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The thresholdless, hysteresis-free V-shape electrooptical switching in surface
stabilized ferroelectric liquid crystal (FLC) cells has been modeled and the
resulls compared with experimental data. High frequency V-shape switching
(at f> 100 Hz) was experimentally demonstrated and simulated numerically.
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The key role of the capacitance C of FLC aligning layers has been underlined:
thin layers with large C promote the well known bistability effect, thick layers,
on the contrary, are necessary for V-shape switching. The results of modeling
are in quantitative agreement with experiment.

Keywords: ferroelectricity; liquid crystals; simulation; V-shape effect

I. INTRODUCTION

When ferroelectric liquid crystals (FLC) with a chiral smectic C* structure
are stabilized by surfaces, the two ferroelectric states have memory and
electrooptical switching of the FLC manifests a threshold behavior with a
characteristic hysteresis (bistability phenomenon) [1]. Several publications
deal with a so-called “V-shape” or “thresholdless” switching mode of ferro-
electric and antiferroelectric (AFLC) liquid crystals [2]. That switching of
transmission 77 by triangular voltage U, at frequency f; was shown to be
accompanied by a change of the hysteresis direction from the normal to
the abnormal one when the voltage across the cell electrodes lags behind
the electrooptical response! ([3]. This regime arises typically at very low
frequencies, dependent on the thickness d, of the aligning layers. Several
mechanisms were suggested for explanation of the phenomenon [3-10],
however the problem is still far from the final solution. Recently we have
experimentally shown that the capacitance of aligning (or insulating) layers
and conductivity of the FLC layer play the key role in the appearance of the
V-shape effect [11]. Some experimental results were confirmed by com-
puter modeling based on numerical procedure developed by Palto
[12,13]. A brief description of the basic equations and experimental tests
of the computing procedure have been presented in the previous paper
[14]. Here we apply the modeling procedure to the experimentally observed
features of the V-shape switching. All important material parameters used
in calculations were measured independently for the same FLC used in
experiments. We have obtained excellent agreement between the calcu-
lated and experimental results.

2. MATERIALS AND CELLS

All measurements were carried out in the smectic C* phase of pyrimidine
compound based mixtures shown in Table 1. For these materials the
temperature dependencies of spontaneous polarization, P, tilt angle O,
rotational viscosity y, (or y2) and helical pitch p are available.

All our cells were of sandwich type consisting of two glass plates covered
by transparent conductive films of Indium-Tin-Oxide (ITO). When PBH-13
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TABLE 1 FLC Materials Used in the Present Work (Parameters are Given at

T = 25°C)
Tilt angle  Viscosity®  Pitch p
Name Phase sequence Py (nC/cmZ) O (deg) 1y v2 (Pass)  (um)
PBH-13 (LPI*) Cr-20°C-SmC*-87°C-SmA 130 35 04;1.2 0.2
-100°C-N-101°C-Iso
ZhK-438 (LPI) Cr-12°C-SmC*-82C*-SmA 85 28 0.27; 1.22 0.2
-103°C-Iso

2Lebedev Physical Institute (Moscow).
YRotational viscosity is defined as Vo = 758in%0.

was used, on the top of ITO were deposited 70-90 nm thick polyimide (PI)
aligning layers. In case of ZhK-438, insulating Al;Os (thickness 70nm) and
additional 30 nm thick aligning PI layers were deposited. In both cases only
one PI layer was buffed. The gap d between the plates was installed using
calibrated glass balls and measured by a capacitance technique before the
cells were filled with a FLC in the isotropic phase.

