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We demonstrate the dielectrophoretic control of metallic nanowires (NWs) in liquid suspensions. By
varying a range of parameters including the magnitude and frequency of the applied electric field,
the liquid suspending the NWs, and the flow conditions, we demonstrate control over NW network
formation and dissolution, as well as ordering of NWs into vertically aligned arrays. These results
suggest a straightforward strategy for NW assembly and integration in devices. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2209174]

Electrodeposition into nanoporous templates is an inex-
pensive and massively parallel fabrication technique for
nanowires (NWs).l’2 Since a wide range of metals and semi-
conductors can be electrochemically deposited, templated
electrodeposition allows the fabrication of NW-based elec-
tronic components including conductors, resistors, and
diodes.> However, in order to integrate NW-based devices
with complementory metal-oxide semiconductor (CMOS)
and microelectromechanical system (MEMS) technologies,
strategies must be developed to precisely position NWs on
microfabricated contact pads. Prior studies have demon-
strated the directed assembly of NWs using magnetic,“’5
ligand receptor,6 and surface tension assembly.
Dielectrophoresis®™’ (DEP) is also a promising directed-
assembly technique to integrate NWs with substrates since
both  the NW alignment and placement are
controlled.'®*'*18 In contrast to other techniques, DEP is
extremely versatile (since most materials are polarizable and
DEP requires no surface functionalization) and DEP can be
scaled to the wafer level, making large scale manufacturing
feasible.

In this letter we describe the dielectrophoretic control of
metal NWs resulting in reversible or irreversible end-to-end
networks and branched networks, and a remarkable vertical
alignment of NWs on top of patterned electrodes. The ex-
perimental results include the assembly of extended NW net-
works as opposed to single-NW interconnects, the tuning of
the adhesion between the NWs and the substrate resulting in
control over the reversibility of the NW network assemblies,
insight into the factors that determine the degree of branch-
ing in DEP-assembled networks, and the effects of electroos-
motic flow which aids the vertical alignment of the NWs on
substrates. These results demonstrate the potential for the
highly parallel fabrication of NW devices in a range of elec-
tronic, photonic, and biomedical applications. For example,
sparse end-to-end NW networks are promising for electronic
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devices due to the small number of NW junctions within the
network, densely branched NW networks are advantageous
for use as sensors due to their large surface area to volume
ratios,"” and vertically aligned NW arrays can function as
vertical interconnects in damascene integration of microelec-
tronic devices,20 as switchable obstacle filters in microfluid-
ics, and as gratings that can be assembled on demand in
nanophotonic devices.

Silver (Ag) and gold (Au) NWs with lengths of 4-5 um
were grown in templates with nominal pore diameters of 200
and 50 nm as described previously, and subsequently sus-
pended in a solvent.”” Sinusoidal voltages ranging from
10 Hz to 100 kHz were applied to electrodes (100 nm of Au
with a Cr adhesion layer) lithographically patterned on glass
substrates. Two configurations were employed: two pointed
electrodes facing each other and a pointed electrode facing a
flat electrode. A small liquid cell was created above the elec-
trodes using a silicone seal and a glass cover slip. Images
were taken using an optical microscope and charge coupled
device (CCD) camera.

Using DEP, reversible (Fig. 1) and irreversible [Figs.
2(a) and 2(b)] NW networks were created by an appropriate
choice of the solvent in which the NWs were suspended. The
solvent affected the adhesion between the substrate and the
NWs, and between the NWs themselves. Reversible net-

FIG. 1. Reversible Ag nanowire network formation from a suspension in
water, with DEP at 0.2 V and 100 kHz (Ref. 21). The frames are labeled
with the time (min:s) after the first frame. The first frame is taken just before
initiation of DEP, and the third frame is taken just before ending DEP. The
scale bar corresponds to 30 wm.
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FIG. 2. Examples of nanowire structures formed by dielectrophoresis of
nanowires in liquid suspension. (a) Dense, overlapped network (Ref. 21). (b)
Sparse, branching network. (c) End-to-end joined, predominately un-
branched network. The scale bars correspond to 30 wm.

works were created in water, where NWs which settled to the
substrate did not adhere well and were readily observed un-
dergoing Brownian motion. The network in Fig. 1 was cre-
ated in a sealed cell by letting the NWs settle and then ap-
plying 0.2 V at 100 kHz across the electrodes. The network
was disrupted by Brownian motion when the voltages were
turned off.

