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The electrical impedance response of six nematic liquid crystals samples is analyzed by
means of an extension of the Poisson-Nernst-Planck diffusional model. This formulation
includes fractional derivatives of distributed order governing the behavior of the bulk
density of mobile charges, whose solutions are subjected to integro-differential equations
accounting for the boundary conditions. The role of the intrinsic surface lengths involved
in the adsorption-desorption phenomena at the electrodes is emphasized, in order to
analyze the frequency dependence of the real and imaginary parts of the electrical
impedance experimentally obtained.
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1. Introduction

Liquid crystals (LC) are insulating materials whose finite resistance comes from the ionic
impurities dissolved in the medium [1]. These mobile ionic charges are responsible for
important contributions to their dielectric properties. In displays, the ions can change the
resistance of the material and may be connected with different phenomena such as low
VHR (voltage holding ratio) and image sticking [2,3]. When an LC sample is submitted to
an alternating current (AC), the presence of ions will play a decisive role in the electrical
impedance response of the material, specially at low frequencies, where the time scales
involved allow for strong surface effects, such as the adsorption-desorption phenomenon [1].
The electrical impedance or immittance spectroscopy is a powerful technique employed
to analyse these materials and can provide information about the conductivity and the
permittivity, which are particularly important for display applications [2].

In this paper, we analyse the impedance spectroscopy data of a series of LC systems
by using an analytical expression for the electrical impedance obtained in the framework
of a general physical model [4]. In this model, the mathematical problem of a diffusion
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Table 1. Sample thickness and polyimide layer in the inner surface of the cells.

Sample AU2 AU10 AU20 1TO2 ITO10 1TO20
d (um) 35.0 36.0 36.0 32.5 37.0 38.0
Polyimide (nm) 4 20 50 4 20 50

equation of distributed order [5] for the mobile ions coupled to the Poisson’s equation for
the electrical potential in the bulk is solved. The problem is characterized by boundary con-
ditions expressed by means of an integro-differential equation. These boundary conditions
embody, in particular, the usual kinetic equation for describing the adsorption-desorption
process at the electrodes but is expressed in terms of a temporal kernel that, if appropriately
chosen, can cover different scenarios, including also the effect of fractional derivatives on
the boundary conditions. Indeed, the presence of these fractional derivatives in the time
domain may lead to some kind of anomalous surface effects on the electrical response of
the sample. For instance, one can consider the adsorption phenomena as governed by a
fractional kinetic equation, which is well-tailored to account, in some way, for memory
effects in the process. Likewise the choice of the kernel can account for chemisorption
or physisorption process or both [6,7]. Furthermore, it can be also constructed to repre-
sent conditions of blocking or transparent electrodes, among other physically plausible
conditions.

It is just this general character of the boundary conditions that permits one to face
the high complexity of the experimental data regarding a series of different samples of
LC in the nematic phase [8]. These samples have been prepared in such a way that the
surface treatment change the aligning layers at the electrodes from one cell to the other in a
prescribed and controlled way, thus permitting some kind of “systematic” investigation of
these changes on the electrical response of the samples. The aim of this paper is therefore
to present some concluding results of this systematic analysis by emphasizing the role of
intrinsic lengths appearing in the approach in connection with the boundary conditions at
the limiting electrodes.

2. Sample Preparation and Measurements

Six different samples have been prepared using liquid crystal SCB (Merck) to fill cells
provided with Mylar spacers. Rubbed polyimide was used as the alignment layer for the
liquid crystal, where the layer thickness used was achieved by spin coating the substrates
with 10 wt% solution of LQ1800 (Hitachi) in methyl pyrrolidinone. The electrode used
consists of an evaporated gold or ITO pixel with surface area of 1 x 1 cm? (the samples
are referred hereafter as AU2, AU10, AU20, ITO2, ITO10, and ITO20). Table 1 shows the
polyimide layer thickness used in the surface treatment of the samples.

