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DC Current in 4-N-Pentyl-4'-Cyanobiphenyl
Liquid Crystal Cells
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Transient and steady electric currents through a pentyl-cyano-biphenyl nematic
liquid crystal cell have been studied under and without external photo-irradiation.
The importance of space-charge effects has been demonstrated.

Keywords DC conductivity; laser irradiation; pentyl-cyano-biphenyl liquid
crystal; space charge

1. Introduction

The overwhelming majority of liquid crystals (LCs) are insulators, so their bulk elec-
trical conductivity obeys the Arrhenius law typical of organic materials. However,
various impurities, polarization effects, traps, and intrinsic-molecule ionization
may drastically change this behaviour. Systematic studies of LC electrical conduc-
tivity started in 1970s, when nematics were proposed to be used in LC displays
(LCDs) [1]. The application of an ac electric field to an LC cell was found to excite
a very weak transient current through it, and ionic impurities detected by dielectric
measurements [2] were suggested to be responsible for this phenomenon. Those
impurities might arise either due to LC contamination from the surrounding
environment or as aromatic fragments of LC matrix in the course of chemical syn-
thesis and imperfect purification.

The transient current has a minimal effect on the performance of twist nematic
mode, so that few studies of electric conduction in nematic LCs appeared until
active-matrix LCDs, which require materials with an extremely low conductivity
(<107'2S/m), emerged in the marketplace in 1980s. The origin of ions responsible
for currents through LCs still remains a matter of discussion. Concerning the
nematic LC pentyl-cyano-biphenyl (SCB), it may be impurity inorganic ions [3] or
various charged fragments emerged due to spontaneous dissociation of 5CB
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molecules themselves [4]. Another conductivity mechanism is governed by electro-
chemical and photoelectrochemical reactions occurring near electrodes and activated
by charge (electron or hole) injection [5].

To our knowledge, only one brief report [6] dealt with a weak steady electric cur-
rent through a nematic LC (5CB) after the cell had been charged. The authors found
that the current-voltage characteristics (CVCs) for the steady current, I(U) con-
tained linear sections, so that the role of near-electrode space charge was not crucial.
However, the experiment was carried out at planar orientation of LC in the cell, and
probable reorientation effects were not taken into account. We consider this circum-
stance to be responsible for the conclusion drawn, because our experimental data
evidence just the opposite.

2. Experimental Part

We used SCB-filled cells composed of two glass substrates covered with ITO layers
and distanced at L =20 pm from each other by polymer cylindrical spacers deposited
outside of the electrode areas. The surface resistivity of ITO layers was R,=50-100
Q/. Possible reorientations of LC molecules by an external electric field were
avoided by their homeotropical alignment at electrodes. Two groups of 5CB-filled
cells were fabricated. The cells of one group with the area of ITO coverage S~ 1 cm?
were engaged in charge-discharge experiments, and the cells with S~ 0.0225cm?” in
CVC measurements. In both cases, the electrode area was less than the area of
corresponding sides of LC slab. The results obtained for different cells within each
group turned out rather close to one another.

Currents through LC cells were measured with a picoammeter (I, = 10715 A).
The applied dc voltage was controlled by a potential divider located in the measuring
unit and the resistance of which (20 kQ) was much lower than that of LC cell (2 MQ).
The whole measuring unit was grounded. The time-resolved analog signal from the
picoammeter was digitized by a data acquisition card.

3. Results and Discussion

The application of dc voltage U across an LC cell resulted in an appearance of a
sharp peak of non-stationary current /(U,¢), where ¢ is the time, followed by a low
but reliably measured plateau I(U), which could remain constant within several days
(see Fig. 1). The ratio between the I(U)-value and the peak amplitude was very small
and allowed the peak to be considered as consisting of only transient current,
I(Ut)=1(U). The relaxation time of I(U,¢) was estimated as several tens of sec-
onds. We observed a similar behavior in nematic mixture E7, where S5CB is a compo-
nent, but the amplitude of the steady current was an order of magnitude lower. At
the same time, no steady current, i.e., I(U)=0, was observed for nematic mixture
Z11 4801, which does not contain cyano-biphenyl-based compounds.

