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Nanowires and nanotubes were synthesized from metals and metal oxides using templated cathodic
electrodeposition. With templated electrodeposition, small structures are electrodeposited using a tem-
plate that is the inverse of the final desired shape. Dielectrophoresis was used for the alignment of the as-
formed nanowires and nanotubes between prepatterned electrodes. For reproducible nanowire align-
ment, a universal set of dielectrophoresis parameters to align any arbitrary nanowire material was deter-
mined. The parameters include peak-to-peak potential and frequency, thickness of the silicon oxide layer,
grounding of the silicon substrate, and nature of the solvent medium used. It involves applying a field
with a frequency >105 Hz, an insulating silicon oxide layer with a thickness of 2.5 lm or more, grounding
of the underlying silicon substrate, and the use of a solvent medium with a low dielectric constant. In our
experiments, we obtained good results by using a peak-to-peak potential of 2.1 V at a frequency of
1.2 � 105 Hz. Furthermore, an indirect alignment technique is proposed that prevents short circuiting
of nanowires after contacting both electrodes. After alignment, a considerably lower resistivity was found
for ZnO nanowires made by templated electrodeposition (2.2–3.4 � 10�3 Xm) compared to ZnO nano-
rods synthesized by electrodeposition (10 Xm) or molecular beam epitaxy (MBE) (500 Xm).

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Synthesis of one-dimensional nanostructures, such as nano-
wires and nanotubes, has attracted increasing attention in the past
years. The unique physical and chemical properties of these nano-
structures make them promising building blocks for various kinds
of future applications, such as nanosensors [1–3], cell trackers [4–
6], and self-propelling nanomotors [7–9].

A range of processes has been used for the synthesis of various
types of nanowires. They include both vapor-phase techniques and
liquid-phase techniques [4,10–13]. As the increasing emphasis on
low cost, high throughput, high volume, and ease of production
has made template-directed electrodeposition emerge as a promis-
ing process, we chose this technique for nanowire synthesis. Tem-
plate-directed electrodeposition belongs to the group of wet-
chemical synthesis techniques and can be carried out at or near
room temperature and at ambient pressure. Various types of mate-
rials, such as metals, conducting polymers, and semiconductors
can be deposited with it. Another advantage of template-directed
ll rights reserved.
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electrodeposition is the possibility to form nanotubes as well
[4,10–13].

A very important and challenging part of the integration of
nanowires or nanotubes into functional devices concerns the align-
ment of nanowires between two or more electrodes. Several tech-
niques for the alignment of nanowires between electrodes have
been reported, such as in situ micromanipulation [14], focused
ion beam deposition [14,15], electron beam lithography [14],
drop-casting of wires from a solution onto prepatterned electrodes
[14], dielectrophoresis [16–21], and magnetic alignment [10,22–
26]. We chose dielectrophoresis as the nanowire alignment tech-
nique in the present study, because it can be used under ambient
conditions without capital-intensive equipment and can be em-
ployed to align all kinds of nanowire materials.

Fig. 1 illustrates the working principles of dielectrophoretic
alignment of nanowires between two planar electrodes. Essen-
tially, an alternating electric field is generated between the
electrodes that captures the nanowire, and attracts and orients it
until it bridges the gap between the electrodes. This process is
called positive dielectrophoresis. It requires the dielectric constant
of the nanowire material to be higher than the dielectric constant
of the surrounding medium. In the case that the dielectric con-
stant of the nanowires is lower than that of the surrounding
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Fig. 1. Schematic representation of dielectrophoretic alignment of nanowires
between two parallel plate electrodes.

Table 2
Material properties used for the calculations of Fig. 4.

Material
property

Au Fe2O3 H2O CH2Cl2

e/e0
a Infinite 12 [33] 78.32 [33] 8.93 [33]

r (S/m) 4.5 � 109

[27]
1 � 10�12

[34]
1 � 10�4 [27] 0.8 � 10�4

[35]
j (m�1) 2.0 � 107 1.27 � 109

g (Pa s) 8.90 � 10�4

[33]
4.13 � 10�4

[33]

a e0 is the permittivity of vacuum (8.85419 � 10�12 F/m).

