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Abstract—The permittivity of doped nematics is found to increase approxi-
mately as (1/w)? at low frequency. The effect is accounted for by considering
the space charge resulting from dissociation of the dopant. The space charge
capacitance is obtained from experimental data and compared with that of a
simple model.

1. Introduction

A liquid crystal display cell can be regarded as a parallel plate
capacitor filled with a—rather leaky—dielectric. The RC time
constant is readily estimated from published data. Thus if € is of
the order of 5 (Diguet et al. ) and p is of the order of 101° ohm cm 3
the time constant e;ep is of the order of 5 x 103 sec.

A well-known method to determine R and C of a parallel network
is to put it in series with a known network (R,, C,) and apply a
square wave pulse longer than the time constant. C, is adjusted
until the output reproduces the input wave shape. If this simple
experiment is performed with a liquid crystal cell it is found that
U, cannot be adjusted to make the output resemble a square wave
which implies that the liquid crystal cell is not a parallel RC circuit.
Changing the input signal to a sine wave one can indeed balance out
the phase difference between input and output but one finds that
C, has to be increased if the frequency of the input is decreased.
The cell resistance is found to be independent of frequency. Electri-
cal parameters are important to circuit designers. The frequency
dependence of the cell capacitance is of interest in its own right and
forms the subject of this paper.

T Paper presented at the 4th International Liquid Crystal Conference, Kent
State University, August 1972.
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2. Experimental Procedures

The series circuit described above is unsuitable for accurate
measurements. The stray capacitance at the junction is unknown
and in fact larger than the cell capacitance. The cell resistance can
only be determined to about 109, accuracy. These problems are
eliminated in a bridge circuit. A direct coupled bridge designed for
low frequency (0-10 kHz) measurements on doped nematics was
constructed. Details of the instrument have already been dis-
cussed.®) The instrument in effect substitutes the electrical para-
meters of the test cell with those of a parallel RC network.

Test cells are made by evaporating a suitable conductor such as
Cr, Al or In,O; on a flat glass surface. The electrode pattern, a
0.500 in. diameter circle and a 0.010 in. connecting line, is
etched by standard photolithography. Two plates are bonded
together using 0.001 in. polyimid spacers. The cell is mounted in an
aluminum box continuously flushed with dry nitrogen. The box
can be inserted between the poles of a Varian magnet using either
parallel or crossed ¥ and H fields.

The calculated cell capacitance is 44.3 pF. The measured capaci-
tance is in the 35-45 pF range. The stray capacitance of an empty
cell is about 2 pF. Empty cells were used to obtain the reproduci-
bility of the measurement. The standard deviation of a large number
of measurements is about 1%,.

Materials used to prepare liquid crystal solutions are commercial
products (Kodak, Aldrich) recrystallized, dried over P,0; in vacuum
and stored in dry nitrogen atmosphere. Even for purified material
one often finds that the resistance of a newly filled cell increases by a
few percent in the first hour. However, the resistance stabilizes
in a few hours and remains within 29, thereafter. A few cells were
tested for 2 or 3 weeks and remained constant. Aging effects
occurring over many months are not considered here. Commercial
liquid crystal material, not recrystallized, shows a continuous change
in resistance for several weeks but tends to stabilize eventually.

3. Results
In Fig. 1 the resistivity, p, and the apparent permittivity eapp
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Figure 1. eupp and p for recrystallized MBBA.
ey =4.61 e, =5.12 (50 Hz-1000 Hz)
oy =1.05x% 10-1°(2 cm)~! ¢, =0.80 x 10-1°(2 cm)~?*
Cet @0.1 Hz 1.5uF/cm?+0.2pF/cm?
@0.2 Hz 1.1pF/em®40.2uF/cm?
Aluminum electrodes. Alignment nearly parallel.

is plotted against the frequency for a sample of recrystallized
MBBA. The resistivity is calculated as

p :—I—RC’,,.Qcm
€y

where R is the experimental cell resistance and C, is the capacitance
of the empty cell. ¢, = 8.854 x 104 F ecm~1. eapp is the ratio of
the capacitance of the filled cell and that of the empty cell, both
corrected for stray capacitance.

Figure 2 shows p and e;p, for the same MBBA sample doped with
0.76 x 10~¢ mol/mol choline chloride. (The system forms a true
solution in the sense that even after long standing no crystalline
precipitates can be observed under the polarization microscope.)
The indices || and L refer to parallel respectively crossed H and E
field. In Figs. 1 and 2 data for H = 0 practically coincide with the
e, data, i.e., alignment is parallel with the surface.
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Figure 2. epp and p for MBBA doped with 0.76 x 10-* mol/mol choline
chloride.