3. EXPERIMENTAL RESULTS AND MODELING

a) Dependence of Hysteresis Inversion Frequency on FLC
Layer Thickness

For high optical contrast in the V-shape regime, the optimum thickness has
to be about 1.4-1.56 um and 0.7-0.8 pm for displays operating in the trans-
mission and reflection modes, respectively. In paper [11] we have presented
some computation results for a 1.4 um thick cell. At room temperature the
hysteresis inversion frequency f; in such thick cells is between 1 and 10 Hz
depending on PI layer thickness and FLC conductivity. Our experiments
carried out with wedge form cells have shown that, with decreasing thick-
ness from 2.5 down to 0.8 um, the frequency f; increases one order of
magnitude. We can only model FLC cells with uniform gap. The result is
shown in Figure 1 for material PBH-13 and applied triangular
voltage £+ 10V. As cell conductivity G depends on d the specific conduc-
tivity of the material was fixed at ¢ = 10~? (curve 1) and ¢ =2.108
Ohm™'m™! (curve 2). The other measured parameters were as follows: cell
area S = lem?, Py =12:107°C/m? @ = 34 deg, y, = 0.6Pa.s, p = 0.2 um,
optical anisotropy An = 0.195 (1 = 633 nm), at T = 40°C, capacitance of
two aligning layers C = 35nF.

However, in addition to the listed parameters some others have been
taken for the calculations: Frank elastic moduli K; 93 =15, 3 and 6 pN,
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FIGURE 1 Calculated dependencies of hysteresis inversion frequency on FLC
layer thickness for two different specific conductivity of PBH-13 (40°C) mixture,
6=10""and 2 x 1078 Q7 'm~!. Other parameters are specified in the text.

respectively; compression modulus K, = 5 MPa (values higher than 5 MPa
only weakly influence the results of calculations but increase the calcu-
lation time); the viscosity ratio B = y;3/y2 =3 in accordance with the
results of [14]; ordinary refraction index 7y = 1.563 (typical value for these
materials); background dielectric constants g = 3 and typical values of
azimuthal and zenithal anchoring energy W, = 0.05 and W, = 0.5mJ/ m?.
The smectic layer normal was assumed parallel to the substrates (book-
shelf structure) because tilted layers and chevrons are hardly compatible
with good V-shape form of the Tr(U,.) curve.

From Figure 1 it is well seen that high frequency V-shape transmission
should be observed in thin cells filled with high conductive material.
Indeed, thin cells filled with ZhK-438 mixture manifest thresholdless beha-
vior at frequencies of the order of 100 Hz. An example is shown in Figure 2
(curve 1). In this case, the voltage is £5V (f = 95 Hz), the cell thickness
and temperature are 0.85 pm and 30°C. The experimental curve has been
modeled with the ZhK-438 parameters taken at 30°C: S =1cm?
Py =0.82-10"°C/m? © = 26deg, G =4S, y5 = 1.2Pas, p = 0.2 um, op-
tical anisotropy An = 0.195 (4 = 633nm), capacitance of two aligning
layers C = 3bnF and other parameters listed in the previous paragraph.
The only fitting parameter is the maximum transmission of the experi-
mental cell (at level 0.046 predicted by modeling). The result of calculation
is shown in Figure 2 (curve 2). The two curves are similar, however, due to
some texture inhomogeneities the full darkness is not reached at the mini-
mum of the experimental curve (the contrast is not very high). Below we



Downloaded by [University of California, San Diego] at 10:35 11 August 2012

V-Shape Switching in the SmC* Phase 109/[637]

0.05
0.04
C =
9
8 0.03
e _
2
e 0.02 4
(o ]
0014 ZhKass, 30°C
0.85um, 95Hz
0.00 — : : :
6 4 2 0 2 4 6

Utr’ V

FIGURE 2 Experimental (1) and calculated (2) oscillograms of the optical trans-
mission of 0.85 pm thick cell filled with Zk-438 (30°C) as function of triangular volt-
age £10V, f = 95 Hz. Other parameters are specified in the text. [Note, that small
oscillations in curve (2) have no physical sense and should be disregarded; in fact,
they disappear when the number of z-points along the cell thickness increases from
300 to 900, however, such a procedure results in the 30 times increase in calculation
time].

shall vary separately the most important parameters of our calculations.
First, consider the role of the capacitance of insulating-aligning layers
(all the remaining parameters are fixed).