A.W. Maijenburg et al. / Journal of Colloid and Interface Science 355 (2011) 486–493 487
medium, negative dielectrophoresis will occur and the nanowires
will drift away from the electrodes. The same principle holds for
dielectrophoretic alignment of nanotubes.

Quite different solvent media, peak-to-peak potentials, frequen-
cies, and electrode gaps have been used for the dielectrophoretic
alignment of various types of nanowire materials. An overview of
reported parameters in the literature is listed in Table 1. The vari-
ation in the data suggests that the parameters may not have been
chosen systematically, although they led to successful alignment in
all cases. Only one paper systematically addresses the influence of
frequency [27], and only one paper could be found in which the
influence of the applied potential was systematically investigated
[28]. The influence on the adhesion between nanowires and sub-
strate, viscosity, and vapor pressure were noted as reasons to
choose specific solvents [19,21].

The goal of the research presented here is to determine the
ranges in which these parameters lead to successful alignment of
nanowires and nanotubes of varying composition. From this infor-
mation, a universal set of parameters for dielectrophoretic align-
ment of metal and metal oxide nanowires and nanotubes of
arbitrary composition is derived. The parameters that we investi-
gated are peak-to-peak potential and frequency, thickness of the
insulating silicon oxide layer, grounding of the silicon substrate,
and the medium used. We chose to investigate water and dichloro-
methane as solvents, since these are members of two opposite
Table 1
Overview of parameters reported in literature for dielectrophoretic alignment of nanowire

Nanowire material Medium Potential (V) Frequency

Au Methanol 0.97 150
Au Methanol 10 >100
Au-biotin Methanol 0.18 1000
ZnO Ethanol 5 1000
ZnO Ethanol 5 1000
Ag Ethanol 0.1 5
Ag or Au H2O or EtOH 0.2 100
Rh rods Acetone 10 Unknown
CNTa Acetone 45 Unknown
p-Si Benzyl alcohol 110 10
Si IPAb and H2O 0.35 0.5

a CNT, carbon nanotube.
b IPA, isopropanol.
classes of liquids, namely polar high-permittivity, and nonpolar
low-permittivity media, respectively. Furthermore, the nanowires
are already dispersed in dichloromethane after the track-etched
polycarbonate template has been dissolved.
2. Experimental details

All chemicals used were obtained from commercial sources and
used without further purification. Silver nitrate (AgNO3) and nitric
acid (HNO3, 65%) were purchased from Acros Organics. Chloroauric
acid trihydrate (HAuCl4�3H2O), nickel sulfate hexahydrate (NiSO4�
6H2O), boric acid (H3BO3), zinc nitrate hexahydrate (Zn(NO3)2�
6H2O), iron nitrate nonahydrate (Fe(NO3)3�9H2O), sodium
hydroxide (NaOH), indium, and dichloromethane (CH2Cl2) were
purchased from Merck. Buffered hydrofluoric acid (BHF; HF and
NH4F) was purchased from BASF. Milli-Q water with a resistivity
of 18.2 MX cm was used in all experiments.

Nanowires and nanotubes were made by templated electro-
deposition in a conventional three-electrode setup. First a gold
layer was sputtered onto a polycarbonate track-etched membrane
(Whatman, UK) using a Perkin-Elmer 2400 sputtering system. The
Au layer (also called back electrode) was used as working electrode
in the electrochemical deposition process. Prior to deposition, the
backside of the back electrode was isolated to ensure exclusive
deposition inside the pores of the membrane and avoid deposition
on the external surface of the back electrode. A small Pt mesh was
used as counter electrode and Ag/AgCl in 3 M KCl (REF 321 from
Radiometer Analytical) was used as reference electrode. The elec-
trodes were connected to a potentiostat (Bank Electronik Potentio-
scan Wenking POS 73) linked to two multimeters (a Keithley 197
Autoranging microvolt DMM multimeter and a Peaktech 4385
multimeter with a USB port for automatic data collection). For
electrodeposition of nanowires, the electrodes were placed inside
a plating solution. The corresponding recipes are described below.
After the membrane pores were completely filled by deposited
material, or when a segment with the desired length had been
s.

(kHz) Electrode gap (lm) Electric field (V/lm) Refs.

2 0.485 [16]
2 5 [16]
2 0.09 [16]
6–10 0.833–0.5 [17]
4 1.25 [18]
4 0.025 [18]
±30 ±0.00667 [19]
5–30 2–0.333 [20]
5–30 9–1.5 [20]
40 2.75 [21]
2 0.175 [28]
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obtained, deposition was stopped by removing the potential. Then
the membrane was rinsed with Milli-Q water. In the final steps, the
nanowires or nanotubes were collected by first dissolving the poly-
carbonate membrane in CH2Cl2, followed by detaching them from
the Au back electrode by gentle swirling.

Gold nanowires were formed from an electrolyte containing
0.005 M HAuCl4�3H2O. Deposition occurred either at a constant po-
tential of +0.25 V or at a saw-tooth potential oscillating between
+0.97 and 0 V with a linear rate of 10 mV/s. Ni nanowires were
formed from an electrolyte containing 0.23 M NiSO4�6H2O and
0.15 M H3BO3. Deposition occurred at �1.00 V. The deposition con-
ditions for Ag and ZnO nanowires and Fe2O3 nanotubes have been
explained elsewhere [12]. In short, Ag nanowires were formed at
+0.10 V in an electrolyte containing 0.20 M AgNO3 and 0.10 M
H3BO3 with pH adjusted to 1.5 using HNO3. ZnO nanowires were
formed at 70 �C at �1.00 V in an electrolyte containing 0.10 M
Zn(NO3)2�6H2O. The iron hydroxide gel was formed using an elec-
trolyte containing 0.02 M Fe(NO3)3�9H2O, 0.430 M HNO3, and
0.425 M NaOH. Gel formation occurred at �1.00 V and the nano-
tubes formed upon drying. Sn nanowires were formed from an
electrolyte solution containing 0.01 M SnCl2 and a few drops of
HCl. Deposition occurred at �0.55 V. Axially segmented nanowires
were prepared by alternating deposition of the desired materials
using the above-described procedure, and rinsing with Milli-Q
water of the membrane, reference electrode, and platinum mesh.

The nanowires and nanotubes were aligned using dielectropho-
resis on prepatterned silicon wafers (LioniX, Enschede, The Nether-
lands). The prepatterned Au microelectrodes were completely
embedded in the native silicon oxide layer. Before the experiments,
a 300 nm thick layer of native oxide was etched away to elevate
the Au surface approximately 75 nm above the surrounding oxide
surface. After placing the patterned wafer in a buffered hydroflu-
oric acid solution (BHF; containing HF and NH4F) (DANGER! HF—
the active component of BHF—is a very dangerous chemical that
causes severe burns and bone loss without immediately producing
pain, so extra care needs to be taken!) for the required amount of
time (78 nm/min), the substrates were washed several times with
Milli-Q water.

Fig. 2 is a schematic representation of the dielectrophoresis set-
up. A similar setup was previously used by Gierhart et al. [27] and
Ahmed et al. [29]. A sinusoidal AC voltage was applied between the
Au electrodes using a sweep generator (Wavetek 11 MHz stabilized
sweep generator Model 22). The potential was measured using an
oscilloscope (Hameg Instruments 35 MHz analog oscilloscope HM
303-6). Both sweep generator and oscilloscope were connected to
an amplifier (Techron 7570 power supply amplifier). A resistance
R1 of 14.5 kX was added in series to limit the current flowing
through aligned nanowires. A resistance R2 of 9.5 kX was added
Fig. 2. Instrumentation circuit for dielectrophoretic nanowire capture with
R1 = 14.5 kX and R2 = 9.5 kX.
in parallel to prevent the potential across the electrodes from being
sensitive to impedance changes in the solution during nanowire
alignment. The Au microelectrodes were connected to an external
circuit using Cu wires connected to the microelectrodes using in-
dium contacts. The dielectrophoresis experiments consisted of
placing a droplet of nanowire solution on top of the electrodes
while applying an AC voltage at typical frequencies of 50–
200 kHz. In a typical dielectrophoresis experiment, the measured
potential on the oscilloscope dropped within a few seconds to a
few minutes to almost zero, indicating successful alignment of
the nanowires.

Scanning electron microscopy (SEM) images were taken using a
Zeiss HR-LEO 1550 FEF SEM. IV curves were measured using a CV
measurements Karl Suss PM8 low-leakage manual probe station
connected to a Keithley 4200 semiconductor characterization sys-
tem with PreAmps, PGU/OSC and CVU.
3. Results and discussion

Fig. 3 shows SEM images of several nanowires after deposition
onto a silicon wafer. When ferromagnetic nanowires or nanowires
with a high surface energy were formed, such as Ni or ZnO, they
typically clustered once the membrane had been dissolved. The
clustered nanowires could be redispersed by ultrasonication. The
inset of this figure shows a typical example of an isolated nickel
nanowire after ultrasonication. Isolated nanowires were observed
in the case of Au, Ag, and Sn nanowires, and in the case of Fe2O3

nanotubes. The synthesized wires had a length of 4–6 lm and a
diameter of 50–150 nm. The length depends on the electrodeposit-
ion time and the variation in diameter over the length of the wire is
due to the shape of the polycarbonate membrane pores. The diam-
eter near the entrance of the pores is 50 nm and measures 150 nm
in the center.

3.1. Dielectrophoretic alignment

The initial experiments identified four parameters that are cru-
cial for proper alignment of nanowires and nanotubes. These are
peak-to-peak potential and frequency, thickness of the silicon
oxide layer, grounding of the silicon substrate, and the solvent
medium used. These parameters will be discussed in more detail
in the following subsections.

3.1.1. Peak-to-peak potential and frequency
The potential used in dielectrophoretic alignment can be

chosen arbitrarily as it only defines the strength of the generated
Fig. 3. SEM images of a cluster of Ni nanowires. Inset: a single Ni nanowire showing
the variation in diameter.
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dielectrophoretic force; the higher the applied potential, the higher
the force. We chose to apply potentials that are sufficiently low to
prevent noticeable decomposition of H2O, the most easily decom-
posable solvent used in this study. A sinusoidal alternating current
with a peak-to-peak potential V0 of 2.1 V results in an effective po-
tential of 1.5 V in the case of a DC potential or in the case of an AC
potential with a low frequency. This is only just above the theoret-
ical decomposition potential of H2O (1.4 V) and well below its
practical decomposition potential of 2.0 V. For AC potentials with
higher frequencies, this decomposition potential will be higher,
and therefore no chemical reactions or gas evolution occurred in
any of the dielectrophoretic alignment experiments.

The frequency dependence of dielectrophoretic alignment fol-
lows from the equation for dielectrophoretic force (Eq. (1)) and
the equation for electroosmotic fluid velocity (Eq. (7)). The need
for the dielectric constant of the nanowires to be higher than the
dielectric constant of the surrounding medium is expressed in
Eq. (1) for spherical particles [27].

F
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/ emRe

e�p � e�m
e�p þ 2e�m
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where ek is the real part of the dielectric constant in which k can be
either p or m for particles or solvent medium, respectively, j is the
square root of �1, rk the electrical conductivity of the nanowire
material or solvent, and x the angular frequency of the applied
electric field. For nanorods and nanowires, a shape-dependent fac-
tor Aa is introduced into the Clausius–Mossotti factor [29],
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where Ka is the shape-dependent Clausius–Mossotti factor, in
which the index a can either refer to L for the long axis of the nano-
wire or to S for its short axis, and where Aa is the depolarization fac-
tor along the long or short axis of a prolate ellipsoid.
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and
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ð1� ALÞ

2
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where e is defined as the eccentricity:

e2 ¼ 1� b2

a2 : ð6Þ

Here a and b are the half length of the long axis and the radius of
the short axis, respectively [29].

Eq. (7) gives the fluid velocity hvi near the electrode surface
[27]. The fluid velocity is directed away from the center of the elec-
trode gap, and is induced by AC electroosmosis. AC electroosmosis
occurs at symmetric, coplanar microelectrode gaps such as those
used in this study.

hvi ¼ 1
8

emV2
0X

2

gxð1þX2Þ2
; ð7Þ
where V0 is the peak-to-peak potential, X is the dimensionless fre-
quency which is defined by Eq. (8), g is the viscosity of the solvent,
and x is the distance from the center of the electrode gap to one of
the electrodes.

X ¼ xx
em

rm

p
2
j; ð8Þ

where j is the inverse of the Debye–Hückel length [27], which can
be calculated by

j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2
P

n0
i z2

i

emkT

s
; ð9Þ

where q is the elementary charge 1.6 � 10�19 C, n0
i and zi are the

number concentration and ionic charge of the ionic species type i
present in solution, respectively, k is Boltzmann’s constant
(1.381 � 10�23 J/K), and T is the temperature.

Fig. 4a and b show the calculated AC electroosmotic fluid veloc-
ities hvi of nanowires with a diameter of 150 nm as a function of
the field frequency in H2O and CH2Cl2, respectively. Data from
Table 2 were used in the calculations. Fluid flow is absent at both
low and high frequencies. At high frequencies, the velocity is small
because the charged ions in solution are not fast enough to follow
the rapidly changing polarities of the electrodes. However, very
low frequencies are also unsuitable, so only frequencies beyond
the frequency range for electroosmotic fluid flow in H2O or CH2Cl2

are applicable. Following the results from the models presented in
Fig. 4a and b, frequencies above 104 and 103 Hz should be used for
H2O and CH2Cl2, respectively.

However, when the real part of the Clausius–Mossotti factor, Eq.
(3), is also taken into account, it follows that the suitable frequency
for nonmetallic nanowires and nanotubes should be at least 105 Hz
when they are dispersed in dichloromethane; see Fig. 4f. If nonme-
tallic nanowires or nanotubes are dispersed in water, only negative
dielectrophoresis was observed as shown in Fig. 4e. For metallic
nanowires with a theoretically infinite permittivity, no such
restriction applies; see Fig. 4c and d. The green areas in Fig. 4 mark
the universally suitable frequency ranges for dielectrophoresis. As
frequencies beyond 108 Hz are not commonly used and hard to ap-
ply, a frequency of 1.2–2.0 � 105 Hz was adopted in all further
dielectrophoretic alignment experiments.

3.1.2. Influence of the substrate
We observed that the silicon substrate underneath the silicon

oxide layer became electrostatically charged when the SiO2 layer
of the substrate was too thin. The charging resulted in a positive
electric field gradient in the middle of the electrode gap and away
from the electrode gap in the vertical direction that prevented the
nanowires from aligning in between the smallest electrode gap
[29]. Fig. 5 shows the simulated electric field and electric field gra-
dients in the vicinity of the electrodes for three given thicknesses
of the insulating silicon oxide layer. These simulations were ob-
tained from FlexPDE using a distance between the electrodes of
2.5 lm in all three cases. As the electrodes were embedded for
400 nm in the native SiO2 layer, an overall SiO2 layer thickness of
1 lm yielded an effectively 600 nm thick insulating layer between
the Si bulk and the Au electrodes. In this case, the underlying Si
substrate was charged by electrostatics, as shown in Fig. 5a. This
resulted in a countercharge that gives rise to an electrostatic force
directed away from the Au electrodes, thereby disrupting the pos-
sibility of proper alignment. The simulations suggest that the ener-
getically most favorable position for a nanowire is in a floating
position just above the electrodes. This hampers their alignment
and ability to connect with the electrodes.

With a SiO2 layer of 2.5 lm thickness (providing an effective
thickness of 2.1 lm), no attractive or repulsive forces act in the
middle of the electrode gap, as indicated by the red curve in



Fig. 4. (a and b) Calculated electroosmotic fluid velocity of nanowires in H2O and CH2Cl2, respectively. The real part of the Clausius–Mossotti factor is shown in (c–f) for a
number of cases: (c) Au nanowires in H2O; (d) Au nanowires in CH2Cl2; (e) Fe2O3 nanotubes in H2O; and (f) Fe2O3 nanotubes in CH2Cl2. The red curves in (c–f) represent the
real parts of the Clausius–Mossotti factor along the short axis of the nanowires or nanotubes, and the blue curves represent the same factor along the long axis. The relevant
material properties of Au, Fe2O3, H2O, and CH2Cl2 used to construct these graphs are listed in Table 2. T = 298 K, x = 1.25 lm. and V0 = 2.1 V was used. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5d. This is the minimum oxide layer thickness required for
proper alignment. The repulsive forces acting in the middle of
the electrode gap are close to zero, and a net attractive force results
from the areas closer to the Au electrode. Fig. 5c and the blue curve
in Fig. 5d show the situation in the case of an 8 lm thick silicon
oxide layer (providing an effective thickness of 7.6 lm). The elec-
tric field gradient promotes proper positioning and alignment of
nanowires from any position and orientation in the liquid phase.

3.1.3. Grounding of the silicon substrate
In addition to having a sufficiently thick oxide layer, grounding

of the substrate was also found to be of crucial importance. In the
electric field simulations in Fig. 5, the potential of the silicon sub-
strate was set to 0 V. Because the potential of the silicon substrate
will be floating if the silicon substrate is not grounded, the align-
ment process would be negatively influenced. Once the silicon sub-
strate was grounded, positive alignment was observed as can be
seen in Fig. 6.

3.1.4. Solvent medium
The fourth parameter is the medium used. According to Eq. (1),

the dielectric constant of the nanowire should be higher than the
dielectric constant of the medium in order to exert an effectively
attractive force on the wire. The use of CH2Cl2 or H2O as the solvent
will not influence the alignment of metal nanowires with an infi-
nite permittivity such as Au, Ni, Ag, and Sn, whereas CH2Cl2 (e/
e0 = 8.93) is the preferred solvent for the alignment of metal oxide
nanowires and nanotubes such as ZnO (e/e0 = 8.15) and Fe2O3 (e/
e0 = 12).

Interestingly, while the dielectric constant of undoped ZnO is a
little smaller than that of CH2Cl2 and negative dielectrophoresis is
therefore expected, we were still able to align ZnO nanowires. This
is illustrated in Fig. 6b. The most likely reason to explain this obser-
vation is that the dielectric constant of the nanowires is actually
higher than that of pure ZnO. It has been reported that the dielec-
tric constant of n-type doped ZnO is higher than that of pure ZnO.
For instance, a dielectric constant of 15.1 has been reported by
Dhananjay et al. for 15 mol.% lithium-doped ZnO thin films [30].
In a similar manner, it is possible that the dielectric constant of
the ZnO nanowires in the present study is higher than that of
CH2Cl2 due to the presence of low concentrations of impurities or
structural defects, e.g., vacancies, grain boundaries, and/or surface
defects, and that would explain the positive dielectrophoresis ef-
fect that we observed.



Fig. 5. (a–c) Simulated local electric fields E(x, y) in the vicinity of the electrodes and (d) electric field gradients dE(x, y)/dy in between the electrodes; (a) and green curve in
(d), silicon oxide layer thickness of 1 lm; (b) and red curve in (d), silicon oxide layer thickness of 2.5 lm; (c) and blue curve in (d), silicon oxide layer thickness of 8 lm. The
arrows in (a–c) indicate the direction and strength of the attractive and repulsive forces at the position of the arrow tip. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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3.1.5. Combination of the dielectrophoretic alignment parameters
A universal set of parameters can be defined that is based on the

combined results of the above-described experiments. It involves
applying a field with a frequency >105 Hz, an insulating silicon
oxide layer with a thickness of 2.5 lm or more, grounding of the
underlying silicon substrate, and the use of a solvent medium with
a low dielectric constant. In our experiments, we obtained good re-
sults by using a peak-to-peak potential of 2.1 V at a frequency of
1.2 � 105 Hz. Fig. 6 shows an overview of nanowires and nano-
tubes of various compositions after alignment using these param-
eters. Although not every experiment led to successful alignment
after applying only one droplet, perfect alignment was observed
at almost every sample after applying the second or the third drop-
let. Especially Fe2O3 nanotubes, either filled with Ni or not, were
found to align with a reproducibility of 100%.

