higher Vs, a larger amount of charge will have to be
compensated, thus a larger area A of the pixel will have to switch.
In other words, the SSFLC area switches from black into several
white domains until the total switched area is large enough to have
compensated the initial charge on the pixel to a certain extent. This
behaviour is demonstrated by the following experiment: figure 7
shows the simultaneously recorded transmission through and
voltage on a pixel, which is isolated after a short pulse 10 . There is
a large voltage decay during the time in which the transmission
change takes place; the voltage drops because charge is
compensated by the SSFLC switching. When the transmission
153

С Iwpter 8

DOWN

•Ir
.+ + +
++
++
+
+

UP

J

+

+

+

-L +

J

+
+

Θ Θ Θ

Θ ® ©

zero

zero

Θ © Θ

Θ Θ Θ

Figure 6 Charge distribution in the ideal SSFLC structure: the
polarization is represented as a charge distribution. In the bulk
all charge is compensated ("zero"); the remaining surface charge
differs in polarity for both states.
change becomes smaller and finally stops, one sees that the voltage
drop also relaxes until only a very slow component remains, which
is the ohmic leakage through the sample.
Thus, the charge behaviour controls the obtained greylevel and
its stability during the remainder of the frametime. Consequently,
if within a display the number of domain nucleation sites or the
domain growth speed would differ from one pixel to another, the
same greylevel will still be obtained with the same V„ because the
slower or smaller amount of domains will grow on until area A is
large enough to have compensated the same amount of charge (see
e.g. fig.8). The switched area with opposite contrast corresponds
directly to the linear grcyscale. More detailed studies on
charge-controlled phenomena in SSFLC structures have been
performed and they will be reported separately10.
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[V] 4 -

ipsl

Figure 7 Simultaneously recorded transmission through and
voltage on an SSFLC sample, which was electrically isolated
after a 6V, 10ßs pulse was delivered''0.

OR

ΔΟ=2·Ρ5ΔΑ
Figure 8 In principle, the total amount of switched area A A per
pixel should be independent of the number of domain nucleation
sites within the pixel.
Another advantage of this mechanism is that the voltage on the
pixel is removed quite fast and therefore a regular voltage inversion
to prevent dc degradation of the liquid crystal is not necessary,
because the dc is immediately compensated by the switching
process. As a consequence "real" 50Hz driving is used, thus
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electronic precautions to avoid 25Hz flicker as in active-matrix
addressed twisted nematic TN-LC displays" arc superfluous. The
blanking will take place several line-times before the actual
addressing. On a display these blanked (i.e. black) lines will be
running in front of the addressed line. In the case that liquid crystal
material would become available, which switches in less than 64/*s
at moderate voltages, it is possible to combine the blanking and the
signal pulse within one single line-lime.
Demonstration of video display
Black & white SSFLC video displays, based on this concept
were made using TFT active-matrix arrays and driving electronics
from Philips Research Laboratories, Redhill (UK), see Table I.

Table I SSFLC

video dtsplav

characteristics.

FLC material

ZLI3654 (Merck)

Active array

a-Si TFT (Philips Research Labs Redhill, UK)

Size

2" diagonal

Numbers

96 χ 108 pixels

Cell thickness

< 2μνη

Orientation

Nylon-6 6, one side rubbed

Driving frequency

50H/

Driving voltage

+ 6/-6V

Line time

64//s or 12//s

The greyscales are fairly visible. The switching speed is very
high. Real video scenes are displayed without problems. The
contrast is excellent (100:1 in pixel) and, what is more important,
it remains high at viewing angles up to 60° inclination from the
perpendicular view in all quadrants. Figure 9 shows photographes
taken from a video scene under different viewing angles. Flicker is
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not detectable. The blanked lines running in front of the addressed
line are not observable. Video applicability is proved. Although the
test displays are far from perfect (because of technology problems)
one can observe that the optical performance is superior to that of
TN-LC video displays (no flicker, no viewing angle dependence,
high speed, high contrast).
After image and fading
One effect which was very clearly visible on the first SSFLC
video displays has to be mentioned: the after image and fading.
When a high contrast part of the image stays on the same spot of
the display for a second or more, it can be seen that the contrast
decreases (fading) and when this high contrast part is removed from
this spot a "ghost" image stays behind with the inverted contrast
(after image). With fastly-changing scenes this is not observed.
During the high contrast scene, the drive voltages on the liquid
crystal layer will cause a drift of the ions in the liquid crystal
towards the electrodes. An internal reverse field arises and
consequently the total field on the liquid crystal layer decreases
(fading). If the external field is removed, this internal reverse field
due to the ions is left on the liquid crystal layer. With the SSFLC
effect the inverted polarity of this remaining field will cause the area
to switch to the opposite transmission state (after image). When the
ions have migrated back into the liquid crystal the after image will
disappear again.
Another fact is that the alignment layers on the electrodes must
be thin enough to yield a high capacity, compared to the capacity
of the liquid crystal layer. If not, the total capacity of liquid crystal
+ alignment will drop significantly because
С
~~' = С
~ ' -I- с
~~'
*-total
^alignment
' ^liquid crystal

