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An improved equivalent circuit model and the dependence of hysteresis inversion frequency on
typical parameters of V-shaped switching SSFLC cells for both bookshelf and chevron structures
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An improved equivalent circuit model able to be applied to conventional circuit simulators is presented for
optical response prediction and drive circuit design of V-shaped surface-stabilised ferroelectric liquid crystal
(SSFLC) cells. The model is derived from Moore and Travis’ original model. Moreover, the impedance divider
induced by the multilayer structure of the liquid-crystal cells is taken into account, and both polar and non-polar
surface anchoring energy are considered to make the model more preferable. The model is then utilised to
investigate the thresholdless switching characteristics for both bookshelf and chevron structures. With the circuit
model: (1) the genuine V-shaped switching occurs only at the hysteresis inversion frequency f;, and below (above)
fi an anomalous (normal) hysteresis is observed; (2) the genuine V-shaped switching is only observed when the
transmission is plotted as a function of the total applied voltage; (3) f; increases with increasing conductivity of
liquid-crystal layer (G c) and the amplitude of applied voltage, and the function of f; (Gi/c2 ) is almost linear; (4)
For small spontaneous polarisation ps, f; grows as p increases, however, on further increasing ps, f; reaches its
maxima and then decreases (5) the V-shaped switching can be observed in both bookshelf and chevron structures,
however, f; is higher for the chevron structure. Results obtained from the circuit model compare favourably with
the reported experimental and numerical results.

Keywords: surface-stabilised ferroelectric liquid crystal (SSFLC); V-shaped switching; hysteresis inversion
frequency; chevron structure; equivalent circuit model

1. Introduction

Ever since surface-stabilised ferroelectric liquid crys-
tal (SSFLC) was first introduced by Clark and
Lagerwall in 1980 (/), a large number of investiga-
tions have been performed (2, 3). Recently, thresh-
oldless, hysteresis-free, V-shaped, -electro-optical
switching was discovered in the thin plane-parallel
aligned cell of SSFLCs. V-shaped switching has
attracted considerable attention due to its advanta-
geous possibility of an analog gray scale. The
chevron structure of the smectic layers is a well
known characteristic of most SSFLC cells. General
opinion has been that V-shaped switching is hardly
compatible with chevron structures but, recently, it
has been proposed that V-shaped switching exists
also in SSFLC cells with chevron geometry (4, 5). The
switching mechanism of V-shaped switching is still
under discussion (6-70). Recently, the idea that V-
shaped switching is an apparent rather than a real
phenomenon of SSFLC cells has been put forward by
Blinov et al. (//-15). The authors also proposed an
equivalent circuit to describe the voltage divider
constructed by the ferroelectric liquid-crystal (FLC)
layer, alignment layer and the drive circuit. Due to
this, even the optical transmittance shows a hysteresis

at f; when it is plotted as a function of the voltage on
the FLC layer and not as a function of the total
voltage. On the basis of the proposed circuit, a drive
circuit for a fast-response display panel has been
developed by Shwu-Yun et al. (16, 17).

The equivalent circuit proposed by Blinov et al. is
solved by a numerical algorithm (0, 15). Moreover,
performances of V-shaped switching are usually
predicted by a numerical algorithm which might
be written in Matlab, C++ or such like. However, since
the voltage divider plays an important role in V-shaped
switching, an equivalent circuit able to be applied to
conventional circuit simulators, e.g. PSpice, is a
promising alternative. An equivalent circuit is the
natural model to describe and design the voltage
divider, especially when the drive circuit and the drive
voltage have comparatively complicated forms.
Furthermore, the great majority of transistor-based
components are now defined by libraries written in
PSpice or such like, so it is expedient to stretch the
circuit model for a single FLC cell into various FLC-
based photoelectric devices. Thus the motivation of
this paper is to consolidate the proposal of an
equivalent circuit by Blinov et al. and to develop an
improved equivalent circuit model which can be used in

*Corresponding author. Email: yaoyao_0526@163.com, yaoyao_0526@hotmail.com

ISSN 0267-8292 print/ISSN 1366-5855 online
© 2008 Taylor & Francis

DOI: 10.1080/02678290801902549
http://www.informaworld.com



15:19 25 January 2011

Downl oaded At:

374 M. Y. Wang et al.

optical response prediction and drive circuit optimisa-
tion for V-shaped switching SSFLC cells.

