676

IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 6, NO. 6, NOVEMBER 2007

Characterization and Electrical Properties of
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Abstract—High-definition metal–oxide–metal (MOM) heterojunction nanowires in the Au–NiO–Au system have been
synthesized using a template-based method. These nanowires are
70 nm in diameter and
7 m in total length, with a 100 to
300 nm wide NiO segment sandwiched between the Au nanowires
axially. Detailed electron-microscopy characterization studies of
these nanowires show that the oxide segment is primarily cubic
NiO and nanocrystalline, and that both the Au–NiO interfaces are
well-defined. These Au–NiO–Au nanowires have been incorporated into high-quality single-nanowire devices, fabricated using a
direct-write method. The current–voltage ( – ) responses of individual Au–NiO–Au nanowires have been measured as a function
of temperature in the range 298 to 573 K. While the – response
at room temperature has been found to be nonlinear, it becomes
more linear and less resistive with increasing temperature. These
types of MOM nanowires are likely to offer certain advantages
over all-oxide nanowires in fundamental size-effect studies, and
they could be potentially useful as nanoscale building blocks for
multifunctional nanoelectronics of the future.
Index Terms—Electrical properties, electron microscopy, heterojunctions, nanowires, nickel oxide, single-nanowire devices, temperature effects.

I. INTRODUCTION
XIDE nanowires (nanoribbons, nanobelts, or nanorods)
[1]–[6] are being used increasingly as 1-D building
blocks in “bottom up” multifunctional nanoelectronics [7],
taking advantage of the myriad size-dependent functional properties of oxides, such as electrical conductivity [5], ferroelectric
[8], piezoelectric [9], electrooptic [3], magnetoresistance [10],
[11], chemical-sensing [4], [5], [12], [13], and biosensing
[14]. In this context, metal–oxide–metal (MOM) heterojunction nanowires, where a nanoscale segment of a functional
oxide is sandwiched axially between two similar or dissimilar
noble-metal nanowires, are likely to have some potential advantages over all-oxide nanowires (where the entire nanowire
is an oxide), as discussed elsewhere [15]–[18]. Unlike all-oxide
nanowires, where the electrical contacts between the oxide
nanowire and device electrodes could be difficult to control and
is limited by lithography, MOM nanowires provide metal–oxide
contact integrated within the nanowire building block itself.
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The dimensions of the metallic segments can be varied easily in
order to accommodate device fabrication methodologies, while
the active oxide segment can be varied to modify electrical
properties of the device. Furthermore, the MOM–nanowire
architecture presents a rare opportunity to directly measure
functional properties of nanoscale-volume oxides with well-defined dimensions and the absence of substrate affects.
NiO, an antiferromagnetic [19] wide-band-gap semiconeV [20]) oxide, is used in magnetics [21],
ductor (
batteries [22], chemical sensing [23]–[26], mass flow/temperature sensing [27], electroluminescent [28], catalysis [29],
fuel cells [30], and smart windows [31] applications. Recently,
all-oxide 1-D NiO nanowires have been synthesized for use
in some of these applications [32]–[36]. In contrast, recently
Tresback et al. [15] reported a generic method for synthesizing
Au–NiO–Au MOM nanowires. That method entails electroplating segmented metallic nanowires (e.g. Au–Ni–Au) inside
nanoholes of anodic aluminum oxide (AAO) templates, followed by release and selective oxidation, resulting in isolated
MOM nanowires (e.g. Au–NiO–Au). Here we have used this
method to synthesize high-quality Au–NiO–Au nanowires of
much smaller diameters of 70 nm. This method results in
well-controlled, high-quality MOM nanowires, compared to
methods described by others [18], and it affords easy dimensional tuning of the oxide segment. The resulting Au–NiO–Au
nanowires have been characterized in some detail using transmission electron microscopy (TEM). Individual Au–NiO–Au
nanowires were incorporated into devices using a direct-write
method. In an effort to characterize the electrical properties