= 4.68 ¢, =5.12

oy = 3.85x107° o, =2.48 x 10-*(Rcm)*

Oy see text.
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Figure 3. ey and p for distilled MBBA doped with 0.92 x 10-* mol/mol
N dodecylpyridinium-p-toluene sulfonate.
€ =4.80 ¢, =5.43; oy =1.91x10~* o, =1.28x 10-*(Qcm)-!; Cyin pFjem?

Hz L I

0.5 2.4 2.5
1 2.1 2.1
2 2.0 2.0

It is seen that the resistivity is constant throughout the range of
frequency, below 0.5 Hz there is usually a slight increase. However,
€app increases sharply at low frequency, for doped samples the increase
is about 3 orders of magnitude. At high frequency e.pp is constant
and €, <e, as expected for a negative nematic but at low frequency
€, >¢,. These observations are not limited to this particular
dopant or the particular class of nematic compounds. Figure 3
shows eapp(v) for MBBA doped with dodecylpyridinium-p-toluene
sulfonate while Fig. 4 shows results for doped chlorostilbenes.}
Thus for negative nematics of the azomethine or stilbene type one
has p, <p, and eapp, <<eapp, at high frequency but eapp, > €app,
at low frequency. However, for positive azomethines the sign of
Ae does not reverse. Figure 5 represents data for alkoxy benzilidene-
amino-benzonitrils.

T Samples were prepared by W. R. Young.
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Figure 4. Apparent permittivity of doped chloro-¢-stilbene mixture.®
pyp =09x10°Qcm p, =1.3x10°Qem
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Figure 5. Apparent permittivity of positive nematics. 1:1: 1 molar mixture
of butoxy-, hexyloxy-, and heptanoyloxy-benzilidene-amino-benzonitril.
py =0.80x10"Rem p, =1.1x 10" Qem
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4. Discussion

Johnson and Cole®® observed a large increase in the permittivity
of formic acid below 103-10* Hz. It was assumed that there is an
electrode impedance in series with the dielectric. Dansas and
Sixou® found similar behavior for N-ethyl-acetamide and finally,
Heilmeier ™ briefly indicated his results for p-azoxyanisole without
further discussion.

All results can be accounted for by introducing an electrode capaci-
tance assumed to be the capacitance of a double layer of ions ab-
sorbed on the electrode surface and a diffuse layer of counter ions
in the liquid. The cell is now characterized by a capacitance C¢ in
series with the parallel combination of the bulk capacitance and
resistance. However, the bridge still interprets this as a parallel
RC network. Let the index “ m > denote the measured parameter,
then one has, by equating the real and imaginary parts of Eqs. 1
and 2:

R _ R(1-jwRC) | 1
—] Z=37wror Tjac, W
Cel
C
Rm . Rm(l —ijmO'm)
T T reRcy @
Cnm
R, R 5
1+ (wR,C,)* 1+(wRC)? )
1 (@R.Cn? 1 (wRC) 1 .
Cm T+ (@B, O 0 1+(@RO:E T Co )
For wk, C,, <1 Eqs. (3) and (4) simplify to:
R,~R (5)

W? B} (Cr ~ C)Ca 2 1 (6)
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while for wR,,C,, > 1 one has

R,x~R (7)
1 1,1 1 g
0, %0"ta "0 ®)

The cell resistance is approximately equal to B, throughout the
frequency range. The electrode capacitance is obtained from
Eq. 6. At frequencies well below the knee in the ¢(v) curve ¢ <C,,
and Eq. 6 simplifies further to:

_ On
(@R, C)?

The electrode capacitance is much larger than the bulk capacitance
and thus at frequencies well beyond the knee of the e(v) curve
C, = C asin Eq. 8.

Data for Ce; calculated from Eq. 6 for the sample in Fig. 2 are
collected kn Table 1.

Cea ~ >0, (9)

TasLE 1 Electrode Capacitance in uF/em?

Ca
Hz i L E”/EJ. (PJ./P“)2
0.2 1.41 1.49 2.4 2.4
1.5 1.30 1.30 2.4 2.4
1 1.23 1.25 2.4 2.4
2 1.11 1.14 2.4 2.4

Ce11s the equivalent capacitance used in the equations. Assuming
that both electrodes are identical the capacitance at each electrode
would of course be twice the values in the table.

