
Electrical Transport and Chemical
Sensing Properties of Individual
Conducting Polymer Nanowires
Yanyan Cao,† Alexey E. Kovalev,‡ Rui Xiao,† Jaekyun Kim,‡ Theresa S. Mayer,*,‡

and Thomas E. Mallouk*,†

Department of Chemistry, The PennsylVania State UniVersity, UniVersity Park,
PennsylVania 16802, Department of Electrical Engineering, The PennsylVania State
UniVersity, UniVersity Park, PennsylVania 16802

Received April 3, 2008; Revised Manuscript Received October 22, 2008

ABSTRACT

The electrical transport and chemical sensing properties of individual multisegmented Au-poly(3,4-ethylenedioxythiophene)(PEDOT)-Au nanowires
have been investigated. Temperature dependent conductivity measurements show that different charge transport mechanisms influence these
properties in two types of PEDOT nanowires. Charge transport in PEDOT/poly(4-styrenesulfonic acid) (PSS) nanowires is in the insulating
regime of the metal-insulator transition and dominated by hopping, while PEDOT/perchlorate (ClO4) nanowires are slightly on the metallic
side of the critical regime. The vapor sensing properties of individual nanowires to water and methanol reflect the fact that the two kinds of
PEDOT nanowires operate in different transport regimes. Nanowires in the metallic transport regime show much greater sensitivity to vapor-
phase analytes than those in which transport is dominated by hopping.

The past decade has witnessed rapid growth in research on
conjugated polymer nanostructures, which has been driven
by their unique electrochemical and electronic properties,
as well as by the processing advantages of polymers relative
to inorganic electronic materials. The applications of con-
ducting polymer nanostructures have been recently re-
viewed.1 Conducting polymer nanowires and nanotubes have
been proposed as active materials for ultrafast electrochro-
mics2,3 and field emission displays.4 Nanoresistors, diodes,
and field-effect transistors based on conducting polymer
nanowires have been demonstrated.5,6

Like other high aspect ratio nanostructures such as carbon
nanotubes and semiconductor nanowires,7 conducting poly-
mer nanowires are proming for applications in chemoresistive
sensor arrays.8 Conducting polymer nanowires made by
electrochemical replication of porous templates such as
anodic aluminum oxide can be grown with precise control
over their length and diameter and then integrated into
electronic circuits by dielectrophoretic assembly.9 For chemore-
sistive sensor applications, it is important to understand the
charge transport in nanowires because the charge transport
mechansims can have important consequences in terms of
the sensor signal-to-noise ratio. Previous studies of poly(3,4-

ethylenedioxythiophene) (PEDOT) thin films10 and nanow-
ires11 have shown that their electronic behavior is complex
and appears to depend on the structure of the polymer, which
in turn depends on the synthetic conditions, doping level,
charge balancing ions, and other factors, such as the nature
of the contacts.

Here, we present data showing that there is a qualitative
difference in the charge transport behavior of PEDOT/PSS
(PSS ) polystyrenesulfonate) and PEDOT/ClO4 nanowires
grown in anodic aluminum oxide templates. Temperature-
dependent resistivity measurements show that these nanow-
ires are on the insulating and metallic sides of the
metal-insulator (M-I) transition, respectively. Conse-
quently, the two kinds of nanowires exhibit quite different
properties in vapor sensing. Possible sensing mechanisms
are proposed based on the structural information implied by
the transport data.