of these MOM nanowires, their current–voltage ( – ) responses were measured as a function of temperature. These
Au–NiO–Au MOM nanowires could be integrated as chemical
nanosensors into “bottom up” multifunctional nanoelectronic
devices of the future.
II. EXPERIMENTAL PROCEDURE
A. Synthesis
The Au–NiO–Au MOM nanowires were synthesized using
the procedure described by Tresback et al. [15]. Briefly, anodic
aluminum oxide (AAO) templates with nanoholes diameter of
70 nm were prepared in-house. One side of the AAO templates was sealed by thermally evaporating a 0.5- m Ag thin
film, which served as the cathode for subsequent constant-current (0.5 mA) electroplating inside the nanoholes of the AAO
0.5 m was electemplates. First, a small segment of Ag
troplated using 1025 Ag solution (Technic Inc., Cranston, RI).
3 m was electroplated
Next, one Au nanowire segment
using an Orotemp-24 solution (Technic Inc., Cranston, RI) to
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serve as a directly assembled nanocontact. Then, a Ni segment
(100 to 300 nm) was electroplated using 0.5M nickel (II) sulfate (Alfa Aesar, Ward Hill, MA) solution with a Ni foil as the
3 m was
anode. Finally, a second Au nanowire segment
electroplated using the same conditions, above the Ni segment
to provide the second nanocontact. The Ag thin film and the Ag
nanowire segment were then dissolved in 2M HNO . The sacrificial AAO template was finally dissolved in 1M NaOH, and the
released nanowires were then concentrated using a centrifuge,
and rinsed several times. The released all-metal nanowires were
dispersed on an oxidized-Si substrates (SiO thickness 1 m;
University Wafer, Boston, MA) and subsequently heat-treated
at 600 C for 0.5 h in air, to oxidize the Ni segment and fully
convert it to NiO, while the two Au nanowire segments appear
to be unaffected by this heat treatment.
B. Characterization
The Au–NiO–Au nanowires on the oxidized-Si substrates
were observed in a scanning electron microscope (SEM)
(Sirion, FEI, Hillsboro, OR) equipped with field emission
source, operated at 15–20 kV accelerating voltage.
Specimens for transmission electron microscopy (TEM)
examination were prepared by dispersing the Au–NiO–Au
nanowires on TEM grids (Cu or Ni) covered with holey carbon
(Quantifoil, Jena, Germany). The nanowires were observed
in a conventional TEM (CM-200, Philips, Eindhoven, The
Netherlands) equipped with an atmospheric thin-window energy dispersive spectrometer (EDS) (Phoenix System, EDAX,
Mahwah, NJ), and a high-resolution TEM (HREM) (Tecnai
F20, FEI, Hillsboro, OR) equipped with an postcolumn energy
filter (Gatan, Pleasanton, CA), both operated at 200 kV accelerating voltage.
Simulated high-resolution images were created using
commercially available EMS software package (Version
2.0105W2005, CIME-EPFL, Lausanne, Switzerland) [37]. The
essential parameters used were: acceleration voltage 200 kV,
mm, chromatic aberspherical aberration coefficient
mm, energy spread
eV,
ration coefficient
to 6.2 nm, and defocus
to
thickness
200 nm. Additionally, fast Fourier transform (FFT) patterns
from the high-resolution TEM images, and corresponding
simulated electron diffraction patterns, were obtained using
commercially available software (Digital Micrograph, Gatan,
Pleasanton, CA).
C. Device Fabrication and Electrical Properties Measurements
Au–NiO–Au nanowires dispersed on the oxidized-Si substrate were observed in the SEM-mode of the focused ion
beam (FIB) (Strata 235 M Dual Beam, FEI, Hillsboro, OR),
and high-quality single MOM nanowires were selected for
device fabrication. Macroscopic contact pads of Pt were added
atop each Au end of candidate Au–NiO–Au nanowires using
the FIB’s direct-write method described elsewhere [5], [13],
[38]. Well-defined Pt contact lines (0.5 m wide, 100 m
long) on both sides of the MOM nanowires were deposited at
low Ga-ion beam current (100 pA) to minimize extraneous Pt
“spatter.” The beam current was then increased to 3–5 nA to
deposit large contact pads 20 m 50 m at the ends of the
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Fig. 1. (A) SEM micrograph of Au–NiO–Au nanowires synthesized in AAO
templates with nanohole diameter of 70 nm. (B) Bright-field TEM image of
a Au–NiO–Au nanowire. High resolution TEM image of the (C) Au–NiO (left)
and (D) NiO-Au (right) interfaces of the Au–NiO–Au nanowire in (B).



lines. A reference “shorted” device, without the nanowire, was
also fabricated, where a 100 m Pt line (0.5 m wide) was
deposited between two contact pads 20 m 50 m on the
oxidized-Si substrate.
– responses of the single MOM nanowire devices were
measured using a probe station (Alessi REL-4830HT, Cascade
Microtech, Beaverton, Oregon) in conjunction with a parameter
analyzer (HP 4156C with 410 expander chassis, Agilent Technologies, Santa Clara, CA). Tungsten probes with 1 m tips
were used to make intimate contact with the Pt pads. – characteristsics were measured by sweeping from 4 V to 4
V in 40 mV steps, while measuring the corresponding . Each
device was subjected to up to 10 sweeps, before the – data,
shown here, was recorded. – measurements were performed
in ambient air, at 298 K, 373 K, 473 K, or 573 K.
III. RESULTS AND DISCUSSION
Fig. 1(A) is a SEM micrograph of an isolated Au–NiO–Au
6.5 m long.
nanowire, which is 70 nm in diameter and
Fig. 1(B) is a bright-field TEM image of another isolated 70-nm
diameter Au–NiO–Au nanowire, where the NiO segment is
240 nm long. The Au–NiO interfaces appear sharp in this
TEM micrograph. This is further corroborated by the HREM
images in Fig. (1C) (left interface) and 1D (right interface)
showing abrupt Au–NiO interfaces. The NiO segment is
nanocrystalline, with a grain size of 8 nm. The selected area
electron diffraction pattern (SAEDP) in Fig. 2 confirms the
presence of the cubic phase NiO (rocksalt structure) in the
oxide segment. This is further confirmed by HREM studies
of the NiO segment: Fig. 3 shows a HREM image of a NiO
nanocrystal, along with the simulated image (center inset). The
top-right inset is an indexed FFT pattern from the HREM image
. Although the majority of the oxide
using the zone axis
is the NiO stoichiometry, small amounts of Ni O inclusions
were observed.
Fig. 4(A) is a bright-field TEM image of the Au–NiO–Au
nanowire [from Fig. 1(B)], while Fig. 4(B), 4(C), and 4(D) are
energy-filtered elemental maps of O, Au, and Ni, respectively,
of that nanowire. A combination of Fig. 4(B) and 4(D) shows
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Fig. 2. SAEDP from the oxide segment indexed to cubic NiO. Transmitted spot
denoted by T.

Fig. 4. (A) Bright-field TEM image of the Au–NiO–Au nanowire from Fig.
1(B). Corresponding elemental-map images of the Au–NiO–Au nanowire: (B)
O, (C) Au, and (D) Ni. The top and bottom arrows in (A), (B), and (D) show
the presence of a NiO surface sheath in the vicinity of the heterojunctions. The
arrow in the center in (A) and (B) points to a surface oxide asperity that is not
NiO.

Fig. 3. High resolution TEM image of a NiO grain. Inset in the center is a
simulated image. Inset on the right is FFT pattern (zone axis [110]) from the
HREM image indexed to cubic NiO.

that there is a sheath of nickel oxide over the Au segment near
the interface (top and bottom arrows). This could be due to surface diffusion of Ni during the heat-treatment followed by its
oxidation. These figures also show that the asperity on the NiO
segment (center arrow) is an oxide other than nickel oxide. It is
possible that this asperity could be remnants of aluminum oxide
from the AAO template. Fig. 4(C) shows clearly that there are
no Au surface layers or Au nanograins on the NiO segment, precluding any obvious electrical shorting across the NiO segment.
However, the presence of trace amounts of Au in the NiO segment below the detection limit of EDS ( 1 at%) cannot be ruled
out.
These characterization studies attest to the high quality of
the Au–NiO–Au nanowires sythesized here. Furthermore, once
optimized, the template-based method has the potential to produce large quantities of high-quality MOM nanowires of precise
dimensions and architectures. The diameter of the nanowires
can be adjusted by tuning the AAO nanohole diameters, which
can, in principle, range from 20 to 400 nm. The total length
of the MOM nanowires, and the lengths of the individual segments, can also be controlled precisely through careful sequential electroplating.
Fig. 5(A) is a low-magnification SEM image of the FIB-fabricated device, showing the Pt contact pads connected by Pt lines
to a single Au –NiO–Au nanowire. Fig. 5(B) is a higher-magnification SEM image of the same region within the dashed-line
rectangle in Fig. 5(A), showing the Pt-line contacts with the Au

Fig. 5. (A) Low-magnification SEM image of the Au–NiO–Au nanowire device, showing the Pt contact pads and the Pt lines deposited using the FIB.
(B) Higher magnification SEM image of the region within the dotted white rectangle in (A), showing the Pt lines making contact with the Au segments of the
Au–NiO–Au nanowire. (C) High magnification SEM image of the region within
the dotted white rectangle in (B), showing the Au–NiO–Au nanowire.