In this paper, we introduce Moore and Travis’
equivalent circuit model (/8) and apply it to the
SSFLC cell. This model defines the rotation of FLC
director as the charging voltage on a capacitor. This
model has been investigated further in the t— Vi,
addressing model (/9), binary phase modulation (20),
the optically addressed spatial light modulator (21)
and CMOS backplane (22). However, this model has
failed to predict the performance of V-shaped
switching since the voltage divider is not calculated
and the restoring torque is generated from straight
line sections. In the improved model, the voltage
divider is considered, and both polar and non-polar
surface-anchoring energy are included. First, we
demonstrate the validity of the improved circuit
model with the valuable model proposed by Blinov et
al. Second, we adopt and generalise this model to
study the variation of inversion frequency with three
of the most important parameters in V-shaped
switching (the conductivity of the liquid-crystal layer,
spontaneous polarisation and the amplitude of
applied voltage) for both bookshelf and chevron
structures.

2. Physics, dynamic equations and model
establishment

2.1. The chevron structure and the dynamic equations

Chevron formation in smectic samples is a result of
the layers anchoring normal or nearly normal to the
bounding plates and subsequent layer contraction in
the absence of dislocations. The generalised repre-
sentation of SSFLC with a chevron structure is
shown in Figure 1 (23), in which the director has the

/

I Glass substrate

@ x

Smediclnyer@ y (E,gﬂ) 2('PSrp)

Figure 1. Generalised representation of FLC with a chevron
structure. This figure shows the top part of the cell (23).

frame of reference in the director (I, 2, 3) and
laboratory (x, y, z). The 3 direction is parallel to the
director n, the 2 direction normal to the director and
to the tilted plane, and the I direction normal to
these. p is the unit spontaneous polarisation vector
and in the direction of 2-axis. The electric field of
liquid-crystal layer is E, along the y—axis. 6 is the cone
angle, J is the chevron tilt angle, ¢ is the azimuth
angle and d is the thickness of the FLC layer.

Generally speaking, the total free energy density f
in an electric field E mainly depends on three
different terms, the ferroelectric energy, the dielectric
energy and the surface anchoring energy (24). The
curvature elastic energy is neglected since the circuit
model is based on the assumption that director and
polarisation fields are spatially homogeneous. The
free energy density f'is given as

f=PsE(py)+ et 1)

where Pg is spontaneous polarisation, £ is the electric
field of the liquid-crystal layer, W, is the strength
of surface-anchoring energy. Here the dielectric
energy is cancelled since it is not essential in this
paper. Phenomenologically, the value of Wi, i
expressed in terms of the scalar products and as
follows (25):

L
Wan= 3 |5 v ) )
v==1 y=vd/2

where W, (W_;) is the strength of non-polar

anchoring at the upper (lower) substrate, WI(P)

(W(_Pl) ) is the polar anchoring strength at the upper
and lower substrate, respectively. It is seen form
Equations (1) and (2) that in order to calculate the
free energy f, the components of n and p along the y-
axis are required. These can be calculated from the
transformation of the director axes frame to the
laboratory axes frame. First, the coordinate is rotated
by cone angle 6 around the 2-axis.

This is followed by a rotation of ¢ around the
3-axis. This, in turn, is followed by a rotation of o
around the 1-axis. These successive rotations may be
expressed as rotation matrices Ry, R, and R, and the
FLC properties determined in the laboratory refer-
ence frame may be related to the director reference
frame using the rotation R=(R;)(R,)(R). R is
expressed as follows:

cos ¢ cos 0 —sin¢ cos ¢sin 0
R=|cosdcosOsing+sindsin@ cosdcos¢ cosdsingsin@—sindcost |. (3)
sindsinOsing—cosdsin  sindcos¢ sindsin ¢ sin O+ cosd cos O
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The director in the laboratory frame of reference (n,,
ny, n.)" is related to the director in the director frame
(nla na, n3)T by

Ny n 0
ny, | =R|n |=R|0]|=
n. ns 1
. cos ¢ sin 0 @
€0s 0 sin ¢ sin 0 —sin 6 cos 0
| sin d sin ¢ sin 0 +cos § cos 0