and the amount of charge Q ( = €,„,„1 V) delivered by the transistor
will be less, and possibly not enough to switch the complete pixel
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Figure 9 Real video scenes on the SSFLC video display: (a)
nearly perpendicular view, insets show the multidomain
gradation mechanism microscopically; (h) 10 o'clock, 60°
inclination; (c) 3 o'clock, 50° inclination.
area. This might cause relaxation effects. Similar rules for thin
alignment layers have been formulated by others12: the reverse field
on the liquid crystal will decrease when the series capacitance
increases (less thick alignment layers) and therefore thin alignment
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layers will avoid backswitching. In active-matrix addressing
however, mainly charge phenomena seem to be responsible.
By taking precautions against the two forementioned possible
causes, the after image and fading on the displays was reduced
beyond detection.
Conclusions
Multidomain structures can provide analogue gradation in
SSFLC structures; it seems to be the only technique which can meet
video requirements for grcyscales.
When active-matrix addressed, these greylevels are obtained,
stabilized and expected to be very reproducible over a display area
as can be explained by the charge-compensating behaviour of the
SSFLC effect.
An SSFLC video display was demonstrated.
Active-matrix addressed ferroelectric liquid crystal television
(FLC-TV) based on the SSFLC effect shows a superior optical
performance compared to the TN-LC-TV. Its high contrast is
almost viewing angle independent; its switching speed is high and
flicker is absent. The disadvantages appear in the more difficult
technology (cell thickness; critical alignment; high temperature
liquid crystal handling; shock sensitivity).
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Summary

The Surface-Stabilized Ferroelectric Liquid Crystal (SSFLC)
structure is a twofold degenerate system. Two stable director
patterns are found, characterized by an oppositely-directed
spontaneous polarization. The application of an electric field
eliminates this degeneracy: the polarity of the field determines the
relevant state. Thus the SSFLC structure is a bistable system. The
SSFLC structure can be used as a bistable electro-optic modulator,
as the optical axes of both states point to different directions.
This thesis reports on a study of the director patterns in the
SSFLC structure and their modulation by applying electric fields.
After a general, but brief introduction to liquid crystals, liquid
crystal displays and the SSFLC effect, the experimental
configuration of the samples which are used to study the SSFLC
effect, is described in chapter 1. The material composition, the
sample assembling, the alignment procedure and the optical
characteristics are discussed here.
In chapter 2 the director patterns of SSFLC samples are
determined.This is done by applying stationary (or very slowly
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varying) electric fields and thereupon measuring the transmission
of linearly-polarized light. Both stable director patterns appear to
be uniformly oriented having the director parallel to the
boundaries. The optically-measured angular difference between
both stable states is significantly less than twice the smectic С cone
angle, but increases towards this value with increasing electric field.
From this it is deduced that the smectic layer structure is tilted with
respect to the normal of the boundary surfaces. Reduction of the
smectic layer tilt leads to a larger optical angle between both stable
(zero-field) states.
The switching behaviour between both stable director patterns
is discussed in the next three chapters. Chapter 3 reports on
time-dependent measurements of the transmission through SSFLC
samples, to which pulsed electric fields are applied. Depending on
the pulse amplitude, one stable state can be switched into the other
or vice versa. Further, a low-frequency electric field treatment
changes the layer structure irreversibly to one with a lower tilt of
the smectic layers with respect to the surface normal. As a result,
different textures are observed and both the optically-measured
angular difference between the stable states and the required pulse
amplitudes for switching increase. The interaction of the electric
field with the spontaneous polarization is found to be responsible
not only for the switching process, but also for the smectic layer
reorientation. A variation of the rubbing condition of the alignment
layer alters the ordering of the polymer chains or chain segments
with respect to the rubbing direction (both in-plane and
out-of-plane). This ordering appears to control the alignment
quality, the initial optical angular difference between both states,
the required field strength to bring about smectic layer reorientation
and the pulse amplitudes needed to switch between both states.
Because of the strong impact of the ordering of the polymer
alignment layer on these processes, the influence of the crystallinity
of these layers on the switching behaviour is briefly studied.
Chapter 4 reports on SSFLC samples aligned on differently
thermal-annealed polyamide (nylon-6.6) layers. The crystallinity of
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these layers, as determined by Fourier transform infrared
spectroscopy, only slightly varies. No significant differences arc
observed with respect to the switching behaviour except for the
response to low-amplitude electric pulses which are incapable of
switching the sample completely from one state to the other. The
decreasing response to these pulses with increasing crystallinity
suggests a stronger anchoring of the liquid crystal to the
more-crystalline alignment layers.
In chapter 5 a model is proposed to describe the forementioned
field-induced director pattern modulation under stationary and
pulsed electric fields. It is based on a constantly planar-oriented
director pattern in combination with a smectic layer tilt that is only
kept constant near the aligning surfaces. This means that the
application of electric fields gives rise to a bending of the smectic
layers. This description leads to a consistent interpretation of the
electro-optic phenomena occurring in SSFLC structures, as
described in the chapters 2 and 3 and in the literature. It can explain
the director patterns under stationary electric fields, the fast
relaxation from the (high-field) switched state to the (zero-field)
stable state, the irreversible smectic layer reorientation and the
two-step switching process between both states. Some simple
calculations on the shape of bent smectic layers and the attendant
deformation energy are presented in the appendix to this chapter.
An important phenomenon accompanying SSFLC switching is
charge compensation. It is caused by the inversion of the direction
of the spontaneous polarization during switching. This is shown in
chapter 6, where a study of the switching behaviour under
electrically-isolated conditions is reported. As in chapter 3, pulsed
electric fields are applied to SSFLC samples, but now the sample
is isolated directly after the pulse has been applied. The
transmission is monitored time-dependently, simultaneously with
the remaining voltage on the sample. A direct relation is found
between the voltage drop and the transmission change during the
isolated condition. This relation can be understood, as the amount
of compensated charge is directly proportional to the switched area.
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Summary

