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Several routes have been developed for synthesizing quasi-one-
dimensional (1D) nanostructures, many of which have interesting
electronic, optical, and chemical sensor properties that derive from
size, composition, and shape.1-7 One-component systems are now
quite common, but there are relatively few examples of methods
for synthesizing multicomponent 1D materials made from both
organic and inorganic materials.8-13 Porous templates offer one the
ability to routinely generate such structures through two distinct
methods. Both rely on the use of electrochemistry to generate an
initial block of metal from a plating solution. However, one utilizes
layer-by-layer chemisorption processes10 to build organic blocks
on top of the preformed metal block while the other utilizes
conducting polymer monomers combined with an appropriately
applied potential to polymerize the monomer within the template
at the metal block-solution interface.12 An advantage of the latter
approach is that it provides excellent control over the block length
of the metal and organic regions of the structure, simply by
controlling the number of coloumbs that are passed in the
experiment. Herein, we present an approach, based upon this
synthetic strategy, for preparing hybrid multicomponent (i.e.
organic-inorganic) nanorods that have either diode or resistor
properties that derive from their compositions and spatial distribu-
tion of the different compositional blocks.

In a typical experiment, segmented metal-polymer nanorods (d
) 324 nm ((32)) were synthesized by electrochemical deposition
of gold into alumina templates, followed by electrochemical
polymerization of pyrrole (Ppy) (Supporting Information (SI)). The
length of each block can be controlled by monitoring the charge
passed during the electrodeposition process.12 Other metals (e.g.
Ag and Cd) with low work functions and inorganic semiconductors
(e.g. CdSe), also can be deposited on top of the polymer block and
polyaniline can be used in place of polypyrrole (see SI, Scheme
1). This allows one to prepare multicomponent rod structures with
tailorable electronic properties that derive from the choice of the
individual compositional blocks.

For the Au-Ppy-Au system, one can see dark Ppy domains
sandwiched between two bright segments of gold (Figure 1A).
Single nanorod devices were prepared for electrical characterization
at different temperatures by depositing multicomponent Au-Ppy-
Au nanorods on top of a microelectrode array, Figure 2A (inset).
Multiple individually addressable microelectrodes allow one to
electronically address the nanostructure at different points along
its long axis. The Au portions of the nanostructure (contacts 1-2
and 3-4) exhibit linear I-V characteristics and bulk metallic
behavior at room temperature. LinearI-V plots over a voltage range
from -1 to +1 V demonstrate Ohmic behavior. Significantly,I-V
measurements across the Ppy block of the Au-Ppy-Au nanorod
(2-3 and 1-4 contacts, Figure 2A) also exhibit a highly reproduc-
ible, linear response at room temperature but nonlinear behavior at
low temperature (<175 K), characteristic of a semiconductor, Figure
2B.

Analysis of theI-V curves and the corresponding electrical
conductivities provides two important observations. First, the room-
temperature conductivity of the polymer block (∼3 mS‚cm-1), is
6 orders of magnitude lower than the metallic blocks, and all data
are consistent with Ohmic contact14,15 between the Ppy-Au
junctions. Indeed, the inner polymer blocks dictate the electrical
properties of the hybrid three-component system, and the two Au
blocks function simply as electrical leads to the microscopic
circuitry. Second, theI-V response for the Au-Ppy-Au nanorod
becomes slightly nonlinear as the temperature decreases (Figure
2B). Such nanorods exhibit an Arrhenius-type temperature depen-
dence with respect to conductivity, characteristic of thermally
activated charge transport within the block of Ppy (Figure 2B inset).
The semiconducting behavior of the Au-Ppy-Au nanorods is
reminiscent of what has been observed for electrochemically
polymerized bulk Ppy films. The experimentally determined
activation energy (Ea ) ∼0.07 eV) of the Au-Ppy-Au nanorod
is in good agreement with the values reported for a moderately
doped bulk Ppy film and a nanotubular thin film structure (Figure
2B inset).16,17 Since the polymer blocks for the nanostructures

Figure 1. (A) Optical microscope image of Au-Ppy-Au rods. (B) Optical
microscope image of Au-Ppy-Cd-Au rods. The lower left inset shows
the corresponding field emission scanning electron microscopy (FESEM)
image.

