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Abstract

We investigate the conductivity of a composite of PANI-PAMPSA and PANI-PAMPSA with car-
bon particles by impedance spectroscopy. We establish that the addition of carbon particles to the
PANI-PAMPSA composite leads to a significant rise in the conductivity over the entire range of fre-
quencies studied (from 10 Hz to 5 MHz). Such increase in conductivity is very important for using the
PANI-PAMPSA composite in solar energy. We propose an equivalent electrical circuit of the samples
investigated. At low frequencies, the conductivity dependence on frequency indicates the hopping
mechanism of the charge carrier transport.

Keywords: polyaniline, carbon particles, impedance spectroscopy, current—voltage characteristics, fre-
quency dependence of conductivity, hopping conductivity.

1. Introduction

Nowadays, composites based on polymers with inorganic particles have become more and more popular
as materials for solar batteries. Solar cells based on such hybrid structures have a wide range of absorption
due to the addition of inorganic particles. In addition, these elements have low cost due to the use of
polymers. Polymers, such as P3HT, PANI, PCBM, MEH-PPV, PFB, and F8BT with CdSe, CdS, PbS,
PbSe, ZnO, CulnS,, and Si nanoparticles are often used for creation of these hybrid structures [1-9].

Polyaniline (PANI) is one of the most widely used conductive polymers. PANI complexes obtained
in the presence of polysulfonic acids by oxidative aniline polymerization are water-dispersible complexes,
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whose thin films possess electrical conductivity in the range of 1072 — 107! Q=1 . em~! [10,11]. In parti-
cular, a complex consisting of PANI and poly-(2-acrylamido-2-methyl-1-propanesulfonic acid (PAMPSA)
forms a stable aqueous dispersion along with exhibiting temporal stability of optical and electrical prop-
erties of thin films for at least two years [12]. In the PANI-PAMPSA films, the mobility of holes (major
charge carriers) is of the order 1 ecm?V~!.s71 as is found from Hall-effect measurements [13]. The
PANI-PAMPSA films in solar cells are used primarily as a transparent hole transport layer; therefore, a
very important task is to increase their conductivity.

In this regard, the PANI-PAMPSA with carbon crystals (PANI-PAMPSA/C) is expected to be a
promise material for fabrication of solar cells. The preparation technology of these materials is rather
well developed, such as solar cells based on PANI layers [14]. Nevertheless, the charge carrier transport
in PANI/C composites has been poorly explored. In this work, we study the conductivity of composites
consisting of PANI-PAMPSA and carbon by impedance spectroscopy.

2. Materials and Method

PANI was synthesized in aqueous solution by oxidative aniline polymerization in the presence of
PAMPSA (MW~ 2105, 15 wt.% in HyO, Sigma-Aldrich) [10,12]. Ammonium persulfate (analytical
grade) was used as the oxidizer. The molar ratio of aniline to oxidizer was 1:1 mol/mol, and the ratio
of aniline to the sulfonic group of PAMPSA was 1:2 mol/g-eq. sulfonic group. Acetone dispersion of
carbon was prepared by sonication in a bath for 1.5 h followed by centrifugation (6000 rpm, 10 min)
for removing particle aggregates. The carbon dispersion was added to the PANI-PAMPSA solution, and
then the mixture was sonicated for 20 min to achieve a homogeneous distribution of the particles in the
polymer.

A SEM image of carbon particles is shown in Fig. 1; the particles are graphite rods with a diameter
of ~10 pm and a length of hundreds of micrometers; agglomerates tens of micrometers in size are also
observed. Thin films of the composite were prepared by drop casting the PANI-PAMPSA /C dispersion
onto glass substrate and drying at room temperature. To study the electrical properties, aluminum
contacts were vapor-deposited onto the surface of the films. Two distances were used between the contacts,
namely, 1 and 0.1 mm. The conductivity was measured using a Keithley 6487 unit in the voltage range
from —3 to 3 V. Frequency dependences of conductivity were measured by an HP 4192A impedance
analyzer in the frequency range from 10 Hz to 5 MHz.

The Raman spectrum of PANI-PAMPSA films obtained using an Enspectr R532 spectrometer is
shown in Fig. 2. The Raman spectrum exhibits a peak at 1,612 cm™! (C-C stretching vibrations of the
benzenoid ring), a band at 1,335 cm™! (the C-N7 vibration of the benzenoid ring), with a band of C-H
stretching bending vibration of the benzenoid ring shifted to 1,172 cm™!, and bands at 837 and 600 cm™!
corresponding to benzenoid ring deformations in polarons and bipolarons. The absence of a peak in the
1,462 cm™! region corresponding to C =N stretching vibration of the quinoid ring may indicate the fact
that the polyaniline in the samples is predominantly in the nigraniline form.

3. Discussion and Conclusions

Figure 3a shows the current-voltage characteristics for a pure PANI-PAMPSA (curve 1) and the
PANI-PAMPSA/C with a distance between the contacts [ = 1 mm (curve 2).
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Fig. 1. SEM image of carbon particles. Fig. 2. Raman spectrum of PANI-PAMPSA films.

