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Alternating electric field is used to assemble gold nanoparticle nanowires from liquid suspensions.
The effects of electrode geometry and the dielectrophoresis force on the chaining and branching of
nanowire formation are investigated. The nanowire assembly processes are modeled using finite
element calculations, and the particle trajectories under the combined influence of dielectrophoresis
force and viscous drag are simulated. Nanoparticle nanowires with 10 nm resolution are fabricated.
The wires can be further oriented along an externally introduced flow. This work provides an
approach towards rapid assembly and organization of ultrasmall nanoparticle networks. © 2007

American Institute of Physics. [DOI: 10.1063/1.2763967]

One-dimensional (1D) nanoparticle (NP) assemblies are
of tremendous significance due to their unique properties in
electronic and photonic devices,l’2 and the model system
they provide to understand fundamental phenomena at the
nanoscale.’ However, the realization of anisotropic 1D as-
sembly of NPs remains challenging simply because of the
isotropic structure and morphology of NPs.* Templated as-
sembly by using capillary force or electrophoretic
deposition  offers many opportunities for the fabrication of
ordered arrays. Tang et al. developed a template-free strategy
to make CdTe particle chains by reducing interparticle repul-
sion through partial removal of the surface stabilizers, '
making the van der Waals, chemical and electric-dipole in-
teractions the dominant forces in the formation of 1D particle
chains. In addition, the transformation of oriented aggrega-
tion of particles into nanowire structures via mutual attach-
ment has been observed for metal and semiconductor
NPs.''2 However, most chemically prepared NP assemblies
have limited applications for electronic device integrations
due to a lack of control of the orientation and length of
particle chains. Here, we report an approach using alternating
current (ac) electric fields for the fabrication of various par-
ticle chain network structures without resorting to further
chemical functionalization of NPs or substrates.

Dielectrophoresis (DEP) forces are widely used to ma-
nipulate micro- and nanoscale partilees.l3_15 The DEP arises
from the polarization of particles in a nonuniform electric
field, where the induced dipole moment can be translated
into a net force leading to particle movement.'® The DEP
force is proportional to the particle volume as well as the
gradient of electric field squared. As a result, the manipula-
tion of smaller particles requires larger field gradients. On

the other hand, a higher field gradient may induce convective
17,18

could potentially disturb the dielectrophoretic immobiliza-
tion of NPs. In addition, the impact of the Brownian motion
becomes more evident as the particle size decreases.'” The
controlled assembly of NPs into continuous nanowires of a
few nanometers wide and tens of microns long by using DEP
is a promising but rarely explored area.

The micro- and nanoelectrodes for the DEP assembly are
prepared with standard optical lithography and electron-
beam lithography on a 500 nm thick insulating thermal oxide
layer. A gold nanoparticle suspension, supplied by BBI Inter-
national (Cardiff, UK), is used as is. For the dielectrophore-
sis, a function generator is operated at a frequency between
10 kHz and 1 MHz and a peak-to-peak voltage (V,,) of
4-10 V. After the ac power is switched on, a droplet
(2—3 wl) suspension of gold NPs is applied onto the chip
using a microsyringe. After 2 min of assembly, the droplet is
gently blown off by a stream of nitