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Electro-Optic Characteristics of Charge- 
Transfer-Complex Doped Ferroelectric 
Liquid Crystal Device: Realization of Very 
High Contrast Ratio and Perfect Bistability 
B. Y. ZHANG, M. YOSHIDA, H. MAEDA, M. KIMURA, H. SEKINE and S. KOBAYASHI 
Division of Electronic and Information Engineering, Graduate School of Technology, 
Tokyo University of Agriculture and Technology, Koganei, Tokyo 184, Japan 

(Received July 25, 1990) 

A surface stabilized ferroelectric liquid crystal electro-optic device using FLC material doped with a 
charge-transfer-complex (CTC), TMTFF-ODTCNQ, was shown to reveal a perfect bistability yielding 
a 100% memory capability with an inverted polarity accompanying a high contrast ratio reaching 55:l. 

The relationship between the EO characteristics and the dynamics of the ions of CTC has been 
investigated to understand this peculiar EO performance. It was shown that the inverted bistability is 
caused by the formation of strong internal depolarization field originated from the ions of the CTC 
molecules accumulating in the interfacial region. 

Both the values of the depolarization field and the mobility of ions were evaluated. The value of the 
former was shown to reach several volts and that of the latter was 5 X lo-’ c m W  . s. These values 
are thought to be enough to cause the inverted bistability phenomena. 

Keywords: ferroelectric LC, charge-transfer-complex, inverted bistability 

1. INTRODUCTION 

Currently, a lot of papers on the surface stabilized ferroelectric liquid crystal (SSFLC) 
electrooptic (EO) devices1 have been published by many researchers for their 
interesting characteristics featured by bistability and fast respond speed.* 

However, there still exist difficulties in the preparation of the device exhibiting 
a perfect bistability with a good contrast ratio without containing defects. 

Some proposals and demonstrations that provide resolutions for realizing a per- 
fect bistability have been made: the one is to use ultrathin films such as polyimide 
(PI) Langmuir-Blodgett films3 for the molecular orientation; the other is to use 
electrically conductive orientation films4; a method which is alternative to above 
two methods is to use a charge-transfer-complex (CTC)-doped FLC material to- 
gether with ordinary rubbed PI film; however, in this case the polarity of the EO 
performance is inverted in the sense that the response is build up immediately after 
the ceasing of the writing/erasing voltage p u l ~ e s . ~  
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The present work has been done with the aim of giving a quantitative explanation 
for the mechanism of this inverted bistability. In this work, experiments have been 
done on the electrical transport properties of the CTC-doped FLC medium in order 
to understand its effect on the EO characteristics. 

From the results of this work, it was concluded that the inverted bistability was 
caused by the formation of strong internal depolarization fields originating from 
the ionic charges of the CTC molecules accumulating in the interfacial regions. 
The value of the depolarization field was determined from the behavior-of the 
inversion currents for triangular voltage waveforms. The mobility of the ionic 
charges was determined to be 5 X cm2/V . s which is sufficient to cause the 
inverted bistability when the amount of the doped CTC is appropriate. 

Some parts of these analyses were done by referring to the analytical research 
of Yang and his c o l l e a g ~ e s ~ , ~  who dealt with ionic effects on the EO performance 
of SSFLCDs. 

2. EXPERIMENTAL 

The structure of the SSFLC cell is the same as that was described in the previous 
work5: the FLC material, ZLI-3654 (E. Merck), was doped with a CTC, TMTTF- 
ODTCNQ (type LOC-1, supplied from Japan Carlit), whose chemical structure is 
shown in Figure 1; and then it was filled in a narrow space between two glass plates 
whose inner surfaces were coated with I T 0  films which were also covered with 
ordinary polyinide layers (RN305, Nissan Chem. Ind.) rubbed in advance. Typical 
thickness of the FLC medium was 2 Fm. 

The amount of the doped CTC ranged from 0.001 to 1.200 wt%; in order to 
ensure the homogeneity of the dissolved CTC in an FLC host, the mixture was 
first heated up and kept at 90°C for several minutes then it was cooled down to 
room temperature for preparing to use. 

A uniform and defect free FLC device was prepared by filling the CTC-doped 
FLC at a temperature that the medium took its isotropic phase and cooling down 
the cell slowly at the rate of O.l"C/min; for conducting this procedure a temperature 
controlling system purchased form Mettler was used. Furthermore, we applied an 
AC voltage with 40 volts peak-peak (depending on the medium thickness) in high 
frequency region (1 - 100 KHz) to the cell for several minutes in advance before 
the sample was tested; this process was extremely effective in removing zig-zag 
defects. 