Then the value of (n-y) is cos d sin ¢ sin 0—sin o cos 0.
Similarly, (p, py, p2)" is related to (p1, p2, p3)" by

Dx D1 0 —sin¢
Py |=R|pr|=R|1|=|cosdcos¢ (5)
p- D3 0 sin d cos ¢

and the value of (p-y) is cosdcos¢. Combining
Equations (1), (2), (4) and (5), the anchoring energy
f1s given by

f=PsEcosdcos¢+
(6)

2 (cos d sin ¢ —sin d cos 0 /sin 0)* — TPCOS dcos ¢

where W=(W,+W_,)sin’0 is the strength of non-

polar anchoring and W), = W(_1’1> — W1<P /i the strength
of polar anchoring, respectively. Then from the
equation of motion, the time dependent behaviour
of the director is as follows:

d
yd—q; = PgE cosdsin¢—

Y (cosdsinOsing—sindcosl) (7)

W,
c0s 5 Cos — 7pcos dsin d)]

drive circuit

= § '3 O
il
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where y is the rotational viscosity and 7 is time scale.
Equation (7) is universally called the torque balance
equation and its three parts from left to right are
viscosity torque, ferroelectric torque and surface-
anchoring torque, respectively. It is noted that in
the equation, the electric field E is derived from
E=V1cld, but not from E=V/d. So, before dealing
with the torque balance Equation(7), the voltage
drop in the FLC layer V| ¢ is needed. At this stage the
voltage divider, which might consist of the FLC layer,
alignment layer and the drive circuit should be taken
into account.

2.2. The equivalent circuit model for V-shaped FLC
cells

Figure 2 shows the improved equivalent -circuit
model for the V-shaped switching SSFLC cells. The
model is shown as three parts: as port electric
characteristics of the cell, as reproducing physics
and dynamic equations of a single cell, and as optical
output, respectively.

In the simulation, triangular pulses are applied to
drive the liquid-crystal device. Cp and Rp are the
equivalent capacitor and resistor for alignment
layers, similarly Cpc and Rpc are the equivalent
capacitor and resistor for the FLC layer. Various
drive circuits could be conveniently inserted into the
model between ports 2 and 0. It can be seen from the
model that the voltage drop on the FLC layer is
1(3,0); this is closely related to the voltage divider
which is composed of the drive circuit, alignment
layer and liquid-crystal layer. Thus the form of the
voltage drop on the FLC layer can be very different
from the form of the voltage drop on the total device.
The differences no doubt affect the form of the field-
induced optical transmission curve and a robust
design should take this into account. For reproducing
the physics and dynamic equations, the model used
an integral capacitor Coyt which is derived from
Moore and Travis’ PSpice equivalent circuit (/8),
with the voltage dropping on Cout (Vcout) the

defimtion of director rotation denved
from Moore and Travis® model

G,,| Gu E

ouT

0

pont electric charactenistics  equivalent m.i&ﬁﬁe-balmce equation  optical output

Figure 2. The improved equivalent circuit model for the V-shaped switching SSFLC cells.
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azimuth angle ¢ of FLC directors is represented. The
three current sources Gr, Gpg and Gw are controlled
by Vcour and are equivalent to viscosity torque,
ferroelectric torque and surface-anchoring torque,
respectively. Thus the torque balance equation which
describes the rotation mechanism of directors as a
function of time, the voltage drop in the FLC layer
and the parameters of the liquid crystal are con-
solidated in the circuit model. Finally, from the
equivalent circuit, normalised light intensity is given
by a voltage source E.,, with which optical perfor-
mances are measured in section 3.

3. Simulation results and discussion

The simulation parameters spontaneous polarisation
Ps=130nCcm ™2, rotational viscosity =400 mPa-s,
cone angle 6=35°, area 4=1.3 cm?, thickness of FLC
layer d=1.4um and two alignment layers each of
thickness dp=40nm. With the dielectric constant
ep=3.8 and the specific resistance pp=10'* Q-cm, the
capacitance of alignment layer is Cp=¢pA/4nk(2dp)=~
55nF and the resistance is R,=p,(2d,)/A=615MQ.
Parameters mentioned above are directly derived
from the experimental reports and the FLC mixture
is PBH-13 (/1, 16, 26). Other parameters are
typical in FLCs: strength of non-polar anchoring
W=2x10"*Jem % (25) and chevron tilt angle
0=0.90 (27). The capacitance of FLC layer Cic
decreases as voltage increases, and with the voltage
implemented in this study (higher than 1V) Cyc can
be negligible compared to C, (/6). The strength of
polar anchoring W, is set to be zero, so that it is not
brought into play in this study.

