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The last three decades have seen a dramatic decrease in the
size of microelectronic devices, with the number of devices on
a microchip doubling about every eighteen months.[1] As
device feature sizes shrink towards quantum scales, this evolu-
tion is facing serious technical, fundamental, and economic
challenges. To address these issues a number of revolutionary
departures from the conventional semiconductor device para-
digm are currently being investigated. In particular, nano-
structures, in which single electron tunneling and charging
effects can be exploited for device applications, (e.g., in quan-
tum cellular automata[2] and organic thin-film transistors[3])
are receiving much attention.

The effects of single-electron charging on electron transport
in lithographically-defined nanostructures is well-document-
ed.[4] In general, nanostructures at the limits of electron-beam
lithography (ca. 15 nm) are too large to achieve clear single-
electron effects at room temperature. Alternative approaches
to achieve these effects at room temperature include silicon
nanocrystal floating gate devices[5] and focused ion beam
deposited structures.[6] Another involves assemblies of metal
or semiconductor nanoparticles that have well-defined dimen-
sions down to the molecular scale. At these sizes the inherent
capacitance of the system is small enough that single-electron
effects are manifest at room temperature. An added advan-
tage is that the chemical nature of these building blocks
makes possible the parallel chemical assembly of particle
arrays from individual particles with precisely tuned physical
properties.

In order to utilize nanoparticle building blocks, or even to
explore their electrical properties, it is important to be able to
assemble and make electrical contact to them. Considerable
progress has been made toward the rational assembly of
extended nanoparticle arrays,[7,8] and transport measurements
perpendicular to the plane of the arrays have been performed

using scanning probe microscopy and thin film electrode sand-
wich arrangements.[9±11] Measurements that probe lateral
transport (in the plane of the array) in two-dimensional films
and patterned arrays such as lines are important for designing
planar device applications. Given the finite yield of the chemi-
cal assembly process, defects will exist in these arrays and
might be expected to adversely influence the transport prop-
erties. Although the importance of defect tolerance in chemi-
cally-assembled nanoscale electronic circuits has been dis-
cussed in the context of other systems,[12,13] the potential of
near room temperature experiments on patterned nanoparti-
cle arrays[14±18] to probe the defect- and disorder-sensitivity
remains largely unexplored.

Here we present the room-temperature electrical behavior
of gold nanoparticles assembled on a biopolymer template
deposited between metal electrodes on an insulating sub-
strate. The assemblies were prepared using a straightforward
procedure that involves only wet chemical methods. Unam-
biguous single-electron charging effects are observed that can
be understood in terms of the nanoparticle properties and the
geometrical constraints imposed by the biopolymer. These
results support the idea of using nanoparticles in conjunction
with biomolecular organization to achieve nanoscale systems
with novel, defect-tolerant current±voltage behavior.

Networks of gold nanoparticles were fabricated between
the fingers of gold interdigitated array (IDA) electrodes
(15 or 2 lm gap) by electrostatic assembly of carboxylic acid
modified gold nanoparticles onto the amino side chains of the
biopolymer poly-L-lysine (PLL).[19] A thin film of PLL (MW
= 54 000 amu) is initially deposited from aqueous methanol
containing the alpha-helical form of its hydrobromide salt.
The exposed side chains of the dried film were subsequently
deprotonated by soaking in dilute base. The 11-mercapto-
undecanoic acid-stabilized gold nanoparticles were assembled
onto the biopolymer from an organic solvent. The metal-core
radius was determined to be 0.7 ± 0.2 nm (±30 %) by trans-
mission electron microscopy (TEM), and the diameter of the
core and ligand shell together is estimated to be 4.2 nm. The
average length of an extended PLL chain is ca. 30 nm.