TMTTF ODTCNQ 

FIGURE 1 Chemical structure of the CTC named tetramethyltetrathia fuluvalene-octadecyl tetra- 
cyanoquinodimethane (TM'ITF-ODTCNQ) . 
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Both the EO and electrical characteristics have been measured utilizing a com- 
puterized system. 

The values of the memory capability and contrast ratio are given in terms of the 
luminance factors according to CIE 1931 representation on the basis of transmission 
spectra of the SSFLCD media. The definitions of the memory capability and the 
contrast ratio are given in the previous paper.4 

3. RESULTS AND DISCUSSIONS 

3.1 Electrooptic Responses 

As a result of the treatment with application of the AC field all the zig-zag defects 
were eliminated from the region of the test pad having an area of 1 cm2, actual 
evidence of this effects being shown in Figure 2 (A), (B) and (C), microphoto- 
graphs, taken before, 5 minutes and 10 minutes after this treatment, respectively. 
As shown in Figure '2 the microphotograph of (C) exhibits an almost completely 
zig-zag defect free area observed under crossed polarizers. 

The electrooptic responses of a CTC-doped FLC cell, which was prepared with 
the method as described in the previous section, to the writing/erasing voltage 
pulses (Figure 3(A)) is shown in Figure 3(B), which is featured by a perfect bi- 
stability, having inverted polarity and giving a very high contrast ratio reaching to 
55:1. This kind of performance was obtained for the pulse voltages with a width 
exceeding 200 ps. For comparison, other two extreme examples of EO performance 
are shown on the same figure; the one is that for a sample using a FLC without 
doping with CTC but .adopting ordinary rubbed polyimide (PI) orientation films 
(Figure 3(C)), and the other is that for a sample using a CTC doped FLC but 
adopting PI Langmuir-Blodgett orientation films (Figure 3(D)). In the former a 
degradation in the memory state is recognized, whereas the latter exhibits a perfect 
and normal bistability in spite of using a CTC-doped FLC. 

The microphotographs of the memory states of this particular sample are shown 
on Figure 4 (A) and (B), corresponding to the light and dark state, respectively. 
As shown in Figure 4 the microphotograph of (B) exhibits an almost complete dark 
state in the configuration of the crossed polarizers. Table I shows the values of the 
memory capability and contrast ratio of SSFLCDs which were prepared under the 
same conditions except for changing the CTC dopant in the range 0 to 1.220 wt%. 
Clearly, the EO performance of the CTC-doped SSFLCD is better than that of 
the undoped one. 

3.2 The Ionic Transient Currents 

As the electrical transport of the ionic charge of the CTC dissolved in the FLC 
host was considered to affect the EO characteristic of the cell, we investigated the 
transient currents in response to reversal of the applied voltage. Results are shown 
in Figure 5; the curves for the currents comprise the following three parts: a sharp 
spike appearing first that originates from the ordinary dielectric relaxation; it is 
followed by a peak originating from the reversal of the spontaneous polarization, 
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(A 

FIGURE 2 Microphotographs of a CTC-doped SSFLCD before (A), 5 minutes (B) and 10 minutes 
(C) after the treatment of applying triangular wave-form voltage. 

then there appears a hump as the final event. This hump is considered to be 
attributable to the dynamics of the ionic charges.8 The appearance of this hump 
depends on the applied voltage as shown in Figure 6. No such a hump was observed 
for a sample FLC without the CTC doping. 

We interpret the time for the peak of the hump, Th, as the transient time of the 
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ions in the space between two electrodes. Figure 7 shows a plot of Th versus the 
reciprocal of the voltage; the dots are drawn by transferring data from those of 
Figure 6. The data shows a straight line. 

An analytical form of Th may be expressed as 

where d, p ,  and V stand for the spacing between two electrodes, the mobility of 
the ions, and the voltage across the two electrodes. 

From the data of Figure 7, we can obtain p = 5 x cm2/V s. 

3.3 An Interpretation of the Inverted Bistability and Evaluation of the 
Depolarization Field 

The carriers of the electrical conduction are ions of the CTC dissolved in the FLC 
matrix which obey the equilibrium equation: 
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1544 10841 B. Y. ZHANG et al. 

I I 1 mm 

FIGURE 4 Microphotograph of a CTC-doped SSFLC cell (Maximum contrast ratio is 55:1), where 
the major parts of these photos show the optical states in the electrode pad, (A) and (B), corresponding 
to the light and dark state, respectively. 

K d  D + A =  D + A -  = D +  + A - ,  
Kr 

where, D + A  - , D + and A - are the concentrations of the donor-acceptor pairs, 
positive (donor) and negative (acceptor) ions of the CTC, respectively. 

