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In this paper we examined the electrical and optical properties of a new com-

posite device containing layers of a nematic liquid crystal and cellulose deri-

vative. Using the thermally stimulated depolarization current (TSDC) method

we obtained information regarding the conduction mechanism, the activation

energy, and the pre-exponential frequency factor in the Arrhenius diagrams.

The optical transmission is slightly dependent on the polarization field, and the

thermal switch behavior was obtained at the nematic–isotrop transition. When

a.c. voltage is applied to the sample, the optical transmission depends strongly

on the field amplitude, and a very good contrast is obtained.
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INTRODUCTION

Field-induced thermally stimulated currents (FITSC) method [1] consists
of measuring the currents generated by the build-up and/or release of a
polarized state in a dielectric sandwiched between two electrodes when the
sample is heated or cooled with a constant rate. The general experimental
procedure usually involves four steps (Fig. 1):

1. Application of a polarizing d.c. bias voltage Vp at a temperature Tp.
2. Cooling under this bias down to a lower temperature T0.
3. Change of the bias voltage at T0 to another value, depolarization voltage,

Vd.
4. Heating at a constant rate while maintaining the new bias and recording

the current as a function of temperature.

If the depolarization voltage Vd is zero, the current peaks are observed
during the thermally activated transition from the polarized state to the
equilibrium one, and the method is called thermally stimulated depolar-
ization currents (TSDC). If Vp¼ 0, the current peaks are superimposed to
the normal d.c. conduction, as the result of the opposite process, i.e.,
thermally activated transition from the equilibrium state to the polarized
state, thermally stimulated polarization currents (TSPC). The currents are
due to the combined effects of polarization and depolarization mechanisms
when both Vd 6¼ 0 and Vp 6¼ 0. The FITSC method is used for investigating

FIGURE 1 General experimental procedure for FITSC, with depolarization voltage

Vd 6¼ 0 and polarization voltage Vp 6¼ 0.
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the electrical properties of dielectrics via study of thermal relaxation
effects and offers an attractive alternative to the conventional bridge
methods, current-voltage-temperature measurements, or differential
scanning calorimetry when used to study phase transitions [1–4].

In this paper we study a composite system obtained by sandwiching a
layer of cellulose-based polymeric matrix in between two layers of a
nematic liquid crystal [5,6]; the electro-optical properties of the resulting
device are similar to those of standard PDLC systems [7–12]. They can be
switched from an ‘‘OFF’’ state to an ‘‘ON’’ state. For a LC with positive
dielectric anisotropy, De > 0, in the field ‘‘OFF’’ state, surface anchoring of
the LC to the polymer causes a director distortion near the rough polymeric
surface [7]. Thus the film scatters light due to the mismatch between
the effective refractive index neff of the LC and the refractive index of the
polymer np. When applying an a.c. voltage, in the field ON state, the
director is aligned along the field direction, neff ¼ noðLCÞ, and for normal
incidence light, the film becomes transparent if the ordinary refractive
index of the LC noðLCÞ is equal to np.

Using the TSDC method we obtained information regarding the con-
duction mechanism. Optical transmission was simultaneously measured.

EXPERIMENTAL

Sample Preparation

The cellulose derivative [13] HPC (Aldrich, Mw¼ 100,000 gmol�1) was
dried in vacuum at 50�C for about 48 h before use. Solid films of HPC cross-
linked with 1,4-diisocyanatobutane (BDI) (7% w/w) were prepared from
solutions of HPC in acetone according to the procedure described pre-
viously [5]. The refractive index of the HPC film is np¼ 1.5. The composite
material was obtained by covering both surfaces of the solid film (20 mm
thick) with 10 mm thick layers of the nematic liquid crystal E7 (commer-
cially available from Merck, UK), with noðLCÞ ¼ 1:5121 and neðLCÞ ¼ 1:7367.
The thickness of the liquid crystal layers was maintained using 40 mm
spacers. This layered structure of the sample is different from the one in
which the cellulose derivatives (cellulose acetate membranes) are
impregnated with liquid crystals. The devices studied and prepared by
Craighead et al. [15] have a lower contrast ratio than our samples [5].

Experimental Setup

Figure 2 presents the schematic experimental setup for the TSDC mea-
surements. Using this setup the optical transmission was simultaneously
measured. The analyzed sample (CL) was introduced in an oven (F).

TSDC and Optical Transmission on LC/Cellulose 3
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The computer controls the heating-cooling rate and the value of the voltage
(U) applied on the sample. The switches K1 and K2, also computer con-
trolled, perform the different steps of the experiment in succession. When
K1 is switched on to position a (i.e. K1¼ a) and K2¼ b, the d.c. voltage U is
applied on the sample; when K1¼ b and K2¼ b, the sample is short-
circuited and the picoammeter (pA), measures the current through the
sample. Finally, if K1¼ b and K2¼ a, the sample is short-circuited and the
stored charges will be eliminated. Figure 3 illustrates the heating-cooling
steps of the experiment. In the first heating step (0), from room tem-
perature to a pre-established temperature (Tp) lower than the glass tran-
sition of the polymer matrix, initial depolarization of the sample takes
place. During the steps 1, 2, and 3 the polarizing field Ep¼ 0; these steps
are performed to eliminate the eventually existing charges, due to previous
treatments applied on the sample. During step 4, at Tp, the polarizing field
Ep¼Vp/g is applied, (where g is the thickness of the sample) and it is

FIGURE 2 Schematic setup for FITSC and the simultaneous optical measure-

ments.

FIGURE 3 Heating-cooling cycles applied to the samples.
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maintained during the cooling down to T0 (step 5). During the phase 6, the
field Ep is cut off, and the sample is short-circuited to eliminate capacitive
discharge. The depolarizing currents are registered during step 7. The
heating-cooling rates were of 1 K/min, and steps 2, 4, and 6 were of 15 min.
In this experiment, the polarization temperature is Tp¼ 95�C and
T0¼ 25�C. The optical beam from the light source (L) is transmitted
through the sample and measured by the photomultiplier (Ph); no polar-
izers have been used.

Independently of the above described experiment, we measured the
dependence of the optical transmission coefficient on the a.c. voltage
applied on the cells from a generator operating at the frequency of 1 kHz.
All the electro-optical results were obtained for normal sample incidence at
room temperature (23�C).

RESULTS AND DISCUSSION

According to the heating–cooling cycles presented in Figure 3, the elec-
trical field Ep is applied to the sample at the higher temperature Tp and it is
maintained constant during cooling. The polarization of the dielectrics
submitted to an external electric field is due to the mechanisms involving
microscopic or macroscopic charge displacement. Since the internal fric-
tion and ionic mobility depend exponentially on temperature, heating a
dielectric to a high temperature Tp enhances the response time of per-
manent dipoles and internal free charges to the applied electric field and
allows the equilibrium polarization to be reached in short time. When the
polarization field is maintained while cooling the sample to a temperature
To sufficiently low to increase the relaxation times of the dipoles and ions
to values of hours or more, these are practically ‘‘frozen’’ in the electrical
configuration reached at Tp and consequently do not respond when the
field is switched off. The equilibrium polarization Pe(Tp) reached during
the polarization phase 5 is consequently considered constant at the end of
the cooling, when the heating step begins (step 7). In step 7 the thermally
induced depolarization currents are measured. In Figures 4 and 5 the
thermally stimulated depolarization currents versus temperature are pre-
sented.

Considering the charge given by the Eq. (1):

Q ¼ �
Z t2

t1

iðtÞ � dt ¼ � dt

dT
�
Z T2

T1

iðTÞ � dT ð1Þ

where t denotes the time and T is the temperature. We notice that the sign
of the charge depends on the sign of the current, respectively on the sign of

TSDC and Optical Transmission on LC/Cellulose 5
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variation of temperature dt
dT

; for step 7, the last term is positive, because the
temperature is increasing.

Considering the polarity of the voltage applied on the sample positive
compared to the ground, it follows that if the current is positive, it is
produced by a heterocharge (with a polarity opposing that of the elec-
trode), and if the current is negative, it is due to a homocharge.

From Figure 4 we notice that at the increase of the temperature the
absolute value of the registered current increases until it reaches a max-
imum at T1¼ 52�C, at the phase transition nematic-isotropic of the liquid
crystal. As expected, this value is lower than the one measured for the pure
LC by the DSC or by TSDC [14], (TN-I¼ 60�C), because the dipolar
structure will be oriented differently by the conjugated action of the
polarizing field and the LC-cellulose interactions.

The negative sign of the registered currents in step 7 is specific to
homocharges. To study the conduction mechanism specific for the current,
we represented in Figure 6 the peak value of this current versus the
polarizing voltage. We notice a linear dependence of the peak current on
the polarization voltage. As it is known (See Eq. (1)), this is characteristic
for the dipolar currents (for the currents limited by the spatial charge, this

FIGURE 4 TSDC spectra for lower polarization voltages.
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dependence is nonlinear). The existence of a single peak suggests one
relaxation time. The polarization of a material charged initially with the
polarization Pe(Tp), for which the applied field is interrupted (step 7), is
given by Eq. (2):

dP

dt
¼ �ðP � P1Þ

t
ð2Þ

This equation supposes a relaxation proportional with the difference
between the instant polarization and the polarization P1 reached by the
sample after a sufficiently long time. Suppose that step 7 is long enough so
that at its end the polarization becomes zero (P1 ¼ 0). The proportionality
factor t from Eq. (2) is the relaxation time, supposed constant at constant
temperature. The temperature dependence of the relaxation time is given
by an Arrhenius equation:

t ¼ t0 � exp
E

k � T

� �
¼ 1

s0
� exp

E

k � T

� �
ð3Þ

where s0 is the frequency pre-exponential factor and E is the activation
energy.

Considering that the temperature T changes according to the law:

T ¼ T0 þ q � t ð4Þ

FIGURE 5 TSDC spectra for polarization voltages U¼ 2V and U¼ 5V.

TSDC and Optical Transmission on LC/Cellulose 7
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where T0 is the temperature at the beginning step 7 and q ¼ dT
dt

is the
heating rate, the relaxation time will vary: t ¼ tðTðtÞÞ ¼ tðtÞ.

Introducing Eq. (3) into Eq. (2) and integrating we obtain:

PðtÞ ¼ PeðTpÞ � exp �
Z t

0

dy
tðyÞ � dy

0
@

1
A

¼ PeðTpÞ � exp �
Z t

0

s0 � exp � E

k � TðyÞ

� �
� dy

0
@

1
A ð5Þ

Changing the variable T= T0 þ q � t, we obtain:

PðtÞ ¼ PeðTpÞ � exp � s0

q
�
Z T

T0

exp � E

k � y

� �
� dy

� �
ð6Þ

The dipolar depolarization current will be

J ¼ � @P

@t
¼ PeðTpÞ � s0 � exp � E

k � T
� s0

q
�
Z T

T0

exp � E

k � y

� �
� dy

� �
ð7Þ

FIGURE 6 The peak value of depolarization currents obtained in step 7 versus the

polarizing voltages.
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In order to calculate the coefficients E and s0, we should estimate the
integral in Eq. (7); to avoid calculus difficulties, we have analyzed the
dependence f ðTÞ ¼ J 0ðTÞ=JðTÞ, where J 0ðTÞ ¼ dJðTÞ=dT . This follows
from

J 0ðTÞ ¼ PeðTpÞ � s0 �
E

k � T2
� s0

q
� exp � E

k � T

� �� �

� exp � E

k � T
� s0

q
�
Z T

T0

exp � E

k � y

� �
� dy

� �

It results in

f ¼ J 0ðTÞ
JðTÞ ¼ E

k � T2
� s0

q
� exp � E

k � T

� �
ð8Þ

The numerical analysis of the experimental data obtained in step 7 allows
the calculus of the activation energy and the frequency pre-exponential
factor. We obtained the values E ¼ 0.91 eV; s0 ¼ 2.1�1011 s�1. We have also
calculated the value of the energy activation by the Arrhenius curve
method. Representing the dependence 1nðIÞ ¼ f 1

T

� �
, where I is the current

intensity in step 5 and T is the absolute temperature, and calculating the
slope of the curve we obtained from this graphic method the value of the
activation energy E¼ 0.95 eV, which is very close to the one obtained
before.

The optical transmission of the sample, measured in step 7 simulta-
neously with the depolarization currents is presented in Figure 7. We notice
that it increases with the temperature, and it has a significant increase near
the nematic-isotropic phase transition. The transmission increase at the N-I
phase transition because the refractive index of the LC in the isotropic
phase n(LC )iso matches the refractive index of the polymer n(LC )iso¼np.
This process takes place at a slightly higher temperature than the N-I phase
transition temperature of the pure LC, due to the LC-cellulose interactions.

The optical transmission is slightly dependent on the polarizing fields.
When a.c. voltage is applied to the sample, at constant room temperature,
the optical transmission depends strongly on the field amplitude, and a very
good switching ON-OFF ratio is obtained. The variation of the transmission
coefficient with the applied a.c. field is shown in Figure 8. When the a.c.
voltage is applied, the molecules align themselves with the electric field and
the ON state is achieved [7].

We can see from the curve that the sample has a maximum transmission
of 0.800, a minimum transmission of 0.009, and a contrast ratio (defined as
the ratio between the maximum transmission in the transparent state and
the lowest transmission in the opaque state) of 88.8. The Von voltage
(calculated from the voltage dependence of the transmission coefficient

TSDC and Optical Transmission on LC/Cellulose 9
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FIGURE 7 The optical signal measured by the photomultiplier in step 7.

FIGURE 8 Optical transmission coefficient versus a.c. applied voltage at constant

room temperature.
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and representing the applied a.c. voltage necessary to reach 90% of the
maximum transmission of the sample) for this sample is 69.9 Vrms.

CONCLUSIONS

The results of the field-induced depolarization currents measurements on
this layered LC-cellulose derivative composite device show a dipolar con-
duction mechanism with one relaxation time. The values of the activation
energy and the frequency pre-exponential factor are typical for the nematic
LC, indicating that it has a major part in the conduction of the device as
compared to the conduction processes in cellulose. The optical transmis-
sion measured simultaneously with the depolarization currents has a small
dependence on the polarization field. The dependence of the optical
transmission on the temperature has a discontinuity at the nematic-isotrop
phase transition.

At constant room temperature and a.c. applied voltage, the optical
transmission strongly depends on the field amplitude, with an excellent
ON-OFF ratio. Thus these devices can be used in electro-optical applica-
tion, where the noise immunity is essential.
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