A typical nanowire in our study consists of three segments:
two gold ends and a conducting polymer part in the middle.
The nanowires were fabricated by sequential electrodeposi-
tion of gold and PEDOT segments in anodic aluminum oxide
membranes (see Supporting Information for details). Dark-
field optical microscope and transmission electron micro-
scope (TEM) images of the nanowires are shown in Figure
1a. The gold and PEDOT segments can be distinguished
clearly in both images because of the high electron density
and reflectivity of gold relative to the conducting polymer.
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Individual nanowires were aligned in a four-point mea-
surement test bed shown in Figure 1b by dielectrophoretic
assembly.12 The two inner electrodes were fabricated by
electron-beam lithography and liftoff of a 10 nm Ti/70 nm
Au thick metal electrode deposited by thermal evaporation.
Four-point measurements were carried out by monitoring the
voltage drop between the two inner electrodes while applying
a DC current between the two outer electrodes. A comparison
of two-point and four-point resistance showed that the contact
resistance between the gold ends and the PEDOT segments
was negligible in these nanowires.

The diameters and lengths of the aligned nanowires were
estimated from FE-SEM images. The average room tem-
perature conductivity of PEDOT/PSS nanowires was ∼5
S/cm, which is slightly lower than the 80 S/cm of electrode-
posited PEDOT/PSS films reported in the literature13,14

possibly due to partial dedoping of the nanowires during the
synthesis of the second Au end or subsequent solution
processing. The average room temperature conductivity of
PEDOT/ClO4 nanowires was ∼200 S/cm.

The temperature dependence of the resistivity has been
used extensively to probe the charge transport mechanisms
of conducting polymers.15 Recently, Kaiser reviewed16 the
electrical transport properties in a broad range of conducting
polymer films. A fluctuation-induced tunneling model can
be used to describe the most highly conducting polymer
films, while hopping of charge carriers typically dominates
in less conductive films. Hopping transport leads to a rapid
increase in resistivity with decreasing temperature. In the
critical regime near the metal-insulator (M--I) transition,

the temperature dependence of the resistivity follows a power
law. In general, the macroscopic charge transport mechanism
is determined by the coexistence and distribution of crystal-
line domains and disordered regions as well as by the doping
level.

The current-voltage (I-V) characteristics of both types
of nanowires were measured over the temperature range 5
to 300 K. At temperatures above 30 K, both types of
nanowires exhibit ohmic behavior. The temperature depen-
dence of the low bias resistance of the PEDOT/PSS and
PEDOT/ClO4 nanowires is illustrated in parts a and b of
Figure 2, respectively. For the PEDOT/PSS nanowires, the
resistivity ratio F(20 K)/F(300 K) was ∼ 300. The data in
the temperature range from 20 to 300 K can be best described
by eq 1, as shown in Figure 2a,

R(T) ∝ exp[(T0 ⁄ T)1⁄2] (1)

where T0 is between 1000 to 2000 K for different nanowires
in this sample. This same temperature dependence and
comparable values of T0 were observed for PEDOT/PSS thin
films having conductivities similar to that of our nanowires.10

The saturation of the resistance at lower temperatures may
be explained by the dominant role of tunneling effects in
the conductivity when thermal excitation fails to support
hopping.

In contrast, the PEDOT/ClO4 nanowires had a resistivity
ratio F(20 K)/F(300 K) < 2. As is shown in Figure 2b, the
resistivity in the temperature range from 20 to 300 K follows
a power law, which is typically used to describe the critical
regime of the M-I transition. A similar temperature depen-

Figure 1. (a) Optical and TEM (inset) images of multisegmented Au-PEDOT/PSS-Au nanowires. (b) Field emission scanning electron
microscopy (FE-SEM) image of a Au-PEDOT/PSS-Au nanowire assembled on a four-point measurement test structure.

Figure 2. (a) Temperature dependence of the low bias resistance of a PEDOT/PSS nanowire. The straight line is a fit to eq 1. (b) A log-log
plot of the temperature dependence of the resistance of a PEDOT/ClO4 nanowire, which follows a power law at high temperatures (shown
by the straight line).
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dence was observed in highly conducting electrochemically
deposited PEDOT thin films doped with PF6, BF4, and
CF3SO3.17

With crystalline solid state materials, the temperature
dependence of the conductivity gives the activation energy,
and this method is typically used to differentiate metals from
semiconductors and insulators. Metals and insulators have
positive and negative values of (d ln[σ(T)])/(d (1/T)),
respectively. In the case of conducting polymers, the transport
properties are dominated by disorder, which results in carrier
localization. In this case, the standard method for dif-
ferentiating insulating, critical, and metallic behavior is to
measure the temperature dependence of the reduced activa-
tion energy,15,18 W, which is defined as W ) (d ln[σ(T)])/(d
ln T). Positive, zero, and negative slopes of the W-T plot
correspond to the metallic, critical, and insulating regimes,
respectively. As shown in Figure 3a, the PEDOT/PSS
nanowire is in the insulating regime with a negative W-T
slope over the 30-300 K temperature range. The inset
log-log plot Figure 3a shows power law behavior, W ∼
T-0.5. In contrast, the nearly temperature-independent W of
PEDOT/ClO4 nanowires is characteristic of the critical
regime, and its value of around 0.2 indicates that these
nanowires are slightly on the metallic side of the M-I
transition. To understand if the difference between the
PEDOT/PSS and PEDOT/ClO4 nanowires was simply a
consequence of different doping levels, an experiment was
done to deliberately dedope the as-prepared PEDOT/ClO4

nanowires (see Supporting Information for details). The room
temperature resistance of the nanowire increases by almost
2 orders of magnitude upon dedoping, and W increases by
approximately a factor of 4, but the slope of the
log(W)-log(T) curve does not change significantly.

The temperature dependence of the resistivity given by
eq 1 follows from different models, which all take into
account a hopping or variable range hopping (VRH) mech-
anism. The quasi 1D Mott insulator model19 assumes that
VRH along one direction dominates and T0 is approxi-
mately20 B1/kBN(EF)a, where N(EF) is the 1D density of states,
a is the localization length, and B1 > 1 is a percolation
constant. Taking N(EF) to be about 0.5 eV-1 per three-ring
PEDOT unit21 and a to be about the length of the three-ring
unit, we obtain T0 g 23000 K. This is much higher than the

experimentally measured values, and thus it is unlikely that
this model can be used to describe charge transport in our
PEDOT/PSS nanowires.

Shklovskii and Efros22 considered 3D VRH with the
Coulomb gap at the Fermi level. In this model, the localiza-
tion length is given by the equation22 a ) 2.8e2/kBT0κε0,
where e is the electron charge, κ is the dielectric constant,
ε0 is the permittivity of vacuum, and kB is the Boltzmann
constant. Using the experimentally obtained T0 ) 1000 K
and the typical dielectric constant κ ∼ 2 for conducting
polymers, we obtain a ∼ 0.3 µm, which is physically
unreasonable because a typical value of this localization
length in conducting polymers does not exceed tens of
nanometers.15 Furthermore, this model is usually applicable
at low temperatures in disordered semiconductors, where the
transport at higher temperatures is characterized by the 2D
or 3D variable range hopping.23

There are several other models that predict the temperature
dependence of the resistivity in the form of eq 1. For
example, the model of Klafter and Sheng24 for granular
conductors takes into account the distribution of grain sizes,
while that of Zuppiroli et al.25 describes hopping between
polaronic clusters. Zuppiroli’s model assumes variations in
dopant distribution. We do not have strong experimental
evidence to distinguish between these two models. However,
although these two models are based on different microscopic
structures, both of them describe hopping between more
conducting domains embedded in an insulating matrix.

The charge transport mechanisms that determine the
electrical conductivity of the nanowires are determined by
the microscopic structure of the conducting polymer, which
in turn originates from the synthetic conditions. The differ-
ence in the electrical transport properties of PEDOT/PSS and
PEDOT/ClO4 nanowires most likely comes from the different
counterions. Similar phenomena were observed in PPy thin
films having different counterions.26 As the size of the
counterions increased (from hexafluorophosphate to p-
toluenesulfonate to sulfonated poly(hydroxyether)), the con-
ductivity decreased and the temperature dependence became
stronger. Larger, polymeric counterions are believed not only
to increase the spacing between conjugated chain, but also
to increase the conformational disorder.26 As a result,
polymers with polyanionic counterions are less crystalline

Figure 3. (a) Plot of the reduced activation energy W for PEDOT/PSS and PEDOT/ClO4 nanowires. (b) Comparison of PEDOT/ClO4

nanowires before and after electrochemical dedoping.
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than polymers doped with smaller counterions. The perchlo-
rate ion is relatively small (d ∼ 2.8 Å) and monomeric.
Another possible factor is the solvents used in the electro-
chemical synthesis. Acetonitrile is used in the synthesis of
PEDOT/ClO4, while 1:1 v:v acetonitrile/water is used for
PEDOT/PSS synthesis because of the poor solubility of PSS
in pure acetonitrile. It is known that aprotic solvents such
as acetonitrile improve the integrity of the synthesized
polymers because they minimize nucleophilic side reactions27

that terminate chain propagation.
The temperature-dependent I-V characteristics are sym-

metric for both types of conducting polymer nanowires.
Figure 4 shows I-V plots of a PEDOT/PSS nanowire
measured at 30, 20, 10, and 5 K. The nanowires exhibit
ohmic behavior at low electric field and/or high temperature.
When the temperature decreases below 30 K, the I-V
characteristics become nonlinear. In contrast, the PEDOT/
ClO4 nanowires are ohmic over the experimentally measured
range of temperatures and fields. Schottky barriers are a
common source of nonlinear I-V behavior. However, the
influence of metal-polymer contacts on the conduction is
eliminated by using the four-point measurement test structure.
Thus, it is possible to exclude Schottky emission as the
source of the nonlinearity we observed for the PEDOT/PSS
nanowires.

From the inset in Figure 4, the logarithm of the nonlinear
part of the resistance is proportional to the electric field F
inside the sample: ∆ ln(R) ∼ F. A similar electric field
dependence was obtained by Pollak and Riess28 for the Mott
insulator in the 2D and 3D VRH regime and by Shklovskii
and Efros29 for the 3D VRH regime with a Coulomb gap.
Both predicted that the electric field dependence of the
resistivity in the intermediate field regime is described as,

ln R) ln R0 -
eFL
kBT

(2)

where R0 is the low-field resistance, T is the sample
temperature, kB is the Boltzmann constant, and the charac-
teristic length L is on the order of the hopping distance. The
hopping distance in these models is temperature dependent
and increases as the temperature decreases. On the basis of
the discussion above regarding the temperature dependence
of the resistivity, it is unlikely that either of these models
can explain the nonlinearity observed in PEDOT/PSS
nanowires. Nevertheless, eq 2 can be used phenomenologi-

cally, where L is considered to be a physically relevant
characteristic length. In the region where the temperature
dependence of the conductivity follows eq 1, the character-
istic length L is nearly temperature independent and is in
the range of few nanometers, which is a reasonable distance
for hopping in PEDOT/PSS conducting polymers.30

Like their macroscopic counterparts, each individual
nanowire can function as a chemoresistor to transduce the
polymer-analyte interaction into a detectable physical signal.
The resistance change of individual nanowires is easily
monitored and used as a sensing signal. In general, the
nanowires exhibit good reversibility and short response and
recovery times upon exposure to water and methanol vapors.
Using the definition of 90% of resistance change, the
response time and recovery times for PEDOT/PSS are both
less than 20 s. For PEDOT/ClO4 the response and recovery
occur within 40 s.

Figure 5 illustrates pronounced differences in the sensing
behavior of the two types of nanowires to water and methanol
vapors. Both water and methanol vapor induce a decrease
in the resistivity of PEDOT/ClO4 and an increase in the
resistivity of the PEDOT/PSS nanowires. We propose
different sensing mechanisms for the two types of nanowires.
For PEDOT/ClO4 nanowires, the decrease in resistivity upon
solvent vapor exposure possibly results from the partial
charge transfer mechanism.31 Josowicz et al. have proposed
this mechanism to explain the sensing behavior of conducting
polymers. According to this theory, the difference between
the polymer Fermi level Ef and the Mulliken electronegativity
Eη, which is defined as the average of its electron affinity
and its ionization potential, measures the “driving force” for
the weak intermolecular partial charge transfer. The direction
of the charge transfer can be inferred from the sensing data.
Both water and methanol are acceptors and undergo partial
electron transfer from the cationic polymer. Thus, the work
function/charge carrier numbers and the conductivity of
PEDOT/ClO4 are increased.

As discussed above, the charge transport in PEDOT/PSS
nanowires appears to be dominated by hopping between
metallic or highly conducting islands embedded in an
insulating matrix. In that case, the simplified model of partial
charge transfer is not adequate to explain the interaction
between vapors and PEDOT/PSS because the insulating or
less conducting regions play an important part in the
conduction process. Charlesworth et al. explained their
sensing data32 by modeling the hopping process as an
electron-transfer reaction as it occurs in electrochemistry.
According to this model, adsorption of solvent vapor
increases the resistivity of PPy by decreasing the hopping
rate. The resistance of PEDOT/PSS increases upon exposure
to solvent vapors because of swelling of the polymer.
Swelling increases the hopping distance for charge carriers
and thus lowers the conductivity.33 This mechanism predicts
that the resistance should increase upon exposure to almost
all volatile organic compounds (VOCs). We observed this
behavior with PEDOT/PSS nanowires in response to water,
methanol, ethanol, isopropanol, pentanol, acetone, acetoni-
trile, and dichloromethane.

Figure 4. I-V characteristics of a single PEDOT/PSS nanowire
measured at three different temperatures. The inset shows the field
dependence of the nanowire resistance at 10 K.
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Figure 5 also shows that there is a significant difference
in the signal-to-noise ratio between the two kinds of nanowire
sensors. PEDOT/ClO4 offers a much lower baseline noise
level than PEDOT/PSS, which leads to better sensitivity and
lower detection limit. In fact, a single PEDOT/ClO4 nanowire
can detect water vapor in the range of few tens of ppm, close
to the best conducting polymer sensors in the literature.33,34

The inset in the “ClO4/water” graph in Figure 5 shows the
clear response of a PEDOT/ClO4 nanowire to 130 ppm and
260 ppm water vapor.

In conclusion, multisegmented Au-PEDOT-Au nanowires
synthesized in alumina membranes were assembled into a
four-point test structure and characterized individually. The
electrical transport properties of the PEDOT/PSS nanowires
were found to be on the insulating side of M--I transition
and dominated by a hopping mechanism. In contrast, the
PEDOT/ClO4 nanowires were slightly on the metallic side
of the M-I transition. The vapor sensing results of the two
types of sensors were compared and different sensing
mechanisms were proposed based on the transport data.
Water and methanol increased the resistivity of the PEDOT/
PSS nanowires and decreased the resistivity of the PEDOT/
ClO4 nanowires. The response of the PEDOT/PSS may be
due to an increase of the hopping distance and decrease of
the hopping rate in the conducting polymer, while that of
the PEDOT/ClO4 is possibly through partial charge transfer
between the polymer and the absorbed vapor molecules.

The logical next step to optimize the sensing performance
of PEDOT/ClO4 nanowires would be (1) to maximize the
sensing signal through the adjustment of the polymer doping
level or the driving force for partial charge transfer; and (2)
to minimize the electrical noise. Under the assumption that
the noise is caused by the structural disorder, one can
possibly achieve lower noise nanowire sensors through low
temperature electrochemical synthesis, which is known27 to
be an effective way to minimize the structural disorder in
conjugated polymers.
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