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Abstract
In an attempt to reconcile transport in aniline oligomers with that observed in bulk polyaniline,
we constructed meso-scale (60 nm) molecular junctions bridged by polyanion-stabilized
polyaniline (PANI) strands. Junctions were characterized by their conductance versus
electrochemical potential (G–E) and current versus voltage (I –V ) characteristics, In contrast to
bulk polyaniline, sharp peaks were seen in the G–E data, and these gave rise to negative
differential resistance in the I –V curves, behavior much like that observed in aniline oligomers.
The width of the conductance peaks increased with the amount of polymer deposited in the
junction. In contrast to oligomers, the peaks in the meso-scale devices displayed a large
hysteresis. The absolute conductance of the junctions is far too high to be consistent with
transport along isolated chains, suggesting that a fundamental charge carrying unit is something
morphologically more complex than a single polymer molecule.

1. Introduction

Our usual picture of a ‘conductor’ is based on metals in
which quasi-particles excited near a Fermi surface behave
like a free electron gas. The situation is fundamentally
different in one dimension where no Fermi surface can exist.
Fermi liquid theory is replaced by Luttinger theory with very
different excitations [1]. One-dimensional systems cannot,
in principle, transport ‘free’ electrons because all charge
displacements must be highly correlated. The discovery of
conducting polymers [2] is all the more remarkable in this
regard. Polyaniline is among the most studied of conducting
polymers. Its conductivity depends strongly on its oxidation
state. Wrighton et al [3] built micron-scale electrochemical
transistors consisting of polyaniline fiber bundles grown
electrochemically across an electrode gap and immersed in a
supporting electrolyte. Measurements of the conductance (G)
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versus electrochemical potential (E) of the junctions at a fixed
bias showed a smooth, broad transition between insulating and
conducting states, with current–voltage (I –V ) characteristics
that were linear. The bulk oxidized material is in fact capable
of true metallic behavior if crystalline enough, as demonstrated
by a reflectance characteristic of free carriers [4].

In contrast, a recent study of aniline oligomers under
potential control [5] showed that the G–E curves pass through
a sharp maximum near the formal potential for the first
oxidation, a common occurrence for tunnel transport in redox-
active molecules [6]. This work by Chen et al showed
predominantly averaged data, but some single molecule data
were presented. The conductivity maximum gave rise to
negative differential resistance in the I –V curves because
the local potential was strongly affected by the bias applied
across the junction [5]. Thus, as increasing applied bias
changed the oxidation state of the molecule, the conductance
fell dramatically. Furthermore, the peak conductance (of
about 6 nS for a heptamer) was several orders of magnitude
smaller than the conductance expected in a single ‘metallic’
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Scheme 1. Polyanion-stabilized polyaniline structures.

channel (i.e. 77 μS). A study of trimers, pentamers, and
heptamers [7] showed a remarkably small inverse decay length
(β ∼ 0.4 per added monomer for the neutral molecule and
0.3 for the oxidized molecule). These small inverse decay
lengths do not agree with first-principles calculations of tunnel
transport [8], suggesting that some other mechanism operates
in these oligomers. Small though these inverse decay lengths
are, we shall show that they are completely incompatible with
the notion of single-chain transport in mesoscopic devices.

In an attempt to reconcile the very different behavior
of bulk polyaniline and polyaniline oligomers, we have
constructed mesoscopic devices consisting of a small number
of molecules bridging a 60 nm electrode gap. The behavior of
polyaniline in small gaps has been previously studied [9, 10]
but with little control over the number of molecules bridging
the gap. Here, we characterize the amount of polymer
in the gap electrochemically and have observed systematic
differences in behavior with the amount of material grown
in the gap. With a small number of polyaniline chains
bridging the gap, sharp conductance peaks are seen in the G–
E curves with corresponding sharp NDR peaks in I –V curves.
This is similar to the behavior recorded from single aniline
oligomers. With increasing amount of polyaniline bridging
the gap, much broader peaks appear in G–E curves and the
I –V curves become linear, consistent with other polyaniline
junction devices reported to date. The behavior observed in
the mesoscopic devices studied here does show aspects of both
bulk and oligomer properties, although aspects of the behavior
have no simple explanation in either tunneling or 3D hopping
theory, pointing to a need for a new theoretical framework for
understanding transport on the meso-scale in these quasi-one-
dimensional systems.