As described in preceding works [8,9], the complex impedance has been measured by
a Potentiostat/Galvanostat/Impedentiometer EG & G Mod. 273A in a frequency range from
1073 to 10° Hz. Low amplitude of the sinusoidal applied voltage was chosen, 25 mV rms, to
avoid electrically induced reorientation of the liquid crystal. One connector acts as working
electrode, while the counter electrode has been short-circuited with the reference one.
Measurements at lower voltages give the same results but introduce more noise. Moreover,
we are further below any SCB threshold (dielectric reorientation or flexoelectric effect)
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Figure 1. Real (R = Re{Z}) part of the impedance Z, normalized by the maximum value in each
of the experimental data sets. Here, d is the thickness of the cell and § is the surface area of the
electrodes.

[2,3]. This assures that the linear approximation to be employed in the calculation of the
electrical impedance works well and can be applied without further concerns.

In order to have a glimpse of the general characteristics of the samples analysed in
this work, Figs. 1 and 2 show the real (R) and imaginary (X) parts of electrical impedance
obtained experimentally as a function of the frequency.

By inspecting these figures, one can note that the behaviors of AU2, AU10, and ITO2
follow a similar trend. One can also see that the impedance curves for ITO10 and ITO20 are
a little apart from the three previous mentioned samples. The impedance of AU20 sample
has a peculiar, more complicated, behavior and for this reason it was analysed in a separated
work (see details in Ref. [8]) and will not be considered in the present analysis.

X d/S

1672

Figure 2. Imaginary (X = —Im{Z}) part of the impedance Z, normalized by the maximum value in
each of the experimental data sets. Here, d is the thickness of the cell and S is the surface area of the
electrodes.
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3. Theoretical Model: Fundamental Equations

The theoretical model is an extension of the Poisson-Nernst-Planck model including frac-
tional derivatives of distributed order to account for the bulk behavior of the density of
particles [10,11] and an integro-differential equation to account for the boundary condi-
tions [4,8]. For completeness, we recall below the fundamental equations to be solved in
the framework of this model [4]. The first of these equations is the fractional diffusion
equation governing the bulk density of ions n, (¢« = p for positive and o = n for negative
ones),

Ood ()i (z,1) = i'( 1) (1)
/0 A v R e

in which t(y) represents a weight function for ¥ while the current density for both types
of ions is given by

jaet) = =D Lnge T Lo, no- o ®)

9z kgT
where D is the diffusion coefficient for the mobile ions (assumed here as the same for
positive and negative ones) of charge g, V(z, t) is the actual electric potential across the
sample, kp is the Boltzmann constant, and T is the absolute temperature. The typical sample
has a shape of a slab, of thickness d, with the electrodes placed at the positions z = £d /2,
of a Cartesian reference frame in which z is the axis normal to them. The fractional operator
considered in Eq. (1) is the Caputo’s one, defined as

37 nP(z, 1)
a1 T Tk— y)/ (t —t)l-r+n’ =

withk — 1 <y < kand n®(z, t) = 9*ny(z, t) [5]. To consider different diffusive regimes
(i.e., different values of y) for the same ion in the sample, a choice of the distribution
7(y) for the fractional time derivative of distributed order has to be made in an appropriate
manner. The possibility of having different regimes is expected to play an important role in
reproducing the experimental data regarding the real and imaginary parts of the electrical
impedance. Likewise, to be prepared to detect anomalous behavior in the experimental
data, it is also appropriate to consider general boundary conditions to be satisfied by the
solutions of Eq. (1). A general, physically plausible, expression that permits to cover
significant experimental situations can be written as:

Ja(z, t)|zzi% = i/ dik(t — t)ﬂna (z,1) . ()

d
o0 j:E

The fractional operator in Eq. (4) may represent a fractional time derivative (if > 0)
or a fractional integral (if n < 0). The remaining fundamental equation of the model is the
Poisson’s equation