It is seen that C¢; does not depend on the direction of the magnetic
field, adsorption is not affected by the magnetic field. It follows
that in the range of frequency where Eq. (9) can be used :

(= G o)

Experimental data are found to satisfy Eq. 10 for both positive
and negative nematics, see Table 1. Since the ratio (p,/p,)? > 1 for

for constant w.
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positive as well as negative mesogens, Eq. 10 requires that ¢, > ¢,
for both types at sufficiently low frequency. DBut since ¢, <e,
for negative nematics at high frequency the ¢,(v) and € (v) curves
must intersect at some frequency. However, for positive nematics
the «(v) curves do not intersect.

The magnitude of C.; depends on the type of dopant and its
concentration but not on the alignment of the nematic host material.
Thus C¢ is invariant to an external magnetic field and a curve of
Ce versus temperature does not show a discontinuity at the N-I
transformation temperatures. See Fig. 6.

T
el
pFlcmz

.
t t t +

° 30° &° 50° 60%

2

Figure 6. Surface capacitance Ce in pF/em? for doped MBBA as function
of temperature. There is no discontinuity at T',.

Tut ELECTRODE SPACE CHARGE

The experimental data can be accounted for by a three parameter
model :

o T
Ca
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The cell resistance R is in the range 0.1-50 mQ2/cm? for 0.001 in.
spacing, depending on the doping concentration. The cell capaci-
tance C is about 220 pF/cm? for MBBA. The electrode capacitance
Ce is in the range 0.5-5 uF/cm? again depending on the type of
dopant and its concentration. R and (' are independent of frequency
in the range 0.1 Hz to 10kHz. C¢ can be determined accurately
only at low frequencies, it is a weak function of the frequency.
It remains to justify Ce; on a molecular basis.

From Gouy-Chapman theory® the surface charge of a double
layeris:

_ X T o 2
o=3" sinh = SET (11)
in which the Debye length 1/y is determined by
8mnet
2 12
X' =g (12)

i is the potential drop across the diffuse layer,
Y, = 0 and (d¢/dx),, = 0.
From Eq. 11 the space charge capacitance is

do ey ey
) "~ 2’ osh 357 (13)

If one identifies do/diy with the observed capacitance Ce; and the
potential ¢ with the voltage across C¢ in the series circuit Ce,
R an estimate of the double layer parameters and the dissociation
constant can be obtained.

Using data in Fig. 4 and Table 1 as an example, at 0.2 Hz C¢; = 1.4
pFlem?, ¥V =1 volt, and R = 1.5 m 2/cm? and thus:

¥ = (1 +w?R2C?)-12 V = 0.37 volt
From Egq. (13) one obtains:
x = 1.8 x 10-3 ¢cm~!

and hence the double layer width is of the order of 500 A.

Using this value of y in Eq. (12) the concentration of charge
carriers, n, is obtained and by comparing n with the dopant concen-
tration one finds the degree of dissociation «, of the dopant

oe==0.6 x 102,
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Finally the surface charge density o is calculated from 11
o = 0.3 x 10-% coulomb/cm?

corresponding to about 1012 ions/cm?.

The field in the double layer near the surface is of the order of
10¢ volt/em. The order of magnitude of the parameters x, o, and «
is acceptable and thus Ce; can be interpreted as the capacitance of
the double layer. However, the model is too crude to expect more
than order of magnitude results. A well-known weakness of the
Gouy—-Chapman model is the fact that i is not an experimental
quantity, see Ref. 9. Moreover carrier transport by diffusion and
drift is neglected. To illustrate the deficiency of the model, if
is identified with V, the differential capacitance do/dy would
decrease as v increases to a limiting value ex/4m. Indeed Cg is
found to decrease with increasing v but at a much lower rate.

5. Summary

It has been shown that the experimental data can be accounted
for by an impedance as in Eq. (1), which is interpreted as the im-
pedance of a surface capacitance in series with the bulk resistance
and bulk capacitance.

The cell resistance is independent of the frequency in the range
0.1 Hz to 10kHz, it can be varied from 50 to 0.1 m2/cm? (for
1 mil cells) by adding dopants. The cell capacitance is of the order
of 200 pF/em? for 1 mil cells. It is independant of frequency and
changes slightly by adding dopants.

The electrode capacitance is of the order of 0.5-5 uF/em? and
depends strongly on the dopant. It decreases slightly with increasing
frequency.
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