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Non-linear temperature-dependent current–voltage (I–V ) characteristics of an organic polyaniline (PAN) thin films diodes
measured by Kieffel et al. (Synth. Met. 135–136, 325–326 (2003)) is explained on the basis of phonon-assisted tunnelling
initiated by electrical field. The results of temperature dependence of conductivity in PAN films presented in references: Gosh
et al., Phys. Lett. A 260, 138–148 (1999), Mzenda et al., Synth. Met. 127, 285–289 (2002), and Maser et al., Mater. Sci.
Engin. C 23, 87–91 (2003) are also explained on the basis of the free charge carrier generation tunnelling mechanism. From
the fit of the experimental data with the present model the density of localised states which take part in the current flow is
estimated.
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1. Introduction

The conducting polyaniline polymers have received
widespread applications because they are soluble, have
variable conductivity, and can be easily processed in
both doped and undoped forms [1, 2]. To understand
the electronic transport properties of PAN, a number of
studies on conductivity have been performed in the last
few years [1–8]. Experimental measurements reveal
that electrical conduction in PAN (undoped or lightly
doped) is temperature-activated and decreases by sev-
eral orders of magnitude as the temperature is lowered
[4].

In Refs. [4, 5] the charge transport has been de-
scribed as a superposition of different conduction phe-
nomena, because the morphology of PAN comprises
metallic islands surrounded by amorphous regions. In
charge transport, metallic conduction takes place in
metallic regions, and charge hops in amorphous re-
gions.

Pelster et al. [6] have suggested that the elec-
tronic transport in the PAN is governed by the three-
dimensional (3D) hopping between these crystalline re-
gions, an average size of which has been estimated to
be about 8 nm, surrounded by amorphous polyaniline.
Gosh et al. [1] have observed that the electrical con-
ductivity of HCl-doped conducting PAN increases with
increasing the temperature and that the variation is re-

markably high at higher temperature, whereas at low
temperature the conductivity variation is very small.
The authors of Ref. [1] have ascribed the high tem-
perature (10 K≤T≤260 K) conductivity to the Mott’s
(exp(T−1/4)) variable range hopping among the local-
ized states. The temperature-dependent conductivity
at low temperatures (T<10 K) has been described by
the relation σ(T ) ∝ exp[−(T0/T )1/2], where T0 is the
characteristic temperature.

The observed variation of the activation energy with
temperature, in the opinion of the authors of [1], sug-
gests that the band conduction model is not sufficient
to explain the observed variation of conductivity. The
whole process of charge transport in PAN, according to
Mzenda et al. [7], is complex and no single model can
represent it.

In this report we would like to note that the non-
linearity of I–V characteristics and its temperature be-
haviour, such as variation of slope with temperature
and temperature dependence of energy activation, in
the case of inorganic diodes can be successfully ex-
plained by addressing the phonon-assisted tunnelling
as a free charge carrier generation mechanism [9, 10].
Very recently the phonon-assisted tunnelling model has
been used for explanation of temperature- and field-
dependent conductivity in some organic materials [11].

Therefore in this paper we present an alternative
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Fig. 1. I–V characteristics of PAN films at different temperatures
from Fig. 1 of Ref. [8] (symbols) fitted to the theoretical tunnelling
rate W1(F, T ) (solid lines) calculated at the same temperatures as
the experimental data using the following parameters: a = 11,
εT = 0.6 eV, m∗ = 2me, ~ω = 12 meV. The fit is performed
under assumption that the field strength F is proportional to the

square root of the applied voltage.

explanation of temperature-dependent nonlinear I–V
characteristics of PAN films [8], assuming that the
free charge carrier creation occurs due to the phonon-
assisted tunnelling from the localized states in metal–
polymer interface.

2. Theory and comparison of experimental data

It is assumed that the charge carriers are generated
from electronic states in the polymer near the metal–
polymer interface. The electrons enter the conduction
band of the polymer as a result of phonon-assisted tun-
nelling from these levels. The filling of the electronic
states at the interface is from the metal electrode. As-
suming that all the released electrons are transferred
through the depletion region, the current will be pro-
portional to the tunnelling rate W , i. e. I = eNWS,
where N is the surface density of localized electrons,
and S is the area of the barrier electrode. On this basis
we will compare the I–V data extracted from Fig. 1 in
Ref. [8] with the tunnelling rate W .

The temperature- and field-dependent tunnelling
rate W (F, T ) was computed using the phonon-assisted

Fig. 2. Reciprocal temperature dependences of the current density
at different field strengths for PAN films from Fig. 1 of Ref. [8]
(symbols) fitted to the W1(F, T ) dependences (solid lines) calcu-

lated for the same parameters as in Fig. 1.

tunnelling theory [12] according to the following rela-
tion:
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Here Γ2 = 8a(~ω)2(2n + 1) is the width of absorption
band of the centre, n = [exp(~ω/(kBT ))−1]−1, where
~ω is the phonon energy, εT is the energetic depth of
the centre, e is electron charge, and a is the electron–
phonon interaction constant (a = Γ2

0/[8(~ω)2]).
The calculation was performed using the effective

mass value m∗ = 2me for electron and the energy
value of 12 meV for phonon. The value of activation
energy εT was determined from the plot of ln J against
1/T at 1 V (see Fig. 2). The electron–phonon coupling
constant a was chosen so as to get the best fit between
the experimental data and the calculated dependences.
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Fig. 3. The same as in Fig. 1 (symbols) but fitted to the tunnelling
rate W2(F, T ) dependences calculated with the following param-
eters: εT = 0.6 eV, m∗ = 2me, ~ω = 12 meV, S = 22 (solid
lines). The dashed line corresponds to the tunnelling rate calculated

for m∗ = me.