2

0
sVen= —% [z t) —n_(z. 0], )

that has to be solved together with Eq. (1), by considering that V (+d /2, t) = Vye'®', where
Vo is small enough to assure the validity of the linear approximation and w is the frequency
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of the applied voltage. These equations govern the dynamics of the system and, after solving
them, the impedance of the cell can be analytically established [4], in the form

g2 tanh (8d/2)/(A2B) + Ed/(2D)
" iweSP? [1 + (io)" 'k (iw)(1 + iwA2/D) tanh (ﬁd/z)/(/vﬁ)} ’

(6)

where S is the surface of the electrodes and A is the Debye’s screening length. In Eq. (6),
the other quantities are

_ /F(ia))+i ith F )_/Ood ) iw) o
B = D eR W1 ta)_o ytiy)luw)",

and £ = F(iw) + B(iw)"k(iw) tanh (8d /2). The transformed kernel is given by

o0
k(iw) = e / dt'k(t — t)e'" . (8)
0

The presence of this kernel k(+ — t') and of the fractional time derivative on the
boundary condition give to the electrical impedance (6) a general profile. As a matter of
fact, for T (y) = 8(y — 1), n = 1, with k(t) = ke™"/", the case worked out in [1], in which
adsorption-desorption phenomena are incorporated to the analysis by means of a kinetic
balance equation at the surfaces, is recovered. On the other hand, for 7(y) = 6(y — 1), with
k(t) = 0, the usual form of the electrical impedance obtained in the situation of blocking
electrodes is re-obtained.

4. Fitting Process

To analyse the experimental data, we have particularized the general expressions stated in
the preceding Sectionto = 1, S = 10~* m?, and performed a choice for the two diffusion
regimes as

F(io) = a(io) + biw), )

where a (measured in s) and b (measured in s”) are the weights of the usual and the
anomalous diffusion regimes, respectively. For the boundary conditions, we have used a
transformed kernel given by

. 1 K1 1 10
k(iw) =kt |:(ia)r)" +  Gar) ] , (10)
in which ¢ and ¢ are adjustable parameters. In (10), T is a relaxation time (here measured
in s), k and «; are phenomenological parameters (here measured in m/s) such that k¢
and « T are two characteristic lengths. In this framework, Eq. (10) involves the diffusion
regimes occurring along two distinct regions near the surface, i.e., one layer of thickness
kT, characterized by an exponent ¢, and another one of thickness «; 7, characterized by an
exponent ¥. Thus, ¥ and ¥}, may be connected to the range of the interactions governing
the dynamics of the mobile charges in these two layers.

From the initial numerical adjustments of the experimental data we have noticed
that fixing the values of some parameters of the model the fitting process yielded good
results. Taking this feature into account, the fit procedure was carried out in the following
manner: the parameters A, D, , k1, and T have been used to adjust AU2, AU10, and ITO2



Downloaded by [Renmin University of China] at 11:07 13 October 2013

28 P. A. Santoro et al.

Table 2. Best fit parameter values for AU2, AU10, and ITO2 samples. The fixed values
for this fit procedure were: ¢ = 8.0gg, a = 1.0, b =0, ¥ = 0.25, and ¢; = 0.5. All the
parameters are expressed in SI units.

Parameter AU2 AU10 1TO2
A(1077) 0.4560 1.0518 1.5276
kT(107%) 0.5940 1.2894 0.4908
ki T(1077) 1.7428 5.8241 6.6626
D10~ 0.2049 0.5254 0.5868
x(107%) 0.8232 1.7200 0.3537
k1(1077) 2.4153 7.7686 4.8019
T 0.7216 0.7497 1.3875

experimental results; for ITO10 and ITO20 samples the parameters A, D, «, and t are left
free in the numerical routine.

In Tables 2 and 3 we summarize the parameter values that give the best fit for the
experimental data worked here.

The following Figs. 3 and 4 show the experimental data with the fitting curves obtained
by using Eqs. (6), (9), and (10), and the fitted parameters exhibited in Tables 2 and 3.

