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Abstract—The effect of variation in local magnetic field on
magnetic assembly of 30 and 200 nm diameter Ni nanowires
synthesized by template directed electrodeposition was investi-
gated with different materials (Ni–Ni and Ni–Au) and shapes of
electrodes. Ni–Au paired electrodes improved confinement of the
assembled Ni nanowires across the electrode gap because of the
narrower distribution of magnetic field around the gap between
the two electrodes. Simulation results indicated a local magnetic
field strength at the electrode tip increased by a factor of 2.5 with
the use of a needle-shape electrode as compared to rectangular-
shape electrode. The resistance of nanowire interconnects
increased as the applied voltage was raised, and under the same
applied voltage, the increase in resistance is further enhanced at
lower temperatures because of higher current density.

Index Terms—Anodized aluminum oxide (AAO), electrodeposi-
tion, local magnetic field, magnetic assembly, nanowires, Ni.

I. INTRODUCTION

ONE-DIMENSIONAL nanostructures, such as nanowires,
nanobelts, and nanotubes, are extremely attractive mate-

rials for sensors because of their high aspect ratios and unique
properties, which arise from size-dependent quantum confine-
ment effects [1]. These components can directly convert physi-
cal, chemical, and biological information into an electric signal
for real-time monitoring, which is also desirable for interfac-
ing existing low-power microelectronics, leading to multiplexed
sensing systems that require minimal sample volumes. As ba-
sic building blocks of nanotechnology, these structures can be
further complexed forsensing applications by axial and radial
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heterostructures for segmented, superlattice, and core/shell con-
figurations. These features may also enable a high enough sen-
sitivity to realize single molecule detection in chemical and
biological sensors [2], [3].

Various 1-D nanostructures have been synthesized using dif-
ferent processes, including chemical vapor deposition (CVD),
high-temperature catalytic processes, pulse-laser ablation,
vapor–solid–liquid (VLS) growth processes, molecular beam
epitaxy (MBE), and wet-chemical synthesis [4]. As increasing
emphasis is placed on nanomanufacturing (i.e., high volume,
low cost, high throughput, and low capital cost), template
directed electrodeposition has emerged as a promising process
for the synthesis of nanowires. Electrodeposition is operated
at near room temperature and ambient pressure with minimum
capital investment. The crystallographic structure and orien-
tation of nanostructures can be tailored for specific material
properties through solution composition, deposition conditions,
and additives [5]. Electrodeposition is also a powerful tool to
deposit various materials including metals, semiconductors,
and conducting polymers.

However, before these nanostructures can be fully exploited
as sensing transducers, they must be precisely positioned and
interfaced to microscale or mesoscale features. Moreover, these
materials should be addressed in a reliable and repeatable man-
ner that facilitates low contact resistance without exceeding
physical and thermal limitations. Several methods have already
demonstrated control assembly of nanowires on prefabricated
electrodes, including Langmuir–Blodgett [6], [7], electric field
assisted alignment [8], and magnetic field assisted alignment
[9], [10]. Among them, magnetic alignment technique is the
most benign, achieved by simply applying an external magnetic
field, requiring no surface modification or potentially damaging
of nanostructures by electric fields. Previously, we demonstrated
alignment of Ni nanowires on ferromagnetic electrodes by ap-
plying external magnetic fields [10], [12], and more complex
hierarchical structure of nanowires fabricated with magnetic as-
sembly was also reported [11]. Magnetotransport phenomena
ferromagnetic nanowires such as Ni and CoNi were also inves-
tigated with magnetically assembled nanowire [13], [14].

In this paper, spatial positioning of ferromagnetic Ni
nanowires, fabricated by template-directed electrodeposition on
different shapes and configurations of ferromagnetic electrodes,
were investigated experimentally and compared with mathemat-
ical simulation data. By controlling the shape of electrodes (i.e.,
needle and rectangular shape) and materials, single nanowires
could be assembly on prefabricated electrodes more pre-
ciously. A postannealing technique in a reducing environment
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was used to make good contact with the nanowires. The resis-
tance between the two electrodes, including line resistance of
Ni nanowire and contact resistance, was measured as a function
of temperature.