Figure 2. (A) Current-voltage (I-V) measurement for the gold blocks
(1-2, 3-4) within a single nanorod at room temperature. Inset shows the
optical microscope image (mag. 1000×) of a single Au-Ppy-Au rod on
prefabricated microelectrodes. (B) Temperature-dependentI-V curves for
measurements across electrodes 2 and 3. The upper left inset is a plot of
log σ(T) vs 1/T, showing a linear response (σ ) σ0 exp(-Ea/kT), σ:
conductivity,T: temperature). The slope is proportional to the activation
energy (Ea) which is ∼0.07 eV.
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discussed herein were generated by oxidative polymerization, they
are p-type (vide infra).

Four-segment nanorods (Au-Ppy-Cd-Au) also can be prepared
via an analogous procedure (see SI). The optical microscopy and
FESEM images of such rods exhibit clear contrast between the three
different chemical compositions (bright gold ends, dark Ppy, and
white Cd), Figure 1B. The chemical composition of each inorganic
block has been confirmed by energy-dispersive X-ray spectroscopy
(EDS) elemental mapping experiments, Figure 3A-D. The FESEM
of an individual rod clearly shows two interfaces (from left to right),
between the Ppy and Cd blocks and between the Cd and Au blocks,
Figure 3C. The EDS analysis of the dotted region in Figure 3C
exhibits the characteristic elemental signatures for Cd and Au,
Figure 3D. All data are consistent with the asymmetric junction
structure within the single nanorod.

I-V measurements on devices constructed from single Au-Ppy-
Cd-Au rods exhibit “diode” behavior at room temperature, Figure
3E. The typical response is asymmetric and non-Ohmic. In the
forward bias, there is a positive voltage on the Au block adjacent
to the Ppy and negative potential on the Au block interfaced with
the Cd block. Therefore, holes move from the Ppy block to the Cd
block during the forward bias. In reverse bias, current does not
flow until the bias overcomes the breakdown potential (-0.61 V).
The turn-on voltage for these diode nanorods is approximately 0.15
V, almost∼1 V lower than rods prepared thus far via the layer-
by-layer assembly method.10 The rectifying ratio (i.e., forward bias
current/reverse bias current) is∼200 at (0.6 V. The I-V
characteristics of the Au-Ppy-Cd-Au nanorods at room temper-
ature suggest that a Schottky-like junction is formed at Ppy/Cd due
to the difference in work functions of the two materials and an
Ohmic junction at the Ppy/Au interface due to the similarity in
work functions for the two materials.14,16,18,19 By fitting the
experimentalI-V responses to the model for metal semiconductor
Schottky junctions,14,18 a barrier height (ΦBH) for the Ppy/Cd
junction was determined to be∼0.68 eV and is in good agreement
with the reported values of electrochemically polymerized bulk Ppy/
In junctions.16

This manuscript demonstrates that one can systematically
synthesize multicomponent rodlike structures that contain metals,
inorganic semiconductors, and conducting polymers via template-
assisted in situ electrochemical deposition, and that such rod
structures can be tailored through choice of block composition to
exhibit resistor or diode like behavior in the context of an integrated
microelectrode device. The approach can be contrasted with the
alternative layer-by-layer approach for synthesizing multicomponent
rod structures10 in two ways. First, the electrochemical approach

offers greater control over the architectural parameters of the
resulting structures (in particular block length). Second, the
properties (e.g., turn-on voltages) of the resulting structures
substantially differ, even when comparable materials are used. We
believe the reason for this is that the junctions formed in the layer-
by-layer approach are less well defined because the active materials
are introduced as a polymer particle dispersion with little control
over where the active interface is formed. The limitation of the
electrochemical approach is that only conducting materials can be
deposited within the pores. Regardless, this is a powerful method
for deliberately producing structures with desirable electrical
properties with a straightforward synthetic procedure that offers a
high degree of reproducibility. These structures could be useful
for a wide range of electronic and sensor devices, and efforts to
explore such opportunities are underway.
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Figure 3. Images of EDS mapping for (A) Au and (B) Cd domains in a
single Au-Ppy-Cd-Au rod. (C) FESEM image of the rod. (D) Graph of
the X-ray profile for Cd and Au domains over the dashed trace shown in
the image represented in C. The red line represents Cd X-ray counts, and
the green line is a measurement of Au counts. The blue line in image (C)
shows the junction formed between the Cd and Au domains. (E)I-V
characteristics for a single Au-Ppy-Cd-Au rod at room temperature.
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