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A Conducting Polymer Nanojunction Switch E1-E2=bias voltage
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Bipotentiostat

Figure 1. Schematic sketch of the formation of a conducting polymer

The recent surge of interest in nanomaterials is driven by not hanojunction.
only the need of ever-increasing miniaturization of microelectron-
ics but also the discovery of many novel phenomena that occur
on the nanoscafeConducting polymers are attractive for a variety
of applications’ Bulk polymer materials are often described as
highly conductive nanocrystalline domains separated with less
conductive disordered regioAsThe inhomogeneity has been a
serious hindrance for a complete understanding of the materials
as well as for many applications. To date, most works have
focused on bulk samples, which measure properties averaged out
over many nanocrystalline domains and disordered regions.
Because nanocystalline domains are as small as a few nanometers,
directly probing each individual domains is not a trivial task. In
this communication, we report a study of charge transport through
a polyaniline nanojunction formed between two nanoelectrodes
separated with a gap comparable to the size of a hanocrystalline
domain. In sharp contrast to bulk samples whose conductance
varies smoothly between insulating and conducting states as a
function of the electrochemical potential, the polymer nanojunc-
tion switchesabruptly between the two states, in the fashion of
a digital switch. The nanojunction can switch much faster with
less power than larger junctions, and may be exploited in sensor
applications.

Wrighton et al* have pioneered a conducting polymer micro-
electrochemical transistor to measure the electrical properties of
polymer materials between two microfabricated electrodes by .
controlling the electrochemical potential of the electrodes. A Potential (V vs. Ag/AgCI)
crucial task of our experiment is to fabricate a pair of nanoelec- Figure 2. Charge transport current vs electrochemical potential for
trodes with a gap of a few nanometers or less, which is achieved polyaniline nanojunctions with two Au nanoelectrodes separated-véith
using two methods. The first methodtarts with a pair of Au nm (a) and~1 nm (b and c). The bias voltage between the nanoelectrodes
nanoelectrodes with a 20 nm gap on an oxidized Si substrate in each case is 20 mV.
by electron beam lithography. We then further reduce the gap by
electrochemically depositing Au onto the nanoelectrodes, using After forming a small gap, we deposit polyaniline onto the
the tunneling current between the nanoelectrodes as feedbacknanoelectrodes by sweeping the electrochemical potential between
The closest distance between the nanoelectrodeslisnm, 0.15 and 0.75 V (vs Ag/AgCl) in 30 mM aniling 0.5 M Na-
estimated from the tunneling current, and the radius of curvature SO, (pH 1).” When the growing polyaniline bridges the gap, the
of each nanoelectrode is between 5 and 15 nm (Figure 1). Thecurrent increases sharply across the gap, which prompts an
second method uses a STM setuphich can produce similar  immediate stop of the deposition process. We then replace the
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results but is more susceptible to drift. aniline solution with bare supporting electrolyte and study the
" - ——— conductance of the polyaniline nanojunction as a function of
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Another interesting observation is noise near the edge of the
insulating-conducting switching (Figure 3, bottom). Zooming in
the noise resolves abrupt fluctuations of the conductance between
two plateaus, corresponding to the insulating and conducting
states. These fluctuations may be due to the fluctuations in the
electrochemical potential. Because the switching is extremely
sharp, a small fluctuation in the electrochemical potential is
enough to switch the states of the polymer nanojunction.

It is tempting to attribute the stepwise changes in the charge
transport to the individual polymer strands that are switched
between insulating and conducting states. However, this inter-
pretation would mean a small hysteresis because hysteresis is
related to structural relaxations involving interchain interactions.
We attribute the abrupt switching to a single nanocrystalline

1 ) ) i domain in which the individual polymer strands undergo insula-

1 r]'l H |"'"|'l | ""r”rd tor—conductor transitiorcollectively (insets of Figure 2). This
g.o. | J J | l J U interpretation is in accordance with the growing evidence
— 1T emphasizing the important role of the interchain coupling in
E 1 B, * 1| conducting polymer&2 It explains also the large hysteresis and

201 |f| is consistent with the fact that polyaniline materials consist of

6 | | f conductive domains of a few nanometers. According to this model,

off * a nanojunction dominated by a single nanocrystalline domain
”n';'"—""""""' Ema— switches between insulating and conducting states in a single step.