B) Dependence of Threshold Voltage and Inversion Frequency
on Aligning Layer Thickness

This dependence was calculated for PBH-13 material for which the V-shape
switching is found in the range 100-200 Hz and even higher depending on
conductivity. All parameters are the same as in Figure 1, but the cell
conductivity is assumed to be G =5uS. At f; the distance between the
two transmission minima, that is the double threshold voltage 2U, is
exactly zero. In our case, for C = 35nF the frequency f = 200 Hz is close
to the genuine inversion frequency, therefore, if we fix the frequency at
200 Hz and vary C, the function 2U,(C) would pass through the zero point
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at some value of C close to 35 nF. In fact, it happens at Cy = 44 nF. It is mor-
einstructive, however, to plot 2U,, as a function of the thickness of a PI
aligning layer deposited on each of the two ITO surfaces and having
¢ =3.75. Evidently such a curve should have a minimum at d,(0) =
e60S/2Cy = 37nm. Indeed we see the zero point in curve (1) plotted in
Figure 3. At the same time the genuine inversion frequency (U, =0 at
Ji) grows systematically with increasing thickness d,, see Insert to Figure
3. With thick layers it is possible to reach very high values of f; at the cost
of the enhanced voltage across a cell because the voltage on a FLC layer
dramatically decreases with d(curve 2 in the main plot). It is interesting
that for d, > d,(0) and fixed f'=200Hz < f; the threshold voltage Uy, is
of the order of 0.1V over a wide thickness range and the 7»(U,.) curve
still has a shape similar to the V-letter with some abnormal hysteresis
hardly seen. For d, < d,(0) the normal hysteresis is observed.

C) Dependence of the Threshold Voltage on FLC Conductivity

Next, we analyze the role of FLC conductivity with fixed thickness of a PI
layer at d, = 60nm (C = 27nF). In the main plot of Figure 4 the cell con-
ductivity is varied from 1072 to 10 pS (it corresponds to specific conduc-
tivity ofaFLC of ¢ =~ 1071 — 107°Q 'm™1). The distance between the two
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FIGURE 3 Calculated dependencies of the double threshold voltage applied to the
cell 2Uy, (curve 1) and the voltage on the PBH-13 (40°C, G = 5 uS) layer (curve 2)
as functions of aligning PI layer thickness d,,. Insert: dependence of the hysteresis
inversion frequency on d,.



Downloaded by [University of California, San Diego] at 10:35 11 August 2012

V-Shape Switching in the SmC* Phase 111/[639]

, : ' T T 35
" . . —0-0—0ge >
" G=01 =
eyl 0.06 :)“
_ z
G=50 3 3 a
410.04 @«
£
[2]
g
40.02 =&
g 2
‘ 0.00
-10 1
] ] - PBH 13, d=0.85um4
g C=35nF, U =10V
T g T ~ T M : B I ' .
3 2 -1 0 ! ?

Log,,G(uS)

FIGURE 4 Calculated dependencies of the double threshold voltage applied to the
cell 2Uy, (curve 1) and the voltage on the PBH-13 (40°C) layer (curve 2) as func-
tions of FLC conductivity G, C = 35nF/ em?. Insert: two loops showing a normal
(for G = 0.1 uS) and abnormal (for G = 50 uS) hysteresis.

transmission minima passes through the zero point at about G(0) = 3uS
(6 =25x10"%Q 'm™ !, close to our experimental value at 7 = 40°C).
For G < G(0) and G > G(0) the normal and abnormal hysteresis is
observed, respectively. This is shown by arrows at the hysteresis loops
for G = 0.1 and 50 puS in the Insert to Figure 4. As expected, for very large
G the voltage across the FLC layer dramatically decreases, see curve 2 in
Figure 4.

It is of great interest to see the shape of the voltage across an FLC layer
for different operating frequencies, satisfying conditions f=f;, f > f; and
f < fi. This situation is very difficult to realize experimentally (in [11] very
thin aligning layers and external capacitors were used). The result of mod-
eling is shown in Figure 5. Curve 1 corresponds to very thin layers
(dp =17nm, f; = 90Hz, f=200Hz > f;) and the shape of the voltage on
a FLC layer (Upc) almost repeats the triangular voltage U, = +10V
(not shown). Curve 2 corresponds to the V-shape regime (d, = 47nm,
fi = 200Hz, f=f;): the voltage across FLC is approximately twice as low
as the total voltage U across the cell and has a very characteristic features,
namely, small zero-voltage “shelves” in vicinity of U = 0. Namely these
zero-field shelves provide “thresholdless” optical switching as was
assumed, in earlier calculations [6,11]. With further increase in layer thick-
ness (for curve 3 d,, = 110nm, f; = 250 Hz, /' < f;) the voltage across FLC
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Time, ms

FIGURE 5 Calculated form of the voltage on PBH-13 (40°C) layer for a triangular
voltage +£10V (f = 200Hz) applied to the cell. Capacitance of aligning layers is
varied: C' = 100 (1), 35(2, V-shape regime) and 15 nF/cm2(8).

becomes very small and this regime would require for a considerable in-
crease of the external voltage.