Optically, it is observed that domains come into being, grow and
finally stabilize into a certain distribution of dark and light areas.
Consequently, a gradation in transmission can be achieved by this
charge-controlled SSFLC switching behaviour.
The last two chapters demonstrate new applications of SSFLC
electro-optic modulators. In chapter 7 it is described how they can
be used as simple black/colourless-transparent shutters to enable
field-sequential three-dimensional TV. The observer wears cordless
spectacles with SSFLC shutters, which satisfy the requirements of
low-power consumption (battery supply) and fast switching (to
enable synchronization with the displayed video image)
In chapter 8 a black & white SSFLC video display is realized
using the information obtained in the previous chapters By
combining the SSFLC effect with a switching element at each pixel
(an active matrix) the required analogue gradation is achieved This
gradation is based on charge-controlled switching as described in
chapter 6. The resulting SSFLC video display clearly surpasses
present-day LC-TV's, both in speed and viewing angle.
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De surface-stabilized
ferroelectric liquid crystal structuur
en haar bistabiliteit

De "Surface-Stabilized Ferroelectric Liquid Crystal" (SSFLC)
structuur is een tweevoudig ontaard systeem. Er komen twee
stabiele director patronen voor, gekarakteriseerd door een spontane
polarisatie in twee tegengestelde richtingen. Het opleggen van een
electrisch veld elimineert deze ontaarding: de polariteit van het veld
bepaalt welke toestand verkregen wordt. De SSFLC structuur is
dus een bistabiel systeem. Deze structuur kan, omdat de optische
assen van beide toestanden in verschillende richtingen wijzen,
worden toegepast als bistabiele electro-optische modulator.
In dit proefschrift wordt een studie van de director patronen in
de SSFLC structuur en hun modulatie onder invloed van
aangelegde electrische velden gerapporteerd. Na een korte,
algemene inleiding op het gebied van vloeibare kristallen, vloeibaar
kristal displays en het SSFLC effect, wordt in hoofdstuk 1 de
experimentele configuratie van de preparaten, die gebruikt worden
om het effect te bestuderen, beschreven. De samenstelling van het
materiaal, het assembleren van de preparaten, het oriënteren van
het vloeibaar kristal en de optische eigenschappen van de
preparaten worden hier besproken.
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In hoofdstuk 2 worden de director patronen, die in de SSFLC
preparaten voorkomen, bepaald. Dit wordt gedaan door stationaire
(of erg langzaam veranderende) clectrische velden aan te leggen en
vervolgens de transmissie van lineair gepolariseerd licht te meten.
Beide stabiele director patronen lijken uniform gericht te zijn.
waarbij de director evenwijdig aan de grensvlakken ligt. Het
optisch gemeten hoekverschil tussen beide stabiele toestanden is
beduidend lager dan twee maal de smectische С kegelhoek, maar
loopt op in de richting van deze waarde bij toenemend electrisch
veld. Hieruit is afgeleid dat de smectische lagenstructuur schuin
staat ten opzichte van de normaal op de grensvlakken.
Vermindering van deze schuine hoek van de smectische lagen leidt
tot een grotere optische hoek tussen beide stabiele (geen veld)
standen.
Het schakelgedrag tussen beide stabiele director patronen wordt
besproken in de volgende drie hoofdstukken. Hoofdstuk 3 vermeldt
de resultaten van tijdsafhankelijke metingen van de transmissie van
lineair gepolariseerd licht door SSFLC preparaten, waarop
pulsvormige electrische velden aangelegd worden. Afhankelijk van
de pulshoogte kan de ene stabiele toestand in de andere
overgeschakeld worden of vice versa. Hier komt nog bij dat een
laag-frequente electrische veld behandeling de lagenstructuur
irreversibel verandert, waarbij de schuine hoek van de smectische
lagen ten opzichte van de normaal op de grensvlakken afneemt. Het
gevolg is dat verschillende texturen worden waargenomen en dat
zowel het optisch gemeten hoekverschil tussen de stabiele
toestanden als de benodigde pulshoogte om te schakelen toenemen.
De wisselwerking van het electrische veld met de spontane
polarisatie blijkt niet alleen voor het schakelproces, maar ook voor
de herschikking van de smectische lagen verantwoordelijk te zijn.
Een variatie van de wrijfbehandeling van de oriëntatielagen
verandert de ordening van de polymeerketens of ketensegmenten
ten opzichte van de wrijfrichting (zowel in het vlak als uit het vlak).
Deze ordening lijkt de oriëntatie kwaliteit, het initiële hoekverschil