The fitting process shows that the behavior of the ITO sample with the thinner Poly-
imide layer (ITO2) is more alike to the AU2 and AU10 samples, as shown in Table 2.
Indeed, when these results are compared with the ones shown in Table 3, it follows that the
effective “surface lengths” of the ITO samples are about two orders of magnitude lower
than the ones of the samples of Table 2. The parameter responsible for this substantial
difference is 7, because x remains of the order of 1 um for all the analysed samples.
In addition, to account for the behavior of AU samples, the kernel of Eq. (10) has to be
assumed as a superposition of two terms. In this regard, it is noteworthy that the expected
behavior of this term, when a first order kinetic equation (Langmuir approximation) is used
as the balance equation at the surface [9], would be as 1/(iwt), i.e., ? = 1 and x; =0 in
Eq. (10). Since b = 0 in the fitting process, by means of Eq. (9) one concludes that it is
not necessary to consider anomalous diffusive regimes in the bulk to obtain a best fit for
the experimental data when gold electrodes or ITO electrodes with very thin Polyimide
layer are used. However, it is mandatory to consider non-usual or “anomalous” response
behavior at the interface to account for the trends of the experimental results.

Table 3. Best fit parameter values for ITO10 and ITO20 samples. The fixed values for this
fit procedure were: ¢ = 8.0gp, a = 1.0, b = 0,9 = 0.2, and k; = 0. All the parameters are
expressed in ST units.

Parameter ITO10 ITO20
A(1077) 0.9706 1.0828
kT(107%) 5.7902 4.6488
D10~ 0.4854 1.5022
k(107%) 1.7882 0.6099

7(1073) 3.2380 7.6223
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Figure 3. Experimental data and fitting curves for the real (R) and imaginary (X) parts of the
impedance Z of the AU2, AU10, and ITO2 samples.

In the framework of the present model, we could interpret the results of Table 2 in
a summarized way as follows. The bulk diffusion of ions can be described by the usual
diffusion equation, while near to the electrodes we have a sophisticated diffusion process
in which intervene two effective lengths, k7 ~ 1 um and ;7 &~ 0.1 um. In samples having
a thickness of the order of 30—35 um as the one we are analysing here, these lengths are
clearly much greater than the thickness of the Polyimide layer. One is then tempted to
interpret these findings as an indication that the charges located near the interface of the
highly conducting electrodes may undergo more than one anomalous diffusive regimes.
The same conclusion holds true for the AU20 sample, as discussed in Ref. [8]. Thus, there
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Figure 4. Experimental data and fitting curves for the real (R) and imaginary (X) parts of the
impedance Z of the ITO10 and ITO20 samples.

are indications that the polyimide influences the behavior at low frequencies through the
adsorption and desorption effects at the interface. The magnitude of effective resistance
depends on the number of ions released by polyimide layers. Concerning the effective
capacitance of the cell, the relaxation times decrease with the thickening of polyimide
layer.

Looking now at the surface lengths shown in Table 3, one observes that kT & 1 nm,
i.e., the effective “surface length” is comparable with the thickness of the Polyimide layer,
which is of the order of a few nano meters. In addition, it was not necessary to consider
a second effective “surface length” for these samples, i.e., k; T = 0. Notwithstanding, the
surface response behavior is also anomalous, and the transformed kernel is of the form
k(iw) ~ (iwt)~ 2. In conclusion, it is possible to think that the charges near the electrodes
of these ITO samples undergo a single, even if anomalous, diffusion regime.

5. Concluding Remarks

A simple and new conclusion emerges from the rapid analysis we have done here and can
be stated as follows. While it is not necessary to account for anomalous diffusion regimes
in the middle of the samples, i.e., far away from the surface, near to the interfaces these LC
samples require a more involving theoretical treatment. To account for the rich behavior
of the electrical impedance response of these systems it may or may not be necessary, but
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will be surely useful, to consider anomalous response behavior at the interface. This can
be accomplished by formulating the boundary conditions in such a way that they embody
anomalous as well as conventional process. In this sense, by using the framework of the
model presented here we have obtained a set of “surface lengths” that enabled us to perceive
the existence of these anomalous process. We consider that this result can be useful to gain
understanding of the phenomena that take place at the interface of these systems.
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