2. Experimental methods

2.1. Aniline device preparation

Two 25–30 nm thick gold nanoelectrodes with 60 ± 20 nm
spacing were fabricated on an oxidized silicon substrate
using optical and electron beam lithography (figures 1(a)
and (b)). The radius of the electrodes in the junction
was approximately 20 nm. The nanoelectrode arrays were
covered with a Si3N4 insulation layer (except for a small
window directly over the gaps) to reduce leakage current
due to ionic conduction through the electrolyte. Before
use, the chips were immersed in acetone for 5 min and

cleaned by UV ozone to remove a protective poly(methyl
methacrylate) (PMMA) layer. The chips were further rinsed
with ethanol for 5 min, dried with nitrogen and immediately
immersed in an ethanol solution containing 1–9 mM of 4-
aminothiophenol 1 (scheme 1) (Aldrich, 97%) or a mixture
of 1 and hexadecanethiol 2 (scheme 1) (Aldrich, 97%) in
either 1:1 or 1:3 molar ratios [11, 12] to produce either
aminophenol functionalized electrodes or electrodes in which
the aminophenol was diluted in an alkane matrix.

2.2. Polyaniline deposition

After incubation overnight with the thiols, the device was
copiously rinsed with ethanol followed by a brief rinse with
deionized (DI) (18 M� cm) water. It was transferred to a probe
station and covered with a polydimethylsiloxane (PDMS)
liquid cell. A homemade bipotentiostat was used to control the
potentials of the two electrodes, each one of which functioned
as a working electrode. Silver and platinum wires were cleaned
by sonication in acetone, ethano, and DI water and the platinum
wire used as a counter electrode (CE, figure 1(c)) and the
silver wire used as quasi-reference electrodes (RE, figure 1(c)).
The platinum wire was further cleaned in a hydrogen flame.
The silver wire quasi-reference electrodes were calibrated
against Ag/AgCl/Cl− (3 M) reference electrode (EAgCl =
0.0 V) in a 50 mM H2SO4 solution showing a difference
of 0.10 V (EAg + 0.1 V = EAgCl). All potentials are
referred to the Ag wire quasi-reference electrode in this
paper. Polyaniline was deposited onto the electrodes by
sweeping the electrochemical potential between −0.1 and
0.6 V (versus Ag wire) in 0.12 M aniline + 0.5 M H2SO4 +
0.13 M NaHSO4 + 2.67 mg ml−1 poly(4-styrene sulfonate)
(3 in scheme 1) (7000 g mol−1) at 50–70 mV s−1 [13]. The
bias applied between two working electrodes was 10–50 mV.
The growing PANI strands started to bridge the gap after about
7 min, as indicated by a sharp current increase. The potential
cycle was repeated up to six times, with the amount of aniline
polymerized being characterized by integrating the charge
under each deposition peak. The first oxidation peak position
corresponding to the redox transition from leucoemeraldine
to emeraldine was stable at 40 ± 11 mV in the supporting
electrolyte used for electropolymerization at pH = 0. The
position shifts positively by about 50 mV in pH = 1 (50 mM
H2SO4) solution. The device was gently rinsed with DI water
and measured in a bare support electrolyte (50 mM H2SO4).
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Figure 1. (a) SEM image of a typical junction containing PANI (evident as a thin film around the edges of the electrode). (b) AFM scan
(inset) of a junction together with a height trace across the gap. (c) Schematic layout of the electrochemical control and measurement system
for the junctions.

2.3. Electrical measurement

PANI nanojunctions were connected via a probe station located
inside a Faraday cage and the current was measured by
a Keithley low noise current picoammeter. The electrical
measurement setup is shown schematically in figure 1(c). The
potential at WE 1 was defined as E1 and the potential at
WE 2 was defined as E2. The bias V is defined as E2–E1.
For G–E measurements, a fixed small bias (typical −10 mV)
was applied between two electrodes (WE 1 and WE 2) while
the potential, E2, was swept (E1 was also swept to keep the
bias across the junction fixed). For I –V measurements, E2

was fixed with respect to the reference electrode and E1 was
swept. All the signals were displayed and collected by a digital
oscilloscope (Yokogawa DL 708).