tussen beide toestanden, de benodigde veldsterkte om de smectische
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lagen te herschikken en de vereiste pulshoogte om tussen beide
toestanden te schakelen, te controleren.
Omdat de ordening van de polymère oriëntaticlaag zo een
belangrijke rol speelt bij de/e processen, is de invloed van de
kristalliniteit van dc/e lagen op het schakelgedrag bestudeerd.
Hoofdstuk 4 rapporteert over SSFLC preparaten waarbij de
gebruikte polyamide (nylon-6.6) oriëntatielagen verschillende
thermische behandelingen hebben ondergaan. De kristalliniteit van
deze lagen, bepaald met behulp van Fourier getransformeerde
infrarood spectroscopie, blijkt slechts in geringe mate te variëren.
Met betrekking tot het schakelgedrag worden geen duidelijke
verschillen waargenomen, behalve waar het de reactie op clectrische
pulsen met geringe pulshoogte betreft, die niet in staat zijn het
preparaat in zijn geheel van de ene toestand naar de andere
toestand te schakelen. De afnemende reactie op deze pulsen bij
toenemende kristalliniteit suggereert een sterkere verankering van
het vloeibaar kristal aan de kristallijnere oriëntatielagen.
In hoofdstuk 5 wordt een model voorgesteld om de
bovenvermelde modulatie van het director patroon onder invloed
van stationaire en gepulste electrische velden te beschrijven. Het
model is gebaseerd op een blijvende planaire oriëntatie van het
gehele director patroon in combinatie met een smectische lagenhoek
die alleen nabij de oriëntatielagen constant blijft. Dit betekent dat
het aanleggen van een electrisch veld aanleiding geeft tot een
buiging van de smectische lagen. Deze beschrijving leidt tot een
consistente interpretatie van de voorkomende electro-optische
fenomenen in SSFLC structuren, zoals die beschreven zijn in
hoofdstukken 2 en 3 en in de literatuur. De director patronen onder
stationaire electrische velden, de snelle relaxatie van de geschakelde
toestand naar de stabiele (geen veld) toestand, de irreversibele
herschikking van de smectische lagen en het twee-staps
schakelproces tussen beide toestanden kunnen hiermee verklaard
worden. Enkele eenvoudige berekeningen van de vorm van gebogen
smectische lagen en de bijbehorende vervormingsenergiëen worden
gepresenteerd in de appendix van dit hoofdstuk.
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Een belangrijk verschijnsel, dat het SSFLC schakelen vergezelt,
is ladingscompensatie. Het wordt veroorzaakt door het omkeren
van de richting van de spontane polarisatie tijdens het schakelen.
Dit wordt geïllustreerd in hoofdstuk 6, waar een studie van het
schakelgedrag onder electrisch geïsoleerde omstandigheden
gerapporteerd wordt. Net als in hoofdstuk 3 worden gepulste
cleclrische velden op SSFLC preparaten aangelegd, maar nu wordt
het preparaat direct na het aanleggen van de puls geïsoleerd. De
transmissie van lineair gepolariseerd licht wordt tijdsafhankelijk
geregistreerd, tegelijkertijd met de resterende spanning op het
preparaat. Er wordt een direct verband tussen de spanningsafval en
de transmissieverandering tijdens de geïsoleerde toestand gevonden.
Dit is begrijpelijk, daar de hoeveelheid gecompenseerde lading recht
evenredig is met het geschakelde gebied. Optisch wordt
waargenomen dat domeinen ontstaan, groeien en uiteindelijk bij een
bepaalde verdeling van donkere en lichte gebiedjes stabiliseren. Dus
er kan met behulp van dit ladings-gecontroleerde SSFLC
schakelgedrag een gradatie in transmissie verkregen worden.
De twee laatste hoofdstukken
demonstreren
nieuwe
toepassingen van SSFLC electro-optische schakelaars. Hoofdstuk
7 beschrijft hoe ze als eenvoudige zwart/kleurloos-transparant
sluiters gebruikt kunnen worden om drie dimensionale televisie
mogelijk te maken. De kijker draagt een draadloze bril met SSFLC
sluiters, welke voldoen aan de eisen van laag energieverbruik
(batterij voeding) en snelle schakeling (om synchronisatie met de
vertoonde videobeelden mogelijk te maken).
In hoofdstuk 8 wordt een zwart/wit SSFLC video display
gerealiseerd met gebruikmaking van de informatie verkregen uit de
voorafgaande hoofdstukken. Door het SSFLC effect te combineren
met een schakelelementje op elk beeldpunt (een zo-genaamde actieve
matrix) wordt de vereiste analoge gradatie verkregen. Deze gradatie
is gebaseerd op het ladings-gecontroleerde schakelen, zoals
beschreven in hoofdstuk 6. Het resulterende SSFLC video display
overtreft de huidige vloeibaar kristal televisie zowel in
schakelsnelheid als in kijkhoek.
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1.