X When several domains are present in a nanojunction, the switching
E (V vs. Ag/AgCl) . . . . .
_ o 3 o occurs in multiple steps as each domain is successively switched.
Figure 3. Top: |-V characteristic of a Au-polyaniline-Au nanojunction.  The steps are smeared out in larger junctions that consist of many
Bottom: Fluctuations near the onset of a SWitChing from insulating to domains. A Complete understanding of this phenomenon requires
conducting states. The asymmetry of the fluctuation plateaus shown in fyrther studies, including the polymeelectrode interfaces.
the inset is due to the response of the Keithley 617 electrometer (slower  Tpha switching between insulating (off) and conducting (on)
than the STM preamplifier). states is faster than 0.01 ms (limited by the response of our

materials* However, reducing the junction to a few nanometers, Preamplifier), much faster than bulk polymers. A systematic study
the smooth transition is replaced by an abrupt switching (Figure Of the switching rate is currently hindered by the bandwidth of
2b). Below~0.15 V, the polymer is in the insulating state and the preamplifier needed for measuring the small current. The
the current is essentially the leakage currem0.05 nA). insulator-conductor transition is triggered by oxidation and
Increasing the potential t&0.15 V, the current jumps suddenly ~ reduction of the polymers, involving various structural relaxations
by several orders of magnitude t80 nA. The potential change  that place an intrinsic limit on the switching rate of the polymer
required to switch the nanojunction from insulating to conducting Switches. The structural relaxations include conformational change
states is<2 1V, at least 5 orders of magnitude sharper than that Of each polymer chain involving bond angles and lengths and
of the larger junctions. The estimated conductivity of the polymer diffusion of counterions in to and out of the interchain free
in the nanojunction is 10100 S/cm. However, because of the volume?® The relative importance of these processes is still a
unknown potential difference at the Apolyaniline interfaces, ~ Subject of debate, but it is clear that the rates of the processes
the estimate serves only as a rough lower limit. Decreasing the increase as the size of the polymer materials decreases.
potential, the current jumps back to zero but at a more negative Another important parameter in terms of device applications
potential. This hysteresis is similar to that of the bulk materials. iS power gain, defined as the ratio of the output power to the
The switching between insulating and conducting states takespower needed to switch a device on. The power change between
place in several abrupt steps in many samples. Figure 2c showsPff and on states is 4 10~**W, and the needed power+sl0*°
a two-step switching process. While the process is reversible, theW, estimated from the required increase in the electrochemical
hysteresis is as big as that in the single step switching. Thesepotential and the corresponding current flow. So the minimum
steps are not due to conductance quantiz&tigrause the step ~ power gain is~10°.
height is several orders of magnitude smaller than the conductance In summary, by reducing a polymer junction to the order of a
quantum, 2#&h. The switching is due to polyaniline because few nanometers, we have observed an abrupt switching between
without it the current stays on the level of pA and independent insulating and conducting states, which is qualitatively different
of the electrochemical potential. from that of the bulk materials. The experiment demonstrates a
We have measured the current through the nanojunction heldmethod for studying charge transport on a scale comparable to
at the conducting state as a function of the bias voltage betweenindividual nanocrystalline domains, and much higher switching
the two nanoelectrodes (Figure 3, top). Although the current is rate and power gain in terms of applications. The abrupt switching
roughly linear as we expect for a metallic phase, a deviation from may be used to improve the sensitivity of chemical sensor
the simple ohmic behavior is also apparent. The deviation may applications.
be due to electric field induced change in the conductivity, which
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