In Fig. 1 the solid lines represent the theoretical de-
pendences of W1(F, T ) on the field strength F , fitted
to the experimental data. The fit was performed un-
der the assumption that the tunnelling occurs through
the Schottky barrier, where the maximal field strength
is proportional to the square root of the applied volt-
age. The comparison shows an excellent agreement of
the theory with the experimental data in all the range
of temperatures. From the relation J = eNW the cen-
tre density N close to the interface between the elec-
trode and polymer can be estimated. From the results in
Fig. 1 for J = 10−7 Am−2, W is equal to 8·10−5 s−1,
hence N = 7.8·1015 m−2. Figure 2 illustrates ln J de-
pendences on 1/T calculated for the same parameters
as in Fig. 1. It can be seen that the slope of experimen-
tal curves, as well as of theoretical ones, diminishes
with the increase of voltage or field strength.

We want to note that the similar temperature-depend-
ent tunnelling rate on field strength is also given
by phonon-assisted tunnelling theory developed by
Makram-Ebeid and Lannoo [13]. To confirm this as-
sertion, in Fig. 3 the comparison of the same experi-
mental data as in Fig. 1 is shown with W2(F, T ) de-
pendences computed using the theory from [13]. The

phonon-assisted tunnelling rate of electrons from the
impurity centre of depth εT , derived by the use of Con-
don approximation, is given by the following expres-
sion (Eq. (18) in [13]):

W2(F, T ) =
+p0
∑

p=−p0
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Here p0 = εT /(~ω), ~ω is the phonon energy, Ip is
the modified Bessel function, and S is the Huang–Rhys
coupling constant.

The rate W2(F, T ) was computed for effective mass
m∗ = 2me and S = 22. From Fig. 3 one can see that
theoretical curves also well describe the experimental
results. The dashed curves represent the W2(F, T ) de-
pendences computed for the effective mass m∗ = me.
It is seen that in this case the theoretical curves notice-
ably worse describe the experimental data.

In Fig. 4 the temperature dependences of conductiv-
ity of HCl-doped PAN films from [1] and [7] fitted to
W1(T ) dependences are shown. It is seen that the vari-
ation of conductivity with temperature both at high and
at low temperatures is well described by the variation
with temperature of W1(T ) alone. This circumstance
strongly supports our proposed model. The deviation
of experimental data from theoretical curves at temper-
atures lower than 50 K may be caused by the fact that
at low temperatures the phonons having lower energy
are more effective.

Finally, in Fig. 5 the dependences of conductivity on
reciprocal temperature in the wide temperature range
from 200 K to 2 K for pure PAN from Fig. 6 of [14]
are shown. The experimental data were fitted to the
ln W2(T ) against 1/T dependence computed for three
values of phonon energy. The solid curve calculated
for the phonon energy of 0.12 meV well matches the
temperature variation of the current in low temperature
region. The temperature at which the bending in these
dependences occurs strongly depends on the value of
phonon energy, and this allows us to estimate the en-
ergy of phonons taking part in the tunnelling process.
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Fig. 4. Reciprocal temperature dependences of the conductivity of
a PAN: from Fig. 5(a) of Ref. [1] and from Fig. 5 of Ref. [7] (sym-
bols). The solid curves are the best fits of the data to the calculated
W1(F, T ) against 1/T dependences for the following parameters:
a = 11, εT = 0.24 eV, m∗ = 2me, ~ω = 12 meV, and for the

field strengths F1 = 75 MV/m, F2 = 30 MV/m.

3. Conclusion

In conclusion, the observed nonlinearity of I–V
characteristics of polyaniline thin films in the high field
region and their variation with temperature is explained
by the phonon-assisted tunnelling model proposed in
[12] using Gaussian approximation for the impurity
centre absorption band, as well as theory based on Con-
don approximation [13] and used to describe tempera-
ture behaviour of I–V dependences in inorganic mate-
rials. From the fit of experimental I–V dependences
with the calculated W (F ) dependences, the density
of localized states in the interface is estimated to be
≈1016 m−2.
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POLIANILINO VOLTAMPERINIŲ PRIKLAUSOMYBIŲ NETIESIŠKUMAS FONONAIS
PASKATINTŲ TUNELINIŲ ŠUOLIŲ POŽIŪRIU

A. Kiveris, P. Pipinys
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Santrauka

Netiesinės polianilino plonų plėvelių voltamperinių charakteris-
tikų temperatūrinės priklausomybės (eksperimentiniai autorių duo-
menys iš [1, 7, 8, 14]) palygintos su teorinėmis krūvininkų tuneli-
nių šuolių dalyvaujant fononams tikimybių priklausomybėmis nuo

temperatūros ir elektrinio lauko stiprio. Eksperimento duomenys
gerai atitinka apskaičiuotas tuneliavimo spartos priklausomybes
nuo lauko stiprio ir temperatūros. Palyginus eksperimentinius duo-
menis su teorinėmis priklausomybėmis rastas paviršinis srovę sąly-
gojančių lokalizuotų centrų tankis, lygus ≈1016 m−2.