The transient current could be associated with LC polarization in a capacitor
composed of ITO electrodes, as it occurs in solid insulators. If only bound charges,
which govern the dielectric constants of pure SCB (¢ =20, ¢ | = 18), were responsible
for cell polarization, their contribution could be evaluated as a charge Q = CU accu-
mulated in the cell-capacitor C = ¢S/ L at the voltage U. The corresponding calcu-
lation gives Q of the order of 10~° C at U=2.5V. But the real charge turned out
much larger (of about 107°C), as was determined by integrating the discharge
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Figure 1. Charging and discharging currents /(U,7) through an LC (5CB) cell of width
L=20um between ITO electrodes. The amplitude of the pulse bias voltage is U=2.5V.
I(U) is the saturation current.

current measured after the cell had been short-circuited. The result obtained allowed
us to conclude that SCB also contains free charges and those charges strongly domi-
nate the cell charge Q, so that the contribution of bound charges can be neglected
here. The applied field inhomogeneously redistributes free charges between the
Gouy-Chapman electrolytic double-layer region [7] and the cell bulk.

The dynamics of charge Q accumulation is depicted in Figure 2. Specifically, we
measured the dependence of the accumulated charge Q on the charging time interval
t,, during which the voltage was applied. The corresponding Q-values were obtained
by integrating the relevant discharging transient current curve. The analysis of the

o
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Figure 2. Experimental dependence (spheres) of the accumulated charge Q on the charging
time interval 7, and its single- (dashed curve) and double-parameter (solid curve) fittings.
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experimental dependence Q(¢,) testifies that, to describe it properly, one should use
at least a two-exponential approximation

O(ty) = Ao + Arexp(—t,/11) + Azexp(—t,/12), (1)

where 4; and 7; are fitting parameters. The adequacy of Equation (1) is in agreement
with a scenario, where the excess charge in the LC cell is generated in both the
charged double-layer region (for the disconnected-circuit and steady-current
regimes) and the space charge cloud extending into the LC bulk. Accordingly, associ-
ating the relaxation parameters 7;in Equation (1) with characteristic times of double
layer (7;) and space-charge cloud (7,) formation, we obtain 7;~ 14s and 1,~397s
for those quantities at U=2.5V.

It might be, in principle, that two relaxation terms in Equation (1) are a simple
reflection of two ionic groups [8], although it is difficult now to identify those groups
unambiguously.

Long times of charge or discharge processes observed here correlate well with
those for solid organic acenaphthalene crystals, where the steady-current regime
was attained after 2-3h [9].

Diffusion of free carriers governs the dynamics of cell charge/discharge. The
same bulk diffusion coefficient D ~ (2.5+0.3)-10~'2 mz/s was evaluated from both
the characteristic decay time of the discharge transient current [10] and in the frame-
work of the cell recharging method [11]. This value is by an order of magnitude lower
than the self-diffusion coefficient of 5CB molecules, Dy=(6.5+0.5)- 10_”m2/s
[12,13]. This fact can be understood, if one adopts the hypothesis that free charges
(electrons supplied by the negative electrode) are transported through SCB by means
of molecular aggregates. In the process, SCB molecules per se did not change in the
long run by any possible chemical reaction in the electrochemical cell. This sugges-
tion is supported by the fact that the LC inside the cell did not alter its external
appearance (color and transparency) during several days, when the steady current
ran through. Besides, it means that electrons or protons engaged in the hydrogen
bonds between LC molecules might be responsible for the latter to aggregate [14].

We also measured CVCs I (U) for cells filled with SCB. At low bias voltages U,
they can be approximated by the power-law dependence I,(U) ~ U, where the value
k=1.64 testifies that the current is governed, to a great extent, by a space charge
accumulated in the cell at the transit stage. Otherwise, we would have obtained
the Ohmic dependence I(U) ~ U. The latter regime was also attained, but at larger
bias voltages, when, as we think, the space charge became depleted. It should be
noted that various insulating solid organic materials usually demonstrate power-law
conductivity with 1.1 <k < 1.4 [9].

Conductivity processes in the cells with homeotropically aligned SCB molecules
were studied by laser irradiation (the wavelength A;. =440 nm, the power density
P/S=500W/m?). The results obtained are shown in Figure 3 for different applied
bias voltages. It is no wonder that current across the cell abruptly increases, when
the laser is switched on. Then, while keeping the laser in the steady regime, the cur-
rent gradually decreases, probably due to the interaction with traps. At lower voltage
(U=1YV), the reduction is relatively small and slow, whereas at U=2.5V, the cur-
rent falls even below the initial level, which may mean a decrease in the number
of charge carriers involved. In any case, it is difficult now to propose an adequate
explanation for this puzzling phenomenon.
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Figure 3. Experimental dependences (points) of dc current through an LC cell with 5CB sub-
jected to a long irradiation with laser beam for various bias voltages U=1 (a) and 2.5V (b)
across the cell. Curves are guides for eye. Dashed lines mark the boundaries of the time inter-
val when laser irradiation is switched on.