Under the applied electric field E ,  the concentration of ions may be governed 
by the following equation: 
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TABLE I 

Sample Gap Dopant M 
No: [Pml (wt%) Contrast (%) 

241 2.4 0.083 25.0 100 
243 1.7 0.083 31.8 100 
238 1.9 0.047 55.2 100 
236 2.2 0.083 55.0 100 
235 2.4 0.083 14.9 91.9 
233 1.8 0.083 26.3 100 
240 1.7 0.047 25.6 100 
234 2.2 0.083 25.3 100 
250 1.6 0.600 14.6 92 
257 1.8 0.083 33.7 100 
116 1.9 1.220 35.8 100 
115 1.9 0.600 33.4 100 
113 2.6 0.278 33.5 100 
117 0.001 2.2 44.5 

118 3.5 Undoped 2.5 48 
253 2.3 - 1.6 25.8 
242 2.5 - 1.7 28.1 
237 2.5 - 4.0 68.8 

u 10 2 0  

TIME ( i n s )  

FIGURE 5 Transient current versus time curves for the FLC compound ZLI-3654 doped with CTC 
of TMTTF-ODTCNQ under applied voltage, Vp-p, which is peak to peak of the square waveform 
voltage. The solid and dashed lines represent the current through the CTC-doped and the undoped 
SSFLC cells. 

where n(t) is the concentration of the dissolved CTC in an ionic form as a function 
of time (n(t)  = n+(t)  = n-( t )  because TMTTF-ODTCNQ is 1:l complex), and 
C ,  k+, p-,  K d ,  and K, stand for the present solute (dopant) concentration, the 
positive and negative ionic mobility, the dissociation and recombination kinetic 
constants, respectively. 

By introducing the average value of k = (k+ + p-)/2, the rate Equation (2) 
can be rewritten as: 
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0 10 

TIME (mS) 
FIGURE 6 Variation of the ionic reversal transient current under the different applied fields at room 
temperature. 

The solution of Equation (3) gives the chemical relaxation time TR for E = 0 
as : 

The electrical relaxation time TT that is equivalent to the transit time is given 
by taking only the third term (neglecting both the first and the second terms) of 
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EO-CHARACTERISTICS OF FLC DEVICE [1087]/157 

RECIPROCAL VOLTAGE V-' 

FIGURE 7 Variation in ion hump peak time of Figure 6 as a function of the reciprocal applied 
voltage. 

Equation (3) as 

The solution of Equation (5)  gives: 

d 
T - -  

- pE' 

Usually, TR >> TT and the electrolysis rate is much faster than the recombination 
rate under a high electric field.9 This situation thought to be valid for the system 
of CTC-doped-FLC. 

Schematic illustrations of the electrical states occurring in a CTC-doped-FLC 
cell during the application of, e.g., writing voltage and just after switching off this 
voltage are given in Figure 8 (A) and (B), respectively. In the former, the spon- 
taneous polarization P, aligns along to the direction of the external applied field 
Eappl; at the same time there build up the following three kinds of the internal 
depolarization fields: one originating from the accumulated ions of the CTC, E,; 
the second originating from the impurity ions, E,; and the final one originating 
from spontaneous polarization of FLC, Ep.  

In our sample, Ec dominates over other two fields when the concentration of 
CTC exceeds 0.005-0.600 wt%.loJ1 Just after the switching off the applied external 
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I I I 

I - 
A- 8 A- 8 A- 8 A- 

I I T  I I 
D' 8 D' 61 D' &I D" 

(Bi  

FIGURE 8 Inverted bistability model for TM7TF-ODTCNQ doped SSFLCD. 

field, the same charges induced in the electrodes disappear due to the discharge 
in term of the external circuit having a low impedance of 50 ohms, however, the 
field E ,  lasts meanwhile and it is capable of switching the Ps in the opposite 
direction as shown in Figure 8 (B); this is a model proposed in this paper for 
explaining the inverted bistability. No such inverted BS was observed for a CTC- 
doped FLC when PI-LB films were adopted for the molecular orientation (Figure 
3 (D)). This effect can be explained by the neutralization of all the charges ac- 
cumulating in the region due to the very thinness of the LB films (2 nm). For this 
reason, the ions of CTC play the key role in realizing the inverted BS by cooperating 
with the non conductive nature of the orientation films. 