3. Results and discussion

The formation of stable small junctions required the use of an
anionic interlayer (poly(4-styrene sulfonate)—PSS) [14, 15]
while a uniform growth pattern was established using the
aminothiophenol groups as anchors to the electrodes. More
uniform growth was achieved with monolayers diluted with the
alkanethiol [15, 11]. Energy dispersive spectrometry (EDS)
spectroscopy (see appendix A) showed that PSS uniformly
covered the silicon dioxide surface before the polymerization
of PANI. Figure 1(b) shows an atomic force microscopy
(AFM) image of a PANI/PSS nanojunction with a height
profile displayed below. The average thickness of polymer
layer is around 2–3 nm, given the initial gold height of
25–30 nm. The AFM profile shows preferred growth from

electrode edges. In this case, WE 1 was more positive than
WE 2 so that the polymerization started from WE 1. An
scanning electron microscope (SEM) image (figure 1(a)) shows
uniform polymer coating on electrodes, in dramatic contrast
to the amorphous structure of PANI formed in the absence of
aminothiophenol (ATP) and PSS (figure A.1).

Cyclic voltammograms (CVs) taken during the elec-
tropolymerization of aniline (figure 2) show the first oxida-
tion potential of polyaniline near 0 V with the second beyond
0.6 V. The thickness of the polyaniline layer was estimated to
be smaller than 4 nm based on the anodic Faradaic current of
the first oxidation peak in the last CV recorded before PANI
bridging (shaded area, figure 2(a)), supporting the AFM esti-
mate of the film thickness. In situ CVs collected at pH = 0
right before (dashed curve) and after polymer bridging (solid
curve) are shown in figure 2(b). A current peak appeared above
the Faradaic and charging current background as the first sign
of polymer bridging. Continued deposition of polyaniline re-
sulted in the transport signal (gray shading in figure 2(b)) com-
pletely swamping the background electrochemical current, and
this total current was used as a relative measure of the amount
of polyaniline in the junction.

Junctions terminated immediately after bridging yielded
G–E curves with sharp conductance peaks as shown in
figure 3(a). The width and magnitude of the current peak in G–
E curves are found to increase with the number of deposition
potential cycles counted after the first appearance of a current
jump (figure 2(b)). We used this phenomenon to control the
number of PANI strands bridging the junction. An example
of a G–E curve obtained immediately after bridging is shown
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Figure 2. (a) Cyclic voltammograms (CVs) collected prior to bridging the nanogap. The shaded region shows the part of the sweep integrated
over all sweeps to estimate the amount of deposited PANI. (b) Sweep just before (dashed line) and just at bridging (solid line). The amount of
PANI deposited in junctions terminated at this point could be calculated directly. The direct conductance (shaded region) grows to swamp the
electrochemical signal on further cycling so the total charge is used as a relative measure of the amount of PANI. The arrow shows the
oxidation peak still visible at this point.

Figure 3. G–E curves for (a) a junction with little PANI and (b) a junction with a larger amount of PANI. Lines are fits to equation (1).
Arrows show the cycling direction. (c) Scatter plot of the width of G–E peaks versus the log of the integrated charge under the conductance
peak in G–E curves. Junctions with more PANI have a wider conductance peak in G–E curves. (d) Representative G–E curve for a single
molecule obtained with a scanning tunneling microscope. The dark line is the forward sweep and the gray line is the backward sweep.

in figure 3(a). The response is hysteretic. No peak appears
on sweeping in the up (oxidizing) direction but a sharp peak
appears on sweeping in the downward direction. An example
of a G–E curve for a junction containing substantially more
PANI is shown in figure 3(b). The curves in this more densely-
filled junction resemble those reported earlier for micron-
scale transistors [16, 17] and nm-scale PANI junctions [9, 10].
The conductance hysteresis is still present but a peak is
now visible in both scan directions. We fitted the G–E

peaks with a Gaussian (equation (1) below) parameterizing
the curves by the full width at half height (FWHH). We
characterized the amount of PANI in the gap using the total
charge (integrating the area under the conductance peaks in
G–E curves such as figures 3(a) and (b)) conducted by the
junctions after bridging. Prior to the closing of the gap,
an exact estimate of the amount of PANI in the gap is
available by integrating the charge in each cycle under the
deposition peak (figure 2(a)). These are the data that yield the
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Figure 4. (a) Histogram of the potential at which the conductance peaks in the G–E curves. (b) G–E curve for a particular device before
(darker trace) and after (lighter trace) chemical cross-linking of the PANI strands.