parts of the Au–NiO–Au nanowire. The long Au segments ensured that the NiO segment is far away from the Pt “spatter”
(typically 1 m wide) that can be present around the Pt contacts lines. Fig. 5(C) is a high-magnification SEM image of the
Au–NiO–Au nanowire, with a 70 nm diameter, 100 nm long
NiO segment.
Fig. 6(A) shows room-temperature (298 K) – characteristics from the single Au–NiO–Au nanowire device pictured in
Fig. 5, while Fig. 6(B) shows – responses from the same device at different temperatures. Fig. 6(C) shows room-temperature (298 K) – characteristics from a reference shorted device
in Fig. 6(A)
(not pictured here). Note that the ordinate scale
and 6(B) is in nA, while that in Fig. 6(C) is in mA. The ohmic
– response of the reference shorted device in Fig. 6(C) and
the five orders of magnitude higher current confirms the very
4 k of the entire circuitry, including the
low resistance
FIB-deposited Pt-lines and the probe-tip contacts with the Pt
pads. The – response from the bare substrate was found to
be that of open circuit (not shown here). Thus, it can be concluded that the – responses in Fig. 6(A) and 6(B) are purely
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Fig. 7. Arrhenius type plot of conductance ( = I=V ) versus 1000=T of the
data in Fig. 6(B), for 0.2, 2.2, and 3.8 V applied voltages. The solid lines are
linear fits to the data.

Fig. 6. I –V responses from the device pictured in Fig. 5 at: (A) 298 K and (B)
at 298 K, 373 K, 473 K, and 573 K. (C) I –V response from the shorted device
at 298 K. Note the vastly different ordinate (I ) scales in the top [(A) and (B)]
and the bottom (C) plots.

from the two back-to-back Au–NiO interfaces and the NiO segment itself.
In Fig. 6(A) the – response (at 298 K) is symmetric and
somewhat nonlinear, with resistance of 62.5 M at low voltage
( 0.2 V), decreasing to 22.2 M at high voltage ( 3.8 V). The
nonlinear, symmetric – curve indicates that the two back-toback Au–NiO heterojunctions play an important role in determining the – response. Although the – response appears
to be nonohmic, the MOM nanowires are not fully rectifying at
low voltages. Full rectification is not expected with the Au–NiO
for the
heterojunctions because the Schottky barrier height
Au–NiO heterojuction is calculated to be quite small 0.34 eV
) [39], where the Au work function is
(
eV [40] and the bottom of the NiO conduction band is
eV [41]). Also, it should be noted that although the
Au–NiO interface is sharp, and the Au segment of the nanowire
is essentially single-crystal, the important NiO semiconductor
segment is nanocrystalline and highly defective. These defects,
whose electronic states are unknown, could provide hopping
paths for carriers, resulting in the nonrectifying, yet nonlinear
– , response observed in the Au–NiO–Au nanowire. It is expected that this effect would become more dominant with increasing temperature, which should lead to higher conductance
and a more linear – response. This is exactly what is observed
in Fig. 6(B).

The data from Fig. 6(B) are replotted in Fig. 7 as conducversus
in the Arrhenius form at low
tance
(0.2 V), medium (2.2 V), and high (3.8 V) applied voltages.
At low voltage (0.2 V), the conductance increases about 23-fold
with an increase in temperature from 298 to 573 K. That increase
is about half (11-fold) at high applied voltage (3.8 V). Since the
details of conduction mechanisms in these MOM nanowires are
still unknown, the data in Fig. 7 is fitted to the simplest possible
thermally activated conductance model,
[23], where is the preexponential constant,
is the activation energy, and is the Boltzmann constant. From the linear fits
to the data in Fig. 7 the activation energies are found to be 0.16,
0.13, and 0.12 eV at applied voltages 0.2, 2.2, and 3.8 V, respecwith increasing applied voltage is
tively. This decrease of
most likely because, at lower applied voltages, the overall conductance is expected to involve both, the two Au–NiO interfaces
and the bulk NiO segment. While, at higher applied voltage,
only the bulk NiO segment would be involved in conductance,
resulting in a reduced activation energy.
IV. SUMMARY
We have demonstrated the template-based synthesis
of high-definition MOM heterojunction nanowires in the
Au–NiO–Au system. Detailed electron-microscopy characterization studies of these nanowires show that the oxide segment
is primarily cubic NiO and nanocrystalline, and that both the
Au–NiO interfaces are well-defined. We were able to use a
direct-write method for incorporating individual Au–NiO–Au
nanowire easily in high-quality devices. The – response
of individual Au–NiO–Au nanowires at room temperature
was found to be nonlinear, but it became more linear and less
resistive with increasing temperature.
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