In contrast, in ethanol the NWs adhered to the substrate
and no Brownian motion was evident. Since DEP forces
were insufficient to overcome the adhesion of the NWs to the
substrate, a flowing ethanol/NW suspension was used to
bring a constant supply of NWs within range of the electric
field (E-field) gradients between the electrodes [Fig. 2(a)].
Once collected by DEP, the NWs adhered strongly enough to
the substrate to withstand the flow and the NW network re-
mained intact after DEP was discontinued. This network for-
mation process is irreversible. It should be noted that the
networks were disrupted slightly when the ethanol was
evaporated; alternate methods such as supercritical drying
may be needed if the disruption is to be minimized.

The adhesion could be tuned by using a mixture of eth-
anol and water to suspend the NWs. The branching network
in Fig. 2(b) was created in sealed cell from a suspension of
NWs in 2 parts water and 1 part ethanol. Before DEP was
started, all of the visible NWs exhibited Brownian motion,
indicating that they had not adhered to the surface. When the
E-fields were applied, the network assembled. After the
E-fields were turned off, those NWs which were part of the
network and those which were on the edges of the electrodes
adhered to the substrate, while those in the center of the
electrodes or farther away on the glass resumed their Brown-
ian motion.

We attribute the differences in adhesion to a combination
of electrostatic repulsion, surface tension, and van der Waals
(vdW) forces. In water, we believe that electrostatic double
layer forces prevented direct contact of NWs to the substrate
resulting in weak adhesion. Ethanol, which is much less po-
lar, did not prevent the NWs from sticking to the substrate
under the force of gravity and vdW forces. In the water/
ethanol mixture, the DEP forces in regions of highest E-field
gradient were sufficient to allow the vdW forces to take hold
irreversibly.

In sealed-cell water and water/ethanol mixture experi-
ments, with NWs settled on the substrate, the network den-
sity was limited by the initial density of NWs on the sub-
strate [Figs. 1 and 2(b)] because the local area was depleted
of NWs as they formed the network. For networks created
from a flowing ethanol suspension, the density was limited
by the time for which DEP was performed [Fig. 2(a)].

The amount of branching in the networks was primarily
determined by the rate of network formation. For small volt-
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FIG. 3. (Color online) (a) Schematic of induced dipoles in nanowires. (b)
Schematic of the circular flow pattern generated at the edges of the elec-
trodes. (c) 50 nm diameter nanowires aligned at the edge of the pointed
electrode, a few hundred microns from the point, with 100 kHz E-fields;
then standing vertically on top of it with 10 kHz E-fields (the dots are the
nanowires seen end on). (d) 200 nm diameter nanowires standing on top of
the electrode, a few hundred microns from the point. (e) Vertical nanowires
pushed towards the center of the electrode by flow. The scale bars corre-
spond to 30 um.

age amplitudes of around 0.2 V, with electrode spacings of
25 um, given starting surface NW densities comparable to
those in Figs. 1 and 2(c), networks with few or no branches
were formed over tens of seconds. During the formation of
these networks, the NW velocities caused by DEP were
small compared to the Brownian motion. The negligible mo-
mentum of the NWs allowed them to sample different spatial
positions in order to find their minimum-energy end-to-end
configuration. Voltages greater than 2 V resulted in branch-
ing networks [Fig. 2(b)]. The NWs approached the network
rapidly and did not have time to align with the ends of
already-assembled chains, resulting in branches. Conditions
of rapid flow also resulted in branches. Moreover, suspen-
sions in water were more likely to form end-to-end networks
than suspensions in ethanol or mixtures, since some rear-
ranging was possible after the NW was incorporated into the
network.

At voltages greater than 1V and a frequency of
100 kHz, if DEP was started before the NWs settled to the
substrate, bulk networks which rose from the substrate and
assembled in the bulk of the solvent were formed.'""? They
remained in the bulk tracing the E-field lines. The network in
the top part of Fig. 2(b), originating about 40 um from the
point of the electrode, is a bulk network, recognizable be-
cause it rises out of the microscope’s focal plane.