The magnitude of the depolarization field can be determined directly by observing 
the voltage, VLc, which appears just after the removal of the external voltage, 
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EO-CHARACTERISTICS OF FLC DEVICE [lo8911159 

across the LC medium, expressed by 

COR 
Vappl. 7 

ZcLC -k COR 
VLC = 

where COR and CLc stand for the capacitance of the orientation films and that of 
the LC medium. In the case of FLC device the ratio CORICLC = lo3, therefore, 

However, in this paper we determined the depolarization field by comparing the 
temporal behaviors of reversal currents responding to the triangular waveforms for 
both the CTC doped and undoped FLCs. The depolarization field E,, originating 
from the ions of the CTC, is given by 

VLC = Vap,l. 

E, = ELc(doped) - E,,(undoped). 

An example of these reverse currents are shown in Figure 9. For a triangular 
waveform (trace (A)), the currents for doped (trace (B)) and undoped (trace (C)) 

TIME ( m s )  

FIGURE 9 Transient current response from triangular wave driving voltage (A), (B) and (C) are, 
respectively, the current through CTC-doped SSFLCD and undoped one with the same thickness at 
20 Hz. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

9:
47

 1
9 

Fe
br

ua
ry

 2
01

3 



160/[1090] B. Y. ZHANG et al. 

FLCs using rubbed polyimide orientation film (RN 305) are shown; the peaks for 
the latter appear after those for the doped sample appear. The half value width 
of the reversal currents for both samples are almost the same. A plot of AV versus 
the frequency is shown in Figure 10 by transferring data from Figure 9. In the 
extremity of low frequency AV reaches 16 volts. 

The difference AV is indicated also in Figure 11. The instant for the appearance 
of the peak current depend both on the formation of the depolarization field and 
on the viscosity of the FLC medium. The effect of the latter can be removed by 
measuring the current using a voltage of very low frequency. Relative voltages for 

0 10 100 1000 

FRE~UENCY (HZ) 
FIGURE 10 Frequency dependence of the internal ionic field in a CTC-doped SSFLC compared with 
an undoped one. 

I 
m CTC doped SSFLCD 

0 undoped SSFLCD 

0 
% 

@O e 
O 0000 d 000  

t l  I I I 'e 
1 lo1 lo2 10' 

FREQUENCY (Hz) 
FIGURE 11 
samples as a function of the frequency of the applied triangular voltage. 

Relative voltages for the points of peaks for both CTC-doped (0)  and undoped (0)  
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EO-CHARACTERISTICS OF FLC DEVICE [1091]/161 

the points of peaks for both samples are plotted against the frequency of the applied 
triangular voltages; the two lines coincide above 200 Hz. 

The initiation of the reversal current occurs when the effective field E in the 
FLC medium changes its sign. Referring to an equation derived by Chieu and 
Yang7 

E =  v, 2 d ‘ l ~ ’  ] [u(t)&+ P,] 
d + ~ ~ ’ ( E I E ’ )  - [ (d /e )  + ( 2 d ’ / ~ ’ )  7 

where E ’ ,  and d’ are the dielectric constant and the thickness of the alignment 
layers, E, and d are the dielectric constant and the thickness of the FLC layer, V,, 
a(t) and P, are the applied voltage across the FLC cell, the ionic surface charge 
density and the bulk spontaneous polarization density, respectively. 

One obtains surface charge density as 

VOE’ 
a(t) = - - P, 

2d’ 

giving rise to a zero effective internal field. The values for 0 are shown to range 
about 30 to 80 nC/cm2. 

The relative voltages corresponding to the peaks for the doped sample depend 
on the amplitudes of the triangular waveforms; they increase linearly in the low 
voltage region but tend to saturate in the higher voltage region as exemplified by 
the data of Figure 12. 

From these facts, the occurrence of the inverted BS can be explained by the 
buildup of the depolarization field which needs a time duration of several hundreds 
of microseconds. 

60 100 

APPLIED VOLTAGE (V)  

FIGURE 12 The peak voltage V, as shown in Figure 7 plot against the applied triangular wave voltage 
Vp-p in the same frequency for CTC-doped SSFLC cell. 
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CONCLUSION 

The effect of inverted bistability was brought about by the internal depolarization 
field which was caused by the surface ionic charges of CTC ions in the interfacial 
regions under the applied voltage in the cells. A new method for determining the 
internal ionic field has been discussed, and the results of the transient currents 
through the cell show two peaks originating from Ps and ions. The current peak 
of the ions is the so-called ionic hump. The average mobility of TMTTF or ODTCNQ 
ions obtained was 5 x lo-’ cm2/V s, a value lower than that expected for ions 
having a low molecular weight. This low mobility yields a long relaxation time 
keeping the internal depolarization fields for a time which is enough to yield the 
inverted bistability. 
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