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A ferroelectric liquid crystal(FLC) cell can be modeled as a combination of capacitors and resistors. In
accordance with the properties of the FLC cell, external electric elements, such as capacitors and resistors, are
usually connected to achieve a V-shaped performance at a driving inversion frequencyf i. However, the
inversion frequency is strongly dependent on the external electric elements and the applied voltage. In this
paper, the relation between the inversion frequency and the applied voltage is discussed. Additionally, the
inversion frequency is found to be approximately proportional tosReqCeqd−0.52, whereReq andCeq are equiva-
lent resistance and capacitance, respectively. Based on the above properties, a useful driving scheme is pro-
posed to achieve thresholdless, hysteresis-free, V-shaped characteristics for FLC cells at a driving frequency of
100 Hz. The driving scheme can be applied to fast-response FLC display.
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I. INTRODUCTION

Since the discovery of ferroelectric liquid crystals, a large
number of investigations have been performed for funda-
mental understanding and technological applications. Re-
cently, a thresholdless, hysteresis-free, V-shaped, electro-
optical (EO) switching was discovered in the thin plane-
parallel aligned cell of surface-stabilized ferroelectric liquid
crystals (SSFLCs). The V-shaped switching has attracted
considerable attention due to the advantageous possibility of
an analog gray scale[1–5].

In Fig. 1, the optical transmittance shows a typical
V-shaped characteristic when a triangular voltage wave form
of ±10 V is applied to the cell at a frequency of 90 mHz. The
EO transmittance appears W-shaped as a result of altering
the frequency above or below the characteristic frequency,
which is the so-called inversion frequency.Čopič et al. have
constructed a model to explain the thresholdless V-shaped
switching in ferroelectric liquid crystal(FLC) layers with
alignment layers[6,7], but the mechanism for “V-shaped”
switching is still under discussion. Recently, several ideas on
the cause of a thresholdless, hysteresis-free, genuine
V-shaped switching at inversion frequency and the equiva-
lent circuit of FLC have been proposed by Blinovet al. [8].
However, the voltage dependence of inversion frequency is
evident. The proposed circuit with the external electrical el-
ements connected to FLC cells fails to remove the voltage
dependence.

Up until now, only a few FLC materials reveal intrinsic
V-shaped characteristics and the name “V-shaped FLCs
(VFLCs)” are referred to these materials. The main advan-
tage of these materials is low switching voltage and the pres-
ence of an analog gray scale. However, the intrinsic genuine
V-shaped switching is observed only at very low frequency

s,10 Hzd and usually far above room temperature[9].
Moreover, the EO transmittance of the so-called V-shaped
materials often appears W-shaped rather than V-shaped, due
to altering the driving voltage. The W-shaped characteristic
is undesirable, because the driving procedure is very compli-
cated and the driving circuit is difficult to design[10].

At present, to explore a VFLC for a fast-response display
panel, there are three aspects that should be improved. The
first one is to raise the inversion frequencyf i to an acceptable
level (.60 Hz, the frame rate for a display panel). The sec-
ond one is to remove the strong dependence of inversion
frequencyf i on the applied voltage, such that the FLC panel
can keep in V-shaped switching rather than W-shaped
switching. The third one is to suppress the effect of the volt-
age and temperature dependence of the dynamical capaci-
tance and resistance of the FLC layer[8]. In this paper we
would like to propose a useful driving scheme to achieve
these three characteristics. In Sec II we first give the detailed
description of our experiment. In Sec. III we show that the
W- and V-shaped electro-optic transmittance can occur, and
then apply our designed circuit to achieve a true V-shaped
EO transmittance operating at high frequency. Finally, a dis-
cussion and summary follow.

II. EXPERIMENT

In the experiment the SSFLC cells are of the sandwich-
type, consisting of two glass plates covered by transparent
conductive films of indium tin oxide(ITO). The parameters
of the cell are the thickness of the gapd=2 mm, areaA=5
35 mm2, and two alignment layers each of thicknessdp
=40 nm. FLC liquid crystal CS-1025(Chisso) at room tem-
perature is filled into the gap between the plates. Two wires
are fixed separately to the ITO-coated glass plates of the
SSFLC cell by silver paint.

All measurements are carried out in the smecticCp phase
of the FLC. The FLC cell is set between the crossed polarizer*Electronic address: sytsay@ntut.edu.tw
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and analyzer perpendicular and parallel to the normal of the
smectic layers, and driven by the triangular voltage with am-
plitude ±Vp. The EO transmittance of the FLC is investigated
using a low-frequency function generator Instek GFG-8020H
with a homemade power amplifier, a He-Ne laser of
632.8 nm, a photodetector, and a digital oscilloscope
TDS2002(Tektronix).