After the laser is switched off, the current jumps downwards and then tends to its
initial value for U= 1V, which seems quite plausible. On the other hand, at U=2.5V,
the current also jumps downwards and tends to its previous value. However, in the
latter case, it means a current growth. This behavior will be studied further in more
detail, but in any case it seems to be governed either by charged traps or modifications
of current carrying molecular aggregates. The latter might be charge-transfer com-
plexes. It should be noted that the observed relaxation of the currents to their initial
values is extremely slow, which is in contrast, e.g., to the microsecond-order time
characteristic of transient photocurrents in a charge transfer complex of trinitrofluor-
enone with a carbazole substituted discotic liquid crystal [15].

4. Conclusions

To summarize, we have studied transient and steady currents in the nematic LC cells
and demonstrated that the space-charge effects are important. Specifically, we con-
sider the nematic interlayer as an inhomogeneous medium with double layers near
electrodes produced by adsorption of ions from the LC bulk. The LC bulk contains
charge carriers of both signs, which might be either extrinsic (impurities) or intrinsic
ones. In the latter case, they may be imagined as aggregates of LC molecules. In the
steady-current regime, the CVCs are determined by the space charge generated in the
near-electrode regions of nematic. At large enough biases U, the steady current
dependence I(U) is linear, since the space charge cloud is depleted. The observed
transient phenomena testify that charge carriers of at least two kinds are engaged.
They may originate, e.g., from the double-layer and the bulk region of the LC cell.

The currents across the LC cells were studied also under the influence of the
laser irradiation, which revealed a complicated slow non-linear temporal behavior
of I, after laser irradiation was both switched on and switched off.



Downloaded by [University of California, San Diego] at 12:11 07 August 2012

DC Current in 5CB Liquid Crystal Cells 187

Acknowledgment

AMG and AIV are grateful to Kasa im. Jozefa Mianowskiego, Polski Koncern
Naftowy ORLEN, and Fundacja Zygmunta Zaleskiego as well as to Project N 23
of the 2009-2011 Scientific Cooperation Agreement between Poland and Ukraine
for the financial support of their visits to Warsaw. AMG is grateful to the 2010 Visi-
tors Programs of the Max Planck Institute for the Physics of Complex Systems
(Dresden, Germany) for the support of his study.

References

[1] Schadt, M. (1997). Annu. Rev. Mater. Sci., 27, 305.
[2] Costa, M. R., Altafim, R. A. C., & Mammana, A. P. (2001). Lig. Cryst., 28, 1779.
[3] Naemura, S., & Sawada, A. (2003). Mol. Cryst. Lig. Cryst., 400, 79.
[4] Naito, H., Yoshida, K., Okuda, M., & Sugimura, A. (1994). Jpn. J. Appl. Phys., 33, 5890.
[5] Klysubun, P., & Indebetouw, G. (2002). J. Appl. Phys., 92, 2528.
[6] Mada, H., & Yamada, H. (1994). Jpn. J. Appl. Phys., 33, 5886.
[71 Harned, H. S., & Owen, B. B. (1950). The Physical Chemistry of Electrolytic Solutions.
Reinhold: New York.
[8] Barbero, G., Freire, F. C. M., & Scalerandi, M. (2009). Eur. Phys. J. E, 30, 245.
[9] Eley, D. D., Fawcett, A. S., & Willis, M. R. (1968). Trans. Faraday Soc., 64, 1513.
[10] Gritsenko, N. I., & Moshel, N. V. (1980). Ukr. Fiz. Zh., 25, 1830.
[11] Gritsenko, N. I., Rogoza, A. V., & Grubinko, V. V. (1987). Ukr. Fiz. Zh., 32, 880.
[12] Kim, M. J., Cardwell, K., & Khitrin, A. K. (2004). J. Chem. Phys., 120, 11327.
[13] Dvinskikh, S. V., Furo, 1., Zimmermann, H., & Maliniak, A. (2002). Phys. Rev. E, 65,
061701.
[14] Ratajczak, H., & Orwille-Thomas, W. J. (1981). Molecular Interactions, John Wiley and
Sons: Chichister, Vol. 2.
[15] Donovan, K. J., Scott, K., Somerton, M., Preece, J., & Manickam, M. (2006). Chem.
Phys., 322, 471.