Current±voltage (I±V) measurements were performed at
room temperature with the samples in an electrically shielded
vacuum chamber.[20] Control measurements were made on the
bare electrodes and again after the PLL had been deposited
and deprotonated. The I±V characteristics of the deproto-
nated PLL and the bare surface were linear (ohmic) without
any structure, as shown by curve I in Figure 1a. Importantly,
these two sets of control data were indistinguishable, which
shows that to within experimental uncertainty the surface con-
ductance of the glass substrate was unaffected by the deproto-
nated PLL. In contrast, when decorated with nanoparticles,
the samples exhibited pronounced nonlinear I±V characteris-
tics, as shown by curve II in Figure 1a. After subtraction of
the linear I±V behavior measured before PLL decoration, to
within the measurement accuracy the electrical characteristics
showed a region of zero conductance at low voltages. The
onset of current is characterized by a threshold voltage, VT,
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that was found to be different for different samples. Above
the threshold, the current increases and the scaling I µ
(V/VT ± 1)c was found to describe all sets of data with c = 1.2
± 0.2. Here the error includes the uncertainty in the current
measurement and the spread between different data sets. At
voltages above threshold, structure of period DV was observed
in the I±V curves of most samples, with the ratio DV/VT » 2.
This is most easily seen in the conductance, as shown in Fig-
ure 1b. For this data the measured threshold voltage is VT =
12 ± 1 V, and the period of the oscillations is DV = 25 ± 3 V.

The value of the scaling exponent c is indicative of the
electronic degrees of freedom in the sample. The values
obtained for our samples are consistent with single-electron
transport in one-dimensional systems where it is predicted
that c » 1.[21,22] These predictions are supported by measure-
ments of the low-temperature transport in one-dimensional
chains of lithographically-defined tunnel junctions that found
c = 1.36 ± 0.1.[23] Further, the almost linear scaling is distinct
from the quadratic scaling reported for thin films containing
gold nanoparticles.[24] The current±voltage scaling, threshold
behavior and periodic structure are all reminiscent of single-
electron behavior in one-dimensional systems, with the region
of zero conductance resulting from a Coulomb gap at the Fer-
mi level. These are remarkable results given the simple meth-
od of sample fabrication and the fact that the measurements
were made at 300 K. One intriguing feature is the voltage
scale of the conductance structure, which is considerably larg-
er than commonly found in other single electron systems.

To study the morphology of the hybrid nanoparticle/PLL
assemblies, samples were prepared on mica under the identi-

cal conditions to those used to make the samples for the elec-
trical measurements. The assemblies were imaged using tap-
ping mode atomic force microscopy (AFM). The initial, dried
PLL´HBr films were found to be smooth with voids probably
due to film contraction while drying. During the deprotona-
tion step, PLL is removed and the film becomes more porous,
leading to a sub-monolayer lattice of PLL aggregate as shown
in Figure 2a. Eventually, as more PLL is removed, the film
becomes undetectable by AFM. However, upon decoration

with functionalized nanoparticles, extended, chain-like assem-
blies are observed, as shown in Figure 2b. These experiments
show that our wet chemical fabrication method is capable of
producing quasi one-dimensional structures, consistent with
the morphology suggested by the current scaling above
threshold. The surface coverage of these structures is low, far
below that required for a continuous path to be formed
between the electrodes. This observation rules out the possi-
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Fig. 1. a) The I±V characteristics of the PLL film after deprotonation (curve I)
and after decoration with the gold nanoparticles (curve II). b) The conductance
of the PLL gold nanoparticle system. All measurements were made at 300 K.

Fig. 2. Tapping mode AFM images. a) A typical 5.0 � 5.0 lm area showing PLL
aggregates on mica as a result of soaking a thin PLL film in dilute sodium
hydroxide for 20 h. b) A typical 1.2 � 1.2 lm area showing mercaptoundecanoic
acid-stabilized gold nanoparticle arrays formed on mica substrates previously
treated with PLL hydrobromide salt and soaked in dilute sodium hydroxide
until the PLL was no longer detectable. The individual ªdotsº away from the
main structure are isolated nanoparticles.



bility that bottleneck regions, or a single pathway dominate
the electrical behavior. Individual nanoparticles are also
found on the surface after chemical fabrication. Their low
areal density, see Figure 2b, gives an average separation con-
siderably larger than the distance between the nanoparticles
forming the extended chains. Thus, the isolated nanoparticles
are unlikely to contribute to the overall electrical behavior.

The electrical properties suggest single electron effects in
one-dimensional structures and the AFM images show that
the fabrication method is capable of producing such struc-
tures. However, there is an apparent discrepancy between the
disordered nature of the sample seen by AFM (a collection of
randomly sized, placed, and oriented nanoparticle arrays) and
the clearly defined, periodic conductance features in the elec-
trical characteristics that suggest an ordered system. To
address this issue, as well as the voltage scale of the I±V struc-
ture, we have computed the electrical behavior of randomly
oriented nanoparticle arrays that contain defects. We find that
periodic conductance features occur despite the presence of
defects and that surface conduction in conjunction with con-
duction through the array can explain the large voltage scale
found in the data.

Single-electron charging effects are governed by the capaci-
tance between adjacent nanoparticles and the capacitance of
each nanoparticle to a ground plane. We treat the nanopar-
ticles as identical metal spheres of radius 0.7 nm surrounded
by a homogeneous ligand shell with a dielectric constant of 3.
Including the ligand shell, the minimum center-to-center sepa-
ration is 4.2 nm. Calculating the capacitance matrix for a row
of nanoparticles we find an inter-particle capacitance Cdd »
0.04 aF and a capacitance to ground Cg » 0.17 aF.[25] Thus, the
dimensions of these nanoparticle building blocks result in a
regime where Cg > Cdd, which is opposite to that studied in
most lithographically defined systems. The capacitance values
imply that the total capacitance of a nanoparticle is domi-
nated by Cg and the calculated value shows that the electro-
static charging energy e2/2Cg is more than an order of magni-
tude larger than kBT at 300 K, consistent with Coulomb
blockade effects at room temperature.

Numerical simulations[26] of perfect chains confirm that
threshold behavior, linear scaling above threshold, and a Cou-
lomb staircase can all be expected at room temperature. To
simulate the number of conductance peaks we observe, a
minimum of four particles is required in a chain. While the
expected and experimental values of the ratio DV/VT agree,
there is a discrepancy in the absolute voltage values for the
threshold and the periodicity. The anticipated value of VT »
e/2Cg = 0.47 V is more than a factor of twenty smaller than
the measured value. Reducing Cg will increase VT. However,
assuming that at very small dimensions the capacitance can
still be estimated from the geometry of a particle, the reduc-
tion in Cg necessary to explain the data would require nano-
particles with impossibly small radii. From this argument we
conclude that the conduction path must include potential
drops that may be the result of contact resistance between the
electrodes and the nanoparticle system, surface conduction,

weak links within the network itself, or a combination of all
three. We will address this issue in the discussion of the nature
of the conduction path.

Before we consider the realistic situation of less than per-
fect chains randomly oriented on the surface, we note that the
presence of radio frequency (RF) signals and other phenom-
ena, such as quantum size effects[27] and the physical motion
of nanoparticles in a field (the shuttle mechanism)[28] can also
introduce conductance features. RF signals applied to the
sample[20] had no perceivable affect on the conductance struc-
ture. Quantum size effects are weak at room temperature and
the energy level structure is highly dependent on the structure
of the nanoparticles, the ligands and the coupling between
particles.[29] Thus, it seems unlikely that resonant tunneling
through discrete electronic levels is the cause of the regularly
spaced structure we observe. We rule out a shuttle mechanism
because it predicts structure equally spaced in current rather
than in voltage as we find. For the I±V characteristics we mea-
sure, this mechanism would also require vibrational frequen-
cies that are much lower than is reasonable for the properties
of the ligand.

Given the preparation method and the large area (~3 mm2)
sampled by the IDA electrodes, disorder and spatial averaging
are expected in the samples. The types of disorder expected to
have the greatest influence on the electrical properties are
variations in core size that influence Cg and the particle±parti-
cle spacing (positional disorder) that affects Cdd. In addition,
the effects of particle chain length and chain orientation must
be considered. We used numerical simulations to explore
these effects individually and in combination. Chains of
between four and nine particles whose core radii were ran-
domly dispersed by up to ±30 % (the measured value) showed
conductance structure that was periodic to within the mea-
surement uncertainty (±12 %). For chains that contain ten or
more particles, the uncertainty in the periodicity was much
larger than we measure. Similarly, when the radius dispersion
was increased to ±50 % the position of the conductance peaks
was found to change significantly and the ratio DV/VT

deviated markedly from a value of two. Dispersion in Cdd due
to a distribution of particle±particle spacings was found to
have little effect on the features. This is not surprising for a
system in which Cg > Cdd since the conductance is relatively
insensitive to the inter-particle capacitance. From this analysis
we conclude that individual one-dimensional chains contain-
ing less than ten particles with ±30 % radius variation can sup-
port Coulomb staircase behavior.

When many chains are in parallel the periodicity is main-
tained provided the chain lengths have a narrow distribution,
implying that the samples contain chains of a well-defined
length. This length may arise from individual PLL chains that,
based on their molecular weight, can accommodate seven or
eight nanoparticles. Given length uniformity, angular aver-
aging over all possible orientations of a perfect chain between
the electrodes does not remove the conductance peaks, but
does broaden them and increases the conductance in the val-
leys between peaks, as shown by the dashed curve in Figure 3.
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When core-size dispersion (±30 %) and orientation averaging
are combined, the simulations still predict periodicity in the
conductance, as shown by the solid curve in Figure 3. For
these simulations 756 chains each having a different rando-
mized set of capacitances and a different orientation were
used. Interestingly, even with this degree of averaging, residu-
al conductance periodicity is still found. While a direct com-
parison with the measured data (Fig. 1) cannot be made, it
appears as if the amount of disorder used in the simulations
overestimates the actual degree of disorder in the samples.

Finally, we address the nature of the current path and the
fact that the measured voltage scale of the Coulomb blockade
structure disagrees with the value determined from the capac-
itance. The conduction process must involve both the chains
and the surface of the substrate. The origin of the surface con-
ductance is likely a thin water layer, which is known to have
ohmic behavior[30] and is expected given the wet chemical
preparation method. The surface conductance is the back-
ground that is removed from the data (Fig. 1a, curve I) and is
the means by which chains, arranged randomly on the surface,
are electrically connected. Once the potential drop across a
chain reaches the threshold value, the chain will come out of
blockade and become part of the conduction path. Given that
the chains are short compared to the inter-electrode spacing
and that there does not appear to be a continuous path
between the electrodes, the point at which a chain begins to
conduct is a particular fraction of the applied voltage: that is,
the surface conductance behaves in the manner of a potential
divider which provides an explanation for the difference
between the predicted and observed scales. It is known that
the inter-particle spacing in ordered arrays of nanoparticles
plays a key role in the nature of the electrical transport.[31,32]

In the present samples the ligands provide a core separation
that suggests electron hopping is the process responsible for
charge transfer.[33] In this case, transport will be dominated
through chains that have the lowest potential barriers
between nanoparticles. Defects are expected to increase the

potential barrier. Hence, chains that have the fewest missing
or misplaced nanoparticles (defects) will govern the transport
properties.

In summary, we have used a wet chemical process to pro-
duce extended nanoparticle arrays on biopolymer templates
between electrode pairs. The I±V characteristics show clear
evidence for single-electron charging effects in transport that
is limited to one-dimension. From the computed capacitance
values and numerical simulations we find that the chains like-
ly contain between four and nine nanoparticles and that the
I±V behavior of an ensemble of chains interconnected by the
surface conduction of the substrate is tolerant toward varia-
tions of chain orientation, core size, and inter-particle spacing.
Structure in the I±V characteristic is not robust toward varia-
tions in chain length, suggesting that a narrowly distributed
range of chain lengths dominates the conduction in these sam-
ples. As a final point, we note that the measurements reported
here used indirect electrical contact to an ensemble of nano-
particle arrays. This suggests that similar contact techniques,
which avoid alignment between electrodes and nanoparticles,
will be useful in their future electrical characterization and
application.
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the electrode normal. For both curves, T = 300 K.
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Catalytic Growth of Zinc Oxide Nanowires
by Vapor Transport**

By Michael H. Huang, Yiying Wu, Henning Feick,
Ngan Tran, Eicke Weber, and Peidong Yang*

Recent progress in the synthesis and characterization of
nanowires has been driven by the need to understand the nov-
el physical properties of one-dimensional nanoscale materials,
and their potential application in constructing nanoscale elec-
tronic and optoelectronic devices.[1] Nanowires with different
compositions have been explored using various methods

including the vapor-phase transport process,[2±4] chemical
vapor deposition,[5] arc discharge,[6] laser ablation,[7] solu-
tion,[8,9] and a template-based method.[10,11] While a large part
of this work has been focused on semiconductor systems such
as Si,[1] Ge,[2] GaN,[3,10] GaAs,[5,7] only a few studies on oxide
systems exist in the literature. Among them, MgO nanowires
have been synthesized and incorporated into high-tempera-
ture superconductors to improve the critical current densities
of the superconductors.[12,13] Several other oxide nanowires,
including SiO2,[14] GeO2,[4] and Ga2O3,[6] have also been
reported although the insulating nature of these oxide systems
could limit, if any, their applications. It is thus necessary to
look into other oxide systems with interesting optical, electri-
cal, and magnetic properties.

ZnO, a wide bandgap (3.37 eV) semiconductor with large
exciton binding energy (60 meV), has been investigated as a
short-wavelength light-emitting, transparent conducting and
piezoelectric material. ZnO nanoclusters and thin films have
also been shown to exhibit room temperature UV lasing prop-
erties.[15] Most of the ZnO nanomaterials studied are in the
form of nanoparticles although needle crystals and large whis-
kers have been previously reported.[16] Polycrystalline ZnO
nanowires have also been recently fabricated within a porous
alumina template.[11] Due to the promising application of
ZnO nanowires in nanoscale optoelectronic devices, it is im-
portant to be able to synthesize these nanowires in single-
crystalline form and study their optical properties. Here we
report the use of the vapor-phase transport process to grow
ZnO nanowires via the vapor±liquid±solid (VLS) mechanism.
The Zn vapor is generated using carbothermal or hydrogen
reduction of ZnO. Size control of the nanowire diameters was
achieved by varying the thickness of the thin film Au catalyst.
It is also possible to grow thinner wires by using monodis-
persed Au colloids dispersed on substrates as catalysts. In ad-
dition, a ZnO nanowire network has been successfully synthe-
sized on patterned Au catalysts. Photoluminescence (PL)
characterization of the nanowires shows that these nanowires
exhibit strong UV emission and size-dependent green light
emission.

ZnO nanowires were grown on Au-coated silicon substrates
by heating a 1:1 mixture of ZnO and graphite powder to 900±
925 �C under a constant flow of argon for 5±30 min. The sub-
strate surface appeared light or dark gray after the reaction,
indicating the deposition of material. X-ray diffraction
(XRD) patterns of ZnO nanowire samples were taken to
examine the crystal structure of the nanowires. All samples
gave similar XRD patterns indicating the nanowires' high
crystallinity. Figure 1 shows a typical XRD pattern of the
ZnO nanowires. The diffraction peaks can be indexed to a
hexagonal structure of bulk ZnO with cell constants of a =
3.24 and c = 5.19 �. While Au (111) and (200) peaks have
been detected in some samples, no diffraction peaks from Zn
have been found in any of our samples.

The morphology of the materials on the substrate was
examined by scanning electron microscopy (SEM). A typical
SEM image for nanowires grown on a substrate coated with
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