By performing DEP at different frequencies in the proper
sequence, vertically aligned arrays of NWs were formed
(Fig. 3). At 100 kHz and larger frequencies, the behavior of
the NWs was qualitatively what one would expect from the
simplest model for DEP. The NWs aligned with the E-field
and moved towards regions of highest E-field, collecting at
local maxima. With 10 kHz of applied field, we observed a
circular flow pattern, centered on the edges of the electrodes,
rapid enough to significantly affect the NW behavior [Fig.
3(b)].">*** We attribute this flow to frequency-dependent ac
electro-osmosis, an interaction of nonuniform ac electric
fields and surface ionic charges.zzf25 Under electro-osmosis,
fluid is driven by the tangential component of the nonuni-
form E-field in the electrical double layer above the elec-
trodes. The vertically aligned NWs in Figs. 3(c) and 3(d)
were generated by first applying a 4 V, 100 kHz potential to
the electrodes, which collected NWs along the edges of the
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electrode and depleted NWs from both the top of the elec-
trode and the surrounding substrate. Then, the frequency was
switched to 10 kHz, generating the flow pattern which swept
the NWs onto the electrodes. The flow also aided them in
aligning vertically with the E-field. NWs which were hori-
zontal on top of the electrodes had very little torque applied
because the dipole was induced across the NW diameter,
which resulted in a very weak dipole moment aligned with
the E-field. When the flow disturbed them from the horizon-
tal position the NWs were no longer perpendicular to the
applied E-field, so the induced dipole moment and the angle
of the dipole relative to the field were significantly increased,
increasing the torque and causing the NWs to stand verti-
cally. When the drive frequency was decreased further to
1 kHz the flow intensified, removing more NWs from the
electrode edges and forcing all of the NWs towards the cen-
ter of the electrode [Fig. 3(e)]. It should be noted that the
NWs did not adhere together under these conditions; when
the frequency was increased again to 10 kHz, the NWs
drifted apart and recovered the distribution of Fig. 3(d). Fre-
quency reduction to 100 Hz intensified the flow enough that
the NWs were picked up from the surface and carried in
circles.”!

We also observed that the NWs used in our experiments
picked up residual charge either during processing or DEP, as
evidenced by the fact that under 10 Hz E-fields, the NW
positions oscillated while their average positions slowly
moved towards E-field maxima. The mutual repulsion of the
NWs due to the charging was weaker than the DEP forces:
DEP caused NWs in line with each other attract due to dipo-
lar interactions [Fig. 3(a)], despite any repulsion due to
charging. For example, the second panel of Fig. 1 shows
NWs away from the electrodes self-assembled end to end.
When NWs were aside one another, dipolar interactions
caused repulsion: vertically aligned NWs formed roughly
equally spaced arrays [Fig. 3(d)], and NWs at electrode
edges shifted laterally to make room for other approaching
NWs.”!

The NW diameter had moderate effects on NW behavior.
Due to their lower mass and larger surface area to volume
ratio, the 50 nm diameter NWs took longer to settle to the
bottom of the liquid cell (minutes instead of tens of seconds),
exhibited more rapid Brownian motion, and were more af-
fected by flow than the 200 nm NWs. For example, while no
200 nm NWs were carried by the circular flow driven by
10 kHz E-fields, many 50 nm NWs were. Also, since NW
polarizability is a much weaker function of diameter than is
the mass, 50 nm NWs on top of electrodes were rotated more
easily from horizontal to vertical with minimal electro-
osmotic flow.

To summarize, we have demonstrated scalable tech-
niques whereby NWs can be coaxed to form assemblies that
may be useful in a variety of devices. We have investigated
only a fraction of the parameter space available for control-
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ling NWs in suspension by DEP. Tailored functional surface
coatings would allow significant flexibility in tuning the ad-
hesion of NWs to specific locations on the substrate or each
other. Suspensions in other liquids, different electrode geom-
etries, and multicomponent NWs with and without surface
modifications all could offer additional flexibility and more
precise control of NW placement. Finally, it will be neces-
sary to explore strategies to permanently bond vertically
aligned NWs so that these assemblies can be used in func-
tional devices.
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