Figure 5. Negative differential resistance in a junction device. (a) I–V curves taken from a device with a sharp G–E curve at two values of
surface potential. (b) I–V curves calculated for the device shown in (a) using equation (2).

estimate of the film thickness given earlier. After bridging, the
current data rapidly become dominated by the conduction peak
(figure 2(b)). This swamps the true electrochemical signal,
but we take the integrated charge as a relative measure of
the amount of material deposited based on the fact that the
junctions with more deposited PANI have higher conductance.
The FWHH of the conductance peak for a large number of
junctions are plotted in figure 3(c) versus the logarithm of
the integrated charge under the conductance peak. There
is substantial scatter, not least because there are significant
junction-to-junction variations (cf, figures 2(a) and (b)) but the
width of the G–E peak clearly increases with the amount of
PANI in the junction.

An example of a single molecule G–E curve, obtained
for a heptamer in 50 mM H2SO4 [5] is shown in figure 3(d).
Curves like these are difficult to obtain, highly variable, and
noisy, but several features are common: (1) the peaks are
generally very narrow; (2) the peaks are distributed around
0.3 V versus Ag, a little above the formal potential for the redox
process [5]; (3) curves are often somewhat reversible, in sharp
contrast to the extreme hysteresis that is always observed for
the smallest meso-scale junctions (cf, figure 3(a)).

The G–E peaks in the mesoscopic device differ from
the single molecule response in several respects. First, as
mentioned above, the hysteresis is much more pronounced in
the device. Second, the potential for maximum conductance
is significantly lower (0.1 V—figure 4(a)) than that observed
in single molecules (0.3 V [5]). Thirdly, the widths of
the G–E peaks in the smallest devices are still substantially

larger than (cf figure 3(a)) that observed in single molecules
(cf figure 3(d)). We speculate that in even the smallest devices,
interchain interactions are broadening the response compared
to single molecule measurements. To test for this possibility,
PANI strands were cross-linked through chemical reduction of
the emeraldine salt by side groups of benzenedimethanethiol
(see appendix B) [18]. Figure 4(b) shows G–E curves for
the same device before and after modification. The width of
the conductance peak increased substantially as a result of the
increased interchain interactions.

A key goal of this work was to understand why negative
differential resistance (NDR) is reliably observed in single
molecules [5], but not in the devices studied to date [9, 10].
In fact, the less heavily loaded devices with sharp G–E peaks
do indeed yield consistent NDR peaks in their response, and
an example is given in figure 5(a). The NDR appears as the
sharp dip labeled by an arrow (a second, unexpected feature
is labeled with a dot). In order to demonstrate the essentially
electrochemical nature of the NDR, we obtained I –V curves
with the electrode WE 2 held at two different potentials. The
peak NDR shifts linearly with E2. If the sharp peaks do indeed
correspond to a polaron band [19] (i.e. mediated by redox
states) the potential dependence of the G–E curve can be fitted
by a Gaussian function (Gerischer formula) as was done for an
aniline oligomer [7].

G = G0 + GM exp

(
−2

(E2 − E M
2 − αV )2

w2

)
. (1)
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Figure 6. Histogram of the maximum conductance measured for all
devices made. The inset is an expanded region showing some
evidence of conductance quantization (arrows).

In equation (1), E M
2 is the potential of WE 2 where the

device has maximum conductance, αV is the local potential
change induced by the bias, V , applied across the device,
with α a parameter that reflects the potential distribution in the
gap [20]. G0 is a background conductance, GM the magnitude
of the change on oxidation or reduction, and w parameterizes
the (FWHH) of the Gaussian peak (

√
ln 4 FWHH).

The I –V characteristics follow directly from equa-
tion (1) [5, 20]:

I (E2, V ) = GV = G0(E2)V

+ GM exp

(
−2

(E2 − E M
2 − αV )2

w2

)
V . (2)

Current–voltage (I –V ) measurements were performed
right after the G–E measurement (examples of which are fitted
to equation (1) in figures 3(a) and (b)). The shape of the I –V
curves changed dramatically with the amount of polyaniline
in the junction changed. The junctions with large amounts of
PANI in the junction yielded essentially linear curves with a
small fall off in conductance at the highest bias, as reported
by others [9, 10]. However, junctions with small amounts
of PANI (and sharp G–E curves) yielded NDR peaks. We
fitted the G–E profile for the junction used to obtain the I –
V data shown in figure 5(a) with equation (1) and then used
equation (2) to predict the corresponding I –V curves at two
different potentials of WE 2. These are shown in figure 5(b).
The agreement is excellent, although the theory presented
here does not account for the additional features seen at large
positive bias.