II. DEVICE FABRICATION AND MEASUREMENTS

Anodized alumina templates, which have 200 nm diameter
and 30 nm diameter, were used for synthesizing the nanowires.
The template with a 200 nm pore size is commercially available
from Whatman Corporation (Anodisc 25, total template diam-
eter = 21 mm), and the 30 nm pore size template was prepared
in our laboratory by anodization of high purity aluminum foils
(>99%). Anodization conditions for fabricating alumina tem-
plate and the procedure for acquiring the Ni nanowires were
well described in previous work [12].

Ferromagnetic electrodes were microfabricated on a (1 0 0)
oriented silicon wafer. A 50-nm-thick insulator layer of SiO2
film was grown on the wafer using CVD to insulate the substrate,
followed by lithographic pattering of electrode area. After e-
beam evaporation of an Au 200 Å/Cr 100 Å layer, the electrodes
were patterned using liftoff technique. Prepared Au electrodes
were electrodeposited with Ni to form ferromagnetic electrodes.
Electrodes with different shapes (i.e., rectangular and needle
electrode with tip angles of 60◦) were produced to investigate
the influence of local magnetic flux on the yield of magnetically
trapped nanowire. The external magnetic fields, which were
used to generate the intense local magnetic field in the gap
of two electrodes, were applied by placing the microfabricated
electrodes between two permanent magnets. The strength of
external magnetic field could be adjusted by varying the distance
between two permanent magnets.

Nickel nanowires were assembled on electrodes by placing
isopropyl alcohol containing the suspended nanowires between
electrodes in the applied magnetic field. Nanowires can move
freely in the droplet until isopropyl alcohol is evaporated. Dur-
ing this time, nanowires align parallel to magnetic field due to
the magnetic shape anisotropy of nanowires. After the assembly
of nanowires, electrical characteristics of ferromagnetic nanoin-
terconnects were investigated using a semiconductor parameter
analyzer (HP 4155 A) and physical property measurement sys-
tem (PPMS) at various temperature.

III. RESULTS AND DISCUSSIONS

To construct a multifunctional device with different types
of nanowires possessing various functionalities, the configura-
tion of one bar type electrode working as a common electrode
with several microband electrodes was utilized. On this pat-
tern, nanowires having different functionality can be positioned
respectively between different microband electrodes and com-
mon electrode. In magnetic alignment, strength and distribution
of local magnetic field around the tip of electrodes could be
the critical factor to control the directionality and population of
nanowires, which are aligned parallel to magnetic field. To verify
the effect of the distribution of local magnetic field on magnetic
alignment, two different sets of electrode patterns, which are Ni-
coated microbands, Ni-coated ferromagnetic common electrode

Fig. 1. Optical images of magnetically assembled Ni nanowires (diameter =
200 nm) on Ni–Ni electrode (a) and Ni–Au electrode (b), and corresponding
computational simulation results (c), (d), (e).

pair (Ni–Ni electrode), and Ni-coated microband, Au common
electrode pair (Ni–Au electrode), respectively, were prepared
[see Fig. 1(a) and (b)]. The gap of ferromagnetic electrodes
was fixed at 10 µm. Magnetic alignment of 200 nm diameter
Ni nanowires was performed with these two pair of electrodes.
As shown at optical images, Ni nanowires that were placed on
the patterns were aligned along the direction of external mag-
netic field in both cases. However, in case of Ni–Ni electrode
[see Fig. 1(a)], positions of nanowires were widely scattered,
and the nanowires were not bridged between electrodes. On the
other hand, they were successfully confined in the gap between
Ni–Au electrode [see Fig. 1(b)]. For a better understanding of
the distribution of Ni nanowires on two different pair of elec-
trodes, mathematical simulations were employed [15]. Dimen-
sion of electrodes in the simulation are identical to the elec-
trodes utilized in these experiments. The relative permeability
of Ni electrode and applied external magnetic field were fixed
at 100 and 200 Oe, respectively. Fig. 1(c) and (d) illustrates the
simulation results of the distribution of magnetic field of Ni–Ni
and Ni–Au electrodes, and Fig. 1(e) represents the strength of
magnetic field at the edge of common electrode. As shown,
the Ni–Ni electrode can produce stronger magnetic field at the
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Fig. 2. Computational simulation results of magnetically assembled Ni
nanowires (diameter = 30 nm) on needle-shape electrode (a) and rectangular-
shape electrode (b), and corresponding SEM images (c), (d). Inset figures are
aligned Ni nanowires with 200 nm of diameters at same conditions.

center of the gap between electrodes. However, the magnetic
field for the noncomplimented region of the common electrode
is also stronger than that of the center of the Ni–Au elec-
trode, which is substantially enough to attract ferromagnetic
nanowires. As a result, in the Ni–Ni electrode pair, the position-
ing distribution of nanowires is not confined to the electrode
gap, but scattered to adjacent sections of the gap. In contrast,
even though the maximum magnetic field of the Ni–Au elec-
trode is comparably lower than that of the Ni–Ni electrode, the
magnetic field at the outside of the gap is sufficiently low, so
that nanowires are confined within the gap region.

The electrode shape is another important parameter for con-
trolling the positional distribution of nanowires during mag-
netic alignment, as the shape of the tip significantly impacts
the strength and distribution of the magnetic field. The varia-
tion of the distribution of magnetic fields with different shapes is
mathematically simulated [see Fig. 2(a) and (b)]. From the mag-
netic field simulation data, the local magnetic field at the tip of
needle-shape electrode was ∼2.5 times higher than that of stan-
dard rectangular-shape electrode under the same external mag-
netic field, and it is concentrated on the center of tip, whereas
the highest magnetic field positions in rectangular-shape elec-
trode were the two corners of electrodes. This indicates that
it is easier to confine the number of nanowires bridging two
electrodes with needle-shape electrode. Fig. 2(c) and (d) shows
the magnetically aligned Ni nanowires with 30 nm in diam-
eter on prefabricated rectangular and needle-shape electrodes,
respectively. The needle-shape electrode creates a more con-
fined magnetic field at the tip of the electrode, which results in
single nanowire connections, as presented in Fig. 2(d). Nickel
nanowires of 200 nm diameter were also assembled with two
different shapes of electrodes, which are shown as inset images.

The electrical contact resistance is an important factor for
establishing nanowire-based devices, because high contact re-
sistance significantly degrades the electrical signals during the
operation of devices. The contact resistance between the elec-

Fig. 3. I–V characteristics and breakdown behavior of electrically bridged
five Ni nanowires (diameter = 30 nm) on Ni–Au electrode (a), and SEM image
of electrically brokendown nanowire (b). Comparison of I–V characteristics of
multiple Ni nanowires (total number = 3) and single Ni nanowire after breaking
down two nanowires.

trode materials and nanowire could be reduced effectively by
annealing in a hydrogen-reducing environment [12]. The I–V
characteristic of multiple numbers of bridged nanowires, which
are positioned on the gap between rectangular-shape Ni–Au
electrode, is represented in Fig. 3(a). In this graph, current re-
sponding with low voltage region was linear. However, as the
applied voltage increased, i.e., higher than ∼0.3 V, a nonlinear
response of current with respect to voltage was observed. This
deviation from the linear region of the I–V curve could be caused
by two different mechanisms: Joule heating and electromigra-
tion. Joule heating, which can increase the local temperature
of nanowires, is directly governed by the total current flowing
through the resistor according to the following equation:

B =
I2ρ

S2 (1)

where B is the homogeneous Joule power density, and I, ρ, and S
are the current, resistivity, and cross-sectional area, respectively.
From our previous report on Ni nanowire temperature dependent
resistance [13], the temperature coefficient of resistance (TCR)
of a Ni nanowire with 30 nm diameter was 0.002 K−1 , and
it allows ∼20% resistance increase when the temperature ap-
proaches the melting point. However, the variation of resistance
from the low voltage region to the break down point was ∼40%,
which strongly supports that increasing the temperature of the
Ni nanowire by Joule heating might not be the only reason for
the increasing resistance with voltage. Coupled with Joule heat-
ing and higher current densities, electromigration could further
increase the resistance by diminishing the cross-sectional area of
the nanowire. Further increasing of applied voltage causes a sud-
den drop of responding current, which means that the nanowire
was electrically and physically broken down. The SEM image
of a bridged nanowire shows the physical breakdown of the Ni
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Fig. 4. I–V characteristics of single Ni nanowire (diameter = 30 nm) at dif-
ferent temperatures.

nanowire [see Fig. 3(b)]. The gap between two parts of the Ni
nanowire was ∼189 nm, and each end of the nanowire has a
droplet shape, which means that even though the increasing re-
sistance during the voltage sweep was influenced by combined
effects of Joule heating and electromigration, the final break-
down was mainly caused by local melting as a result of Joule
heating accumulation [16].

In the I–V curve, five steps are observed that could be inter-
preted as the breakdown of five nanowires electrically bridg-
ing two electrodes. Because of different surface condition, with
slight variation of diameters and respective internal defects, each
nanowire shows different electrical breakdown voltages dur-
ing the voltage sweeping, resulting in multiple stepwise break-
down behavior. From the current at the breakdown of the last
nanowire, the current density causing the local melting of 30 nm
Ni nanowire was 44.3 MA/cm2 .

Such uneven breakdown characteristics can be utilized to
achieve single nanowire bridging. From Fig. 3(a), total resis-
tance between two electrodes bridged with five nanowires was
∼360 Ω, and after four nanowires are broken down, the resis-
tance of the remaining nanowire was ∼2070 Ω. This strategy
can be used to create single nanowire circuits by breaking the
nanowires one by one with an applied voltage, stopping the ap-
plying voltage when the resistance approached similar value of
2000 Ω. Fig. 3(c) illustrates the I–V characteristics of three of
nanowires bridged circuit, and single nanowire bridged circuit
after sequential nanowire breakdown with applied voltage. It
shows that the resistance was decreased from ∼620 to ∼2900 Ω
by diminishing the number of bridged nanowire with an ap-
plied voltage. With this method, single-bridged circuit can be
effectively achieved from multiple-bridged nanowire circuits.

The I–V characteristics of Ni nanowires at different temper-
ature (from 300 K to 50 K) are shown in Fig. 4. When the
temperature is decreased from 300 K to 50 K, the increase
in resistance at higher potentials is more prominent. At 50 K,
the resistance was 750 Ω at 0.05 V, and it increased to 870 Ω at
0.35 V. The change in resistance as a function of applied voltage
[∆R/R0.05V , (δR = R0.35V −R0.05V )] at 50 K was ∼13.5%
larger than that at 300 K. This deviation in resistance of the Ni
nanowire at low temperature is a result of higher current density

flowing through the nanowires. The relatively low resistance at
lower temperature, which is achieved by reducing the thermal
scattering of electrons, allows for a higher current density, and,
in turn, may enhance the Joule heating at the same voltage as
compare to that of higher temperatures. Understanding this rela-
tionship between resistance and applied voltage is important for
nanowire structures, as a steady base-line resistance is crucial
for reliable operation of sensing devices.

IV. CONCLUSION

Magnetic alignment with variable local magnetic fields is
demonstrated as a site-specific assembly technique to integrate
multiple nanowires or single nanowire in sensor arrays. The
high controllability and ease of approach facilitate the use of
this method for nanowire assembly. Spatial manipulation of
Ni nanowires (30 and 200 nm in diameter) was magnetically
aligned for the application on nanowire-based, resistor-type
sensing devices. The gap between ferromagnetic electrodes po-
sitioned the nanowires to bridge the electrodes. Magnetic as-
sembly with Ni–Au electrode more confined distribution of
nanowires than Ni–Ni electrode. Simulation results indicated
that a local magnetic field strength at the tip of electrodes could
be increased by a factor of 2.5 by fabricating needle-shape elec-
trode as compared to a standard rectangular-shape electrode,
which could increase the probability of single nanowire bridg-
ing between two electrodes. Experimental data supported this
finding. Resistance of the nanowire interconnect increased as
the applied voltage was raised due to electromigration and Joule
heating, which results in the electrical and physical breakdown
of nanowire with high applied voltage. This breakdown behav-
ior can be utilized for achieving single-nanowire-based circuits
from multiple nanowires.
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