III. RESULTS AND DISCUSSION

In Fig. 1, the optical transmittance of the cell induced by
a triangular wave form voltage of the amplitude ±10 V at
90 mHz shows an intrinsic thresholdless electro-optical be-
havior at 25°C. There are no external elements connected to
the FLC cell. The genuine V-shaped switching corresponds
to the threshold voltageVth=0.

Figure 2(a) shows the equivalent electric circuit for
SSFLC. With the dielectric constant of the polymer«p=3.8
and specific resistancer=1014 V m, the polymer layer ca-
pacitance Cp=0.5«pA/dps<10 nFd and resistance Rp

=2rdp/As<33109 Vd, respectively. The resistanceRp can
be ignored compared to the dynamical impedance of the
polymer capacitor at the frequency higher than 10 mHz.
Thus, we adopt the simplified circuit[Fig. 2(b)] for FLC cell.
The magnitudes of the capacitance and the resistance of the
cell are measured at the bias voltage 1.0 V and frequency
100 Hz using an LCR meter. The corresponding capacitance
CLC,1V=0.02 nF of the FLC layer via the equivalent circuit
Fig. 2(b) is obtained. The capacitanceCLC of the FLC de-
creases as voltage increases. Since we are interested in the
amplitude larger than 1 V,CLC is negligible compared toCp.
Therefore, theRC constant of FLC cell becomesCpRLC.

To elevate the inversion frequency to 100 Hz, an opti-
mized capacitor withCext=2.64 nF and a resistorRext!RLC
are selected to connect to the FLC cell, as shown in Fig. 2(c).
The equivalent capacitance and resistance areCeq<2.64 nF
<s1/4dCp andReq<Rext<500 kV, respectively. Because of
the external electric elements, the inversion frequency can be
shifted from 90 mHz to 100 Hz. As shown in Fig. 3(a), the
inversion frequencyf i is the function of the external resis-

tanceRext and voltageVp. In Fig. 3(b), log10sf id is plotted as
a function of log10sReqd for different voltages. It is fitting to a
straight line with intercept log10sf id=−h log10sReqd+b by
least-squares fitting. The parametersh8s for different volt-
ages in the assumptionf i =AsReqCeqd−h are indicated in Fig.
3(b) and the values are between 0.52 and 0.6, which are very
close to 0.5 predicted from the theory for intrinsic inversion
frequency[8]. The dynamical resistanceRLC,10V<7.58
3107 kV of the FLC layer for operating voltageVp=10 V is
obtained from the straight line function with the correspond-
ing inversion frequencyf i =90 mHz. It is obvious that the
constantReqCeq is decreased by the factorh=1.64310−6

with the electrical elementsCext and Rext connected to the
FLC cell. From the approximation, we estimate the inversion
frequency would be elevated by the factorh−0.52s<1019d,
which agrees with our optimized circuit that raises the inver-
sion frequency from 90 mHz to 100 Hz. We indeed give a
numerical analysis to estimate the dynamical resistanceRLC
of FLC layer explicitly. It is helpful to select the external
elementsRext and Cext to raise the inversion frequency effi-
ciently.

From Fig. 3(a) it also suggests that the parallel external
resistor is a pretty good choice for removing the voltage
dependence of the inversion frequency and furthermore set-
ting the constant inversion frequency. In our case, the spe-
cific inversion frequency 100 Hz is chosen from Fig. 3(a) for
a V-shaped driving wave form. Firstly, we plotRext as func-

FIG. 1. Transmittance of the FLC cell driven by a triangular
wave voltage form ±10 V at frequencyf =90 mHz, temperature
25°C.

FIG. 2. Equivalent circuit(a) FLC cell, with Cp and Rp the
capacitance and resistance of the polymer layer.CLC and RLC are
the capacitance and resistance of the FLC layer.(b) The same cell
with Rp neglected.(c) The circuit of the cell connected to external
resistorRext and capacitorCext.
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tion of Vp in Fig. 4 and decide the corresponding suitable
external resistances 480, 549, 606, and 648 kV for four spe-
cific voltage amplitudes3,4,5 and 6 V,respectively. There-
fore, we design an optimized circuit shown in Fig. 5. The
FLC cell is designed to connect to one of the suitable exter-

nal resistors mentioned above in parallel to the FLC cell
corresponding to the four specified voltagesVp’s from the
function generator. In other words, using an A/D converter
and a digital switch, automatic gray level selection can be
achieved. Figures 6(a) and 6(b) show the EO transmittance
without any external elements forVp=3 and 6 V, respec-
tively. Both are in W shape and are not coincident. It will
thus make the driving circuit much more complicated[10].
With our proposed circuit shown in Fig. 5 to select the opti-