D) Response to Polar Pulses with High Duty Ratio

It has been found experimentally that FLC cells with thick aligning layers
never show bistable response to polar pulses of high duty ratio. Such a case
is shown in Figure 6. The experimental curve 1 is obtained on a 0.85 um
thick cell with ZhK-438 at 30°C. The polarizer is parallel to the rubbing
direction and the optical response to positive and negative pulses is the
same, as expected. What is quite specific is a fast relaxation of the field
off state (no memory effect). For modeling the same parameters were used
as before (Fig. 2) with the same capacitance (C = 35nF) of the aligning
layers. The calculated curve 2 in Figure 6 decays slower than curve 1, how-
ever its main feature is the same (no memory). It looks like the back relax-
ation of FLC is accelerated by a field of opposite sign with respect to the
pulse polarity. Such a field should be provided by a discharge of capaci-
tance C through the external circuit after the end of the pulse from a func-
tion generator. This is exactly what out modeling shows, see Figure 7.
We increase the capacitance C from 27 to 1000 nF'/ cm? (curves 1-5) and
follow a change in the cell transmission (top) and voltage on the FLC layer
(bottom). This increase of capacitance is equivalent to adecrease of the
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FIGURE 6 Experimental (1) and calculated (2) oscillograms of electrooptical
response of 0.8 um thick cell filled with ZhK-438 (30°C, G = 1 uS) to polar voltage
pulses shown at the bottom.

thickness of an aligning PI layer from 60 nm to 1.6 nm. Curve 1 in the bot-
tom plot clearly indicates that, after the positive voltage pulse, an inverse
(negative) voltage remains on the FLC layer for about t;,, = 0.5ms. This
inverse voltage forces the optical transmission to vanish very fast, within
the same 0.5ms (curve 1 on the top plot). With increasing C(curves
1 —5) the ¢, time increases, the delay in the optical transmission pulse
become longer, and finally, in the limit of infinitely thin aligning layers
(C — 00) the voltage on the FLC layer repeats the shape of the external
voltage pulse and the optical response manifests the true bistability (curves
5 on both plots). Experimentally we have checked this trend using a stan-
dard 2 pm thick cell with thin aligning layers and several external capaci-
tors connected in series with the cell. The results of our calculations have
completely been confirmed.

Therefore, our modeling has resulted in a better understanding of the
very nature of two relevant phenomena, the V-shape switching and bistabil-
ity. In fact, they are two sides of the same coin. With a large capacitance
and/or high conductivity of aligning layers the inverse field is very
low and true bistability is observed. On the contrary, with a small capaci-
tance and low conductivity of aligning layers (and also with enhanced con-
ductivity of an FLC) the V-shape electrooptical switching is observed. Note,
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FIGURE 7 Calculated oscillograms of optical transmission (a) and voltage on
the FLC layer (b) for 0.8um thick cell filled with ZhK-438 (30°C, G = 1puS).
Capacitance of aligning layers is varied: C =27(1), 35(2), 100(3), 200(4) and
1000nF/cm? (5).

that electrooptical hysteresis would still be observed, if the transmission is
plotted as a function of the voltage on the FLC layer and not of the
voltage on the cell as discussed earlier [11].

4. CONCLUSION

The V-shape electrooptical switching in FLC cells has been modeled and
the results are in quantitative agreement with experiment. The switching
threshold and hysteresis inversion frequency strongly depend on the con-
ductivity of FLC layers. The key role of the capacitance C of FLC aligning
layers has been underlined: thin layers with large C promote the well
known bistability effect, thick layers, on the contrary, are necessary for
V-shape switching.
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