The coaxial Fe2O3–Ni nanowire shown in Fig. 6e was molten
onto the electrodes at both ends. As the electrical contact area be-
tween the coaxial nanowire and the electrodes is increased, we
called this ‘‘nanosoldering’’ of nanowires or nanotubes onto the
electrodes. As Fe2O3 is an insulating material, it was not possible
to measure an increased current from this sample, but we believe
that nanosoldering could improve the electrical contact between
nanowires or nanotubes and the electrodes. Nanosoldering is
accomplished by melting of the nanowires and/or parts of the Au
electrodes close to the wire due to the high current through the
nanowire that is generated as soon as physical contact is made
with both electrodes. When the nanowire material is highly con-
ductive and has a relatively low melting point, as in the case of
Ag, Au, or Sn, the complete nanowire can actually melt immedi-
ately after alignment, and we observed this phenomenon in a num-
ber of cases. To prevent burning of the nanowires, an indirect
alignment technique is proposed below. Using this indirect align-
ment technique, nanowires or nanotubes could be aligned without
short circuiting after alignment.

3.2. Indirect alignment of nanowires

A schematic representation of the proposed technique is shown
in Fig. 7. The idea behind the indirect alignment technique is that
the distance between the potentiostatically charged electrodes 1
and 3 is so large that any leakage current will flow primarily via
the floating electrode 0. As electrode 0 is not connected to the



Fig. 6. SEM images of a dielectrophoretically aligned (a) Ag nanowire, (b) ZnO nanowire, (c) segmented Ag|ZnO nanowire, (d) Fe2O3 nanotube, and (e) coaxial Fe2O3–Ni
nanowire.
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potential generator, no significant current flows through it. How-
ever, since a small electrical field is present between 0 and its
counterelectrodes that is strong enough to orient and align the
nanowires, effective dielectrophoretic alignment without risk of
short circuiting was accomplished. After indirect alignment exper-
iments, nanowires could not only be found between electrode 0
and electrodes 1 and 3, but also between electrode 0 and electrode
2.

Fig. 8 shows SEM images of some examples of nanowires and
nanotubes aligned by using the indirect alignment technique. Ap-
plied peak-to-peak potentials were in the range of 0.6–6 V. Such
high peak-to-peak potentials were possible in this case because
CH2Cl2 was used as solvent medium, which has a higher decompo-
sition potential than water.
Fig. 7. Schematic representation of the indirect alignment technique; electrodes 0
and 2 are floating. Local fields will develop between 1 and 0, between 3 and 0, and
between 2 and 0.
3.3. Resistivity measurements

Fig. 9 shows the IV curve of the ZnO nanowire shown in Fig. 6b.
From the dimensions of the nanowire, a resistivity of 2.2–3.4 �
10�3 Xm was estimated. This is considerably lower than the values
obtained by Postels et al. [31] and Heo et al. [32] for ZnO nanorods
Fig. 8. Top-view SEM image of (a) Au and (b) Sn nanowires aligned by the indirect
alignment technique.



Fig. 9. IV curve of a ZnO nanowire after alignment by dielectrophoresis.

A.W. Maijenburg et al. / Journal of Colloid and Interface Science 355 (2011) 486–493 493
made by electrochemical deposition (10 Xm) and molecular beam
epitaxy (MBE) (500 Xm), respectively. The high conductivity is in
qualitative agreement with the observed positive dielectrophore-
sis, as it suggests the presence of a substantial concentration of de-
fects that would explain the high conductivity.

4. Conclusions

The dielectrophoretic alignment of metallic and oxidic nano-
wires between coplanar electrodes is primarily determined by four
parameters. These parameters are: (1) a peak-to-peak potential be-
low the decomposition potential of the solvent medium used at a
frequency higher than 105 Hz, (2) a silicon oxide layer with a min-
imum thickness of 2.5 lm, (3) grounding of the silicon substrate
underneath the silicon oxide layer, and (4) the use of CH2Cl2 or
other organic solvent with a low dielectric constant as solvent
medium. An indirect alignment technique was proposed to prevent
short circuiting of the nanowires after alignment. After alignment,
a considerably lower resistivity was found for ZnO nanowires
made by templated electrodeposition compared to ZnO nanorods
synthesized by electrodeposition or molecular beam epitaxy.
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