3.1. The hysteresis inversion firequency

The switching mechanism of V-shaped switching
is still under discussion; Blinov et al. propose that
V-shaped switching of SSFLC cells is an apparent
phenomenon rather than a real effect (/7). We would
like to repeat their viewpoint that firstly, V-shaped
switching is observed only at one characteristic
frequency f;. Secondly, switching is accompanied by
an inversion of the electro-optical hysteresis direction
from the normal to the abnormal one. And finally,
optical transmittance even shows a hysteresis at f;
when it is plotted as a function of the voltage on
the FLC layer and not as a function of the total
applied voltage. In Figures 3-5, we show that
simulation results from the circuit model are in
good agreement with the above results. Figure 3
illustrates a change in the hysteresis direction with
Ry c=10MQ. The optical transmittance of the cell
induced by a triangular voltage form of amplitude

S
©
~
()
[&]
j
S
£
2]
c
E 1 [
}__
0.5
0
-6

ViV

Figure 3. Transmittance controlled by a triangular voltage
form of amplitude +8.3V at different frequencies (from
top to bottom): f=1Hz, 6.6 Hz and 100 Hz.

+ 8.3V shows typical V-shaped electro-optical beha-
vior at a frequency of 6.6Hz, see in Figure 3 (Db).
Below and above this frequency an anomalous and
normal hysteresis is observed for 1 Hz and 100 Hz, see
Figures 3(a) and 3(c), respectively, and the arrows
show the routes of the transmittance variation.

The voltage difference between two transmission
minima of the W-letter (seen in Figures 3(a) and
3(c)) is defined as the coercive voltage V- for FLC
switching. The genuine V-shaped switching corre-
sponds to V=0, seen in Figure 3 (b). The frequency
dependence of V- with different resistors of FLC
layer is shown in Figure 4. The zero line separates the

2

0 1 2
log(f) / Hz

Figure 4. Coercive voltage, V¢, as a function of frequency
with different Ry ¢ of 0.2 MQ, 2 MQ and 20 M€, respectively.
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Figure 5. (a) The form of voltage on FLC layer, Vic,
the parameters are the same as in Figure 3b (b) same
transmittance of Figure 3 b replotted as a function of V7 c.

areas of the anomalous (below) and normal (above)
hysteresis. It is seen that the coercive voltage is
frequency-dependent and the genuine thresholdless
switching is observed at only one frequency f; which is
universally called hysteresis inversion frequency.

With the same parameters of Figure 3 (b), the form
of voltage dropping on FLC layer, Vi, is given
in Figure 5(a). It is seen that the form of the curve of
V1 c is distinctly different from the form of triangular
pulses of the total applied voltage. The same optical
transmittance is then replotted as a different coordi-
nate, namely as a function of Vi ¢, see Figure 5 (b): the
genuine V shape is diminished and a hysteresis typical
for conventional FLC’s is clearly seen in the curve.

From Figures 3-5, it is seen that simulation results
from the circuit model are in good agreement with the
laws given by the model of Blinov et al. (/7). In fact, we
also tried a set of values for many parameters, such as
spontaneous polarisation, resistor of FLC layer,
amplitude of the total voltage, chevron tilt angle and
so on, and all the simulations show similar results as
shown in Figures 3-5. The frequency f; is very
characteristic and important for understanding the V-
shaped, hysteresis-free switching of FLCs. In the
following sections, the circuit model is utilised to
investigate the variation of f; with different conductiv-
ities of liquid-crystal layers, amplitudes of applied
voltage and the spontaneous polarisation for both
bookshelf and chevron structures.