FIG. 3. (a) Inversion frequencyf i as a function of the triangular
voltage amplitude Vp for different external resistances 464, 502,
578, 615, and 632 kV. (b) log10sf id is plotted as a function of
log10sReqd for different voltage amplitudes. A straight line with in-
tercept log10sf id=−hlog10sReqd+b is fitted. The correspondingh8s
for voltages 3, 4, 6, 8, and 10 V are 0.52, 0.58, 0.53, 0.56, and 0.60,
respectively.

FIG. 4. The selected external resistanceRext as a function of the
triangular voltage amplitudeVp at f i =100 Hz.

FIG. 5. The optimized circuit withCext=2.64 nF, the A/D con-
verter and digital switch will automatically select a suitable external
resistor connected to a FLC cell according to the driving voltage
from the function generator.

FIG. 6. The EO transmittance of a FLC cell without external
electrical elements for the amplitude of the triangular voltage(a)
Vp=3 V and(b) Vp=6 V.
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mized resistor, the EO transmittances become V shaped and
are in complete accordance with each other, as shown in
Figs. 7(a) and 7(b). The situations are the same for the am-
plitudes 4 and 5 V. Figures 7(a) and 7(b) clearly show that
our proposed circuit has accomplished both symmetric(V-
shaped) EO performance and lower switching voltage at high
frequency 100 Hz. In the fine structure of the V-shape, the
EO transmittance increases monotonically with increasing
the applied voltage from 0.2 to 2.5 V. It is obvious that the
applied voltage in this range can modulate the gray levels of
a SSFLC linearly.

The electric power is estimated by applying the equivalent
electronic circuit[Fig. 2(c)] to conventional circuit simula-
tors such as SPICE. It is about 10.0mW for Rext=500 kV
when a triangular voltage wave form of ±5 V at a frequency
of 100 Hz is applied. Even though the more power is re-
quired to drive the proposed circuit, it is still acceptable.

IV. CONCLUSION

From the results of our experiments described above, we
can see that both the external capacitor and resistor play
crucial roles in increasing the inversion frequency. Although
the dependence of inversion frequency on the external resis-
tance and capacitance is quite complicated, the reliable way
to estimate the dynamical resistanceRLC of the FLC layer is
given in Sec. III. Furthermore, it can be approximated that
the inversion frequencyf i is proportional to sReqCeqd−h,
whereh is between 0.5 and 0.6, which is in correspondence
with the theoretical approximation[8]. Then we can follow
Sec. III to select the suitable external capacitor and compen-
sated resistor connected to the FLC cell to raise the inversion
frequency by this approximation.

For continuous gray scale capability, the FLC cell should
operate at the specific frequency and keep in V shape for
different driving voltages. In Blinov’s work, the external
electric elements are suggested to connect to the cell to raise
inversion frequency and to achieve the thresholdless,
hysteresis-free, V-shaped, electro-optical switching in
SSFLC. However, with the external electric elements being
connected to the cell, the voltage dependence of inversion
frequency is noticeable enough to be taken into consider-
ation. But until now, not much attention has been paid to deal
with it. In this paper, we design the optimized circuit to
select the corresponding suitable external resistance con-
nected in parallel to an FLC cell for different voltages from a
function generator. The EO transmittances of an FLC cell
induced by a triangular voltage form of different amplitudes
at 100 Hz reveal V shapes, and all the V shapes are identical.
It is evident that we have removed the voltage dependence of
inversion frequency to produce gray scale modulation of the
ferroelectric liquid crystal cells.

In addition to the merits mentioned above, the tempera-
ture and voltage dependence of FLC resistance is minimized
by connecting the external resistor in parallel to an FLC cell,
since the external resistance is quite smaller thanRLC and the
equivalent resistanceReq<Rext. Although the proposed cir-
cuit needs more power for driving, it is still acceptable in
practical design.

On the basis of our optimized circuit, our research group
extends the gray scale capability without a threshold and the
voltage dependence of the inversion frequency in SSFLC at
high frequency(ù100 Hz) to explore the probability of prac-
tical applications on fast-response FLC display panels.
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FIG. 7. The EO transmittance of a FLC cell with the optimized
circuit shown in Fig. 5 for the amplitude of the triangular voltage
(a) Vp=3 V and(b) Vp=6 V.
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