As one can see, all I-V characteristics are practically linear. At the same time, at a distance of
I = 0.1 mm, the I-V characteristics become nonlinear. This may be explained by the existence of
Schottky barriers on the boundaries between the sample and the electrical contacts. In the case of a large
distance between the contacts, the resistance of the sample is sufficiently large and likely considerably
exceeds the Schottky-barrier resistance, so the current—voltage characteristics in this case are linear (see
Fig. 3a). In the case of a small distance between the contacts, the resistance of the sample is comparable
with the resistance of contacts, and the current—voltage characteristics become nonlinear. In order to
exclude the influence of contacts on the measured characteristics, all measurements were carried out when
the distance between contacts was equal to 1 mm.
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Fig. 3. Current—voltage characteristics (a) and frequency dependences of conductivity (b) for a pure PANI-

PAMPSA (curve 1) and for the PANI-PAMPSA /C with a distance between the contacts equal to 1 mm (curve 2).

Frequency dependences of conductivity are presented on Fig. 3b. As one can see, the dependences

are similar for both samples but the conductivity of a sample with carbon particles is greater than that
of the pure polymer sample for all frequencies studied.
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A Cole-Cole plot for the PANI-PAMPSA/C is shown in Fig. 4 (a similar Cole-Cole plot was ob-
tained for the pure PANI-PAMPSA). This diagram is often described by the equivalent circuit shown in
Fig. 4 [15-18]. This equivalent circuit consists of two series-connected parallel RC circuits. Here, R1 and
C1 represent the contribution of the electrode—sample interface to the resistance and the capacitance, and
R2 and C2 represent the contribution to the resistance and capacitance arising from the grain boundaries.
We should note that the contact resistance R1, which has no influence at the DC mode (with a large
distance between the contacts), begins to appear on the alternating signal by shunting the resistance R2
by the capacitance C2 as the frequency increases (the capacitance decreases with frequency increase in
accordance with 1/wCs ~ 1/w, where w = 27 is the cyclic frequency).

The impedance of this circuit can be written as follows:

R+ Re+ iwR1 Ry (Cy + Co)
T (1 +iwCi R (1 + iwCoRy)

with the real and imaginary parts of the impedance represented as

Ri + Ro)(1 — w?R1RyC1C) + w? Ry Ro(C1 + C2)(R1C1 + RaCy)

(1 — w2R1R20102)2 + (wR101 + wR202)2 ’
_ leRg(Cl + 02)(1 — w2R1R20102) - w(R1 + RQ)(C1 + 02)(R101 + RQCQ)
(1 — w2R1R20102)2 + (wR101 + wR202)2

ReZ:(

Im Z : (3)

We present the Cole-Cole plot based on the proposed equivalent circuit by the solid curve in Fig. 4.
As Fig. 3b shows, at low frequencies, the conductivities of both samples (pure PANI-PAMPSA and
PANI-PAMPSA /C) increase with increase in frequency; the frequency dependences of conductivity can

be approximated by the power law o oc w?.

It is known that the power frequency depen-
dence at 0 < s < 1 is characteristic of a hop- 200

ping conduction mechanism [19-25]. In particular, S’
such law is observed in nanogranular metals and <
composites, such as polymer-matrix—metal parti- N i
cles [26-28]. According to this model, the coef- —% 100

ficient s depends on frequency, as can be seen in
Fig. 3b. Considering the high polarizability of the
polymer matrix and the conductivity of carbon par-
ticles, which is close to a semiconductor, it is quite
possible to form C-C dipoles from charged parti-
cles, which corresponds to the given hopping model.
In particular, this may be indicated by the nature
of the conduction curves, which reach a constant
value at high frequencies. The identical nature of
the Cole-Cole diagrams and the frequency depen-
dences of the conductivity for samples with and without carbon particles indicate that the introduction
of particles does not change the conduction mechanism. We can assume that the introduction of carbon
particles affects the probability of charge carrier hops.
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Fig. 4. The dependence of the imaginary part of the
impedance on its real part for the PANI-PAMPSA/C.
The inset shows a probable equivalent electric circuit.
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4. Summary

In this paper, we studied the electrical properties of pure PANI-PAMPSA and PANI-PAMPSA with
carbon particles and found that the I-V characteristics for both PANI-PAMPSA and PANI-PAMPSA/C
samples with distance between contacts equal to 1 mm are practically linear. At the same time, when
the distance between the contacts is equal to 0.1 mm, we have nonlinear current—voltage characteristics.
This may be explained by the existence of Schottky barriers on the boundaries between the sample and
the electrical contacts. In the case of a large distance between the contacts, the resistance of the sample
is sufficiently large and likely considerably exceeds the Schottky-barrier resistance, so the current—voltage
characteristics in this case are linear.

We demonstrated that the addition of carbon particles to the PANI-PAMPSA composite leads to
the conductivity increase in the whole range of studied frequencies (from 10 Hz to 5 MHz), with the
Cole-Cole plots for both PANI-PAMPSA and PANI-PAMPSA /C samples being similar. An equivalent
electrical circuit that takes into account the resistance and capacitance of both the sample and electrical
contacts is proposed.

An analysis of the frequency dependences of the conductivity of the studied samples is carried out
based on the proposed equivalent circuit. We showed that in the low-frequency region the conductivity
of the system is determined by the conductivity of the samples, i.e., of the PANI-PAMPSA or PANI-
PAMPSA/C layers, and there is no contribution from the contacts. The frequency dependences of
conductivity can be described by a power law, which is characteristic of the hopping conductivity. We
assumed that the introduction of carbon particles into the PANI-PAMPSA matrix changes the jump
probability of the charge carriers.
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