Rapportage van bistabiliteitsmetingen aan SSFLC
strukturen zonder de electrische voorbehandeling van de
gemeten preparaten te vermelden is weinig zinvol.
(H.Ikeno et al., Jpn.J.Appl.Phys.

2.

27, L475

(1988)).

Ook bij een ferroelectrisch vloeibaar kristal display is de
op te laden capaciteit, en niet de polarisatiestroom,
bepalend voor het stroomverbruik.
(A.G.Fisher et al., 18th
Workshop, march 1989).

Freiburg

Liquid

Crystal

3.

De schakeltijd van een aktieve matrix geadresseerd,
getwist nematisch vloeibaar kristal element wordt in
hoofdzaak bepaald door de dïelectrische eigenschappen
van het vloeibare kristal.

4.

Onderzoek, waarbij getracht wordt de uitkomsten van
numerieke berekeningen aan een director patroon te doen
overeenstemmen met optische transmissiemetingen door
een vloeibaar kristallaag, leidt niet tot nieuwe concepten.
(S.J.Elston et al., J.Modern Opties 36, 1019 (1989)).

5.

De interpretatie van de activeringsenergie voor de
geleiding in amorf silicium als het energieverschil tussen
het Fermi-niveau en de geleidingsband is onjuist.
(K.Ibrahim et al, J.non Cryst.Solids 107, 61 (1988)).

6. Uit wetenschappelijk oogpunt bezien is het ongewenst te
refereren
naar
"personal
communications"
of
"unpublished results".
7. Het laten vallen van de eis tot stellingen leidt tot een
verdere gezichtsvernauwing van de promovendus.
(richtlijn II.7
promotieregeling van de Katholieke
Universiteit Nijmegen).
8. Met uitsterven bedreigd worden is de beste PR aktiviteit
die een diersoort zich kan wensen.
9. Bobo's zijn vergeten dat zij slechts het servicepersoneel
van hun organisatie zijn.
10. Milieuzorg is een welvaartsverschijnsel.
11. De zucht naar sensatie dwingt media tot schaamteloze
overdrijving.
12. Binair gezien is één plus één tien.