3.2. fidependence on conductivity of liquid-crystal layer

The dependence of the hysteresis inversion frequency
f; on the square root of conductivity of the FLC layer

Liquid Crystals 377
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Figure 6. Comparison between the chevron and bookshelf
structures of the dependence of the hysteresis inversion
frequency on the square root of conductivity (other
parameters are the same).

for both bookshelf and chevron structures are shown
in Figure 6, in which the symbols * O’ and ‘[’ are
directly derived from the circuit model and the dotted
curves are fitted to the data. In the figure, the abscissa
is selected in order to check a prediction of the simple
analytical theory developed by Pikin (/7). Indeed,

the functions f; (Gi/c2 ) (GrLc=1/R; c) are almost linear

for both structures, as predicted. The same theory
correctly describes the fi(Cp) dependence. Also, the
same result (i.e. f; (Gi/c2 ) is almost linear) is given by
Blinov et al. (4). From the figure it is also seen that f;
is increases with increasing conductivity from 0.17 Hz
to 39 Hz for the bookshelf structure (see the lower
curve) and rises within the range (0.8 Hz, 53 Hz) for
the chevron structure (see the higher curve). The
result that f; is higher for the chevron structure than
the bookshelf structure was first reported by Blinov
et al. (4). This is interesting since general opinion is
that V-shaped switching is hardly compatible for a
chevron structure.

3.3. f; dependence on amplitude of applied voltage

The dependence of f; on amplitude of the total
applied voltage for both bookshelf and chevron
structures are shown in Figure 7. The symbols are
derived directly from the model and the dotted curves
are fitted to the data. The hysteresis inversion
frequency f; increases with increasing voltage in both
bookshelf and chevron structures. However the range
of f; is (0.24 Hz, 7.5Hz) for the bookshelf structure
and (1.2 Hz, 8.6 Hz) for chevron structure. Also, f; for
the chevron structure are higher than those for
bookshelf structure. The f; dependence of amplitude
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Figure 7. Comparison of the dependence of the hysteresis
inversion frequency f; on the amplitude of total applied
voltage for the bookshelf and chevron structures.

of applied voltage is as predicted since it comes
from the voltage dependence of the switching time
t=y/PsE (II) and has been proved by several
experimental results (4, 16).

3.4. f; dependence on spontaneous polarisation

The dependence of f; on spontaneous polarisation for
both the bookshelf and chevron structures is shown
in Figure 8. The figure shows that f; for the chevron
structure is higher than that for the bookshelf
structure. Also, f; shows a maximum as spontaneous
polarisation increases in both cases. Take the case of
chevron structure for example (see the higher curve),
when Ps<<100nC, f; increases as Pg increases. In this
sense, high values of Pg are preferable for V-shaped

n
6 L
N
s . bookshelf
S s ] .
4
3. " " " L
60 90 120 150
F'S,fn(}::m':2

Figure 8. Dependence of the hysteresis inversion frequency
on spontaneous polarisation for the chevron and bookshelf
structures.

switching as discussed in (6). However, as Pg further
increases, the curve reaches its maxima and then f;
decreases. This result has been reported by Blinov
et al. as a simulation result (4) and is an important
indication of the coincidence of the circuit model with
the valuable model. Although the reason for such a
tendency is not clear now, it should be taken into
account when tailoring new materials for V-shaped
switching.

4. Conclusions

An improved equivalent circuit model for V-shaped,
thresholdless, hysteresis-free SSFLC cells has been
developed. The difference between the improved
model and previous circuit models is that the
impedance divider induced by the multilayer struc-
ture of SSFLC cells is taken into account in the
improved model. Also, both polar and non-polar
surface-anchoring energy are considered in the
improved model. The result that V-shaped switching
occurs only at the hysteresis inversion frequency and
only when the transmittance is plotted as a function
of the total applied voltage is well reproduced by the
improved model. Also, the dependence of hysteresis
inversion frequency on conductivity of the FLC
layer, amplitude of applied voltage and spontaneous
polarisation for both bookshelf and chevron struc-
tures are simulated; the dependence given by the
improved circuit model is in good agreement with the
reported theoretical and experimental results.
Moreover, since the circuit model is established based
on the so-called uniform theory where the director
orientation does not vary along the thickness of
liquid-crystal cell, it proves that even a homogeneous
structure of a SSFLC cell combined with the
impedance divider allows an explanation of V-shaped
switching. Finally, it should be emphasised that the
equivalent circuit model described here is not a
unique case; various drive circuits can be con-
veniently inserted into the model and the model can
be extended into general electro-optical devices with
the light modulation layer comprising of FLC.
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