We determined the conductivity of the junctions in the
conducting state from the peak of the G–E curves. These
conductances varied over a wide range (figure 6) but it is
clear that the majority of junctions lie in the 0.1–10 nS
range. Are these values compatible with transport through
individual polymer chains? Assuming a chain diameter of
0.5 nm and a maximum junction cross-section of 100 nm
by 4 nm, the densest possible packing would result in
800 molecules spanning the gap. If the currents through
each chain were additive, this would imply a conductance
per polymer of about 0.1–10 pS. The peak conductance

of a heptamer is 6 nS [5] and the smallest measured
inverse decay length for the oxidized molecule is βN =
0.3 per monomer of 0.57 nm length. Thus a polymer
that spanned 60 nm would have a conductance of about
6 nS × exp[−(105 × 0.3)] or 10−22 S, orders of magnitude
smaller than the 0.1–10 pS estimated from the device
conductance.

4. Conclusions

While PANI in small junctions show the emergence of features
reminiscent of the properties of oligomers (sharp G–E curves,
NDR in the I –V curves) the conduction process appears to
be quite different. It is evidently not the ‘tunneling-like’
process observed in oligomers (though the small value of β

in oligomers is not consistent with true tunneling either [7])
because this cannot account for the observed conductances.
The larger hysteresis and shifted oxidation potential observed
in the mesoscopic junctions suggest that a fundamentally
different structural unit is involved in charge transport. Closer
examination of figure 6 (inset) suggests that there may indeed
be some quantization of the conductance distribution (arrows
in the inset), the conductances being multiples of 4.6 nS.
One possibility is that there is a critical smallest size of
polymer bundle required for long-range charge transport.
Such bundling would account for the hysteresis, because
polymer–polymer contacts would exclude the ion diffusion
required for redox processes. Thus a large overpotential
would be required to drive the oxidation process, so that
the redox-mediated current would only be observed following
a previous oxidative cycling. Such a bundle would also
explain the observation of a minimum width in the G–E
curves that is always larger than that observed in single
molecules.

Thus, in addition to the transition to true metallic
behavior observed in highly ordered macroscopic PANI [4],
it appears that there is a second type of structural
rearrangement required on the meso-scale to bring about
a bundle size that circumvents the geometrical constraints
preventing free carrier propagation in truly one-dimensional
systems [4].
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Appendix A. SEM image of the control device and
energy dispersive spectroscopy (EDS) spectra

The SEM image shown in figure A.1 was taken on an aniline
device that was prepared without utilizing ATP and PSS. Fiber
shaped PANI and rough morphology were clearly observed.

EDS spectra were taken at an accelerating voltage of
20 keV and e-beam spot size 5 by EDAX EDS equipped at
FEI XL 30 ESEM. Devices after each stage of the nanojunction
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Table A.1. Sulfur and nitrogen element analysis results of aniline devices.

Device
state

Device 1: after
overnight
immersion in ATP

Device 2: overnight
immersion in
ATP/HDT and
30 min immersion
in PSS/aniline

Device 3: after
PANI
polymerization

Element Sulfur Nitrogen Sulfur Nitrogen Sulfur Nitrogen
SiO2

substrate
near gold
electrodes

No No Yes No Yes Yes

Gold electrode Yes Yes Yes Yes Yes Yes

5um

Figure A.1. SEM image of a PANI junction without any surface
modification. The darker area was covered with silicon nitrogen
layer for insulation. The gray region is the exposed SiO2 surface.
The gold electrodes were fully covered with PANI.

modification were used for collecting EDS spectra. The results
are shown in table A.1. The sulfur element only exists in
ATP, HDT, and PSS and nitrogen only exists in ATP and
aniline. The presence of sulfur element and non-presence
of nitrogen element on the silicon oxide surface near the
gold electrode in device 2 demonstrated that the PSS layer
covered the SiO2 surface before the polymerization of aniline,
acting as a preconcentrating layer of electrostatically adsorbed
protonated aniline molecules during the electropolymerization
process. A compact and layered structure, like PSS/PANI/PSS
obtained by the ionic self-assembly process, was expected
in the device and most probably helped the two-dimensional
polyaniline growth along the SiO2 surface between two gold
electrodes.

Appendix B. Chemical modification of aniline

The polyaniline was kept at a potential of 500 mV
(versus Ag/AgCl) for 5 min and immersed in 0.1 M
benzenedimethanethiol (BDMT) solution for 30 min. The
suggested structure of leucoemeraldine after modification is
shown in figure A.2(a) [18]. The CVs before and after the
modification are shown in figure A.2(b) (note that one of the
CVs is shifted for the sake of clarity). The modification was
also confirmed by Fourier transform-infrared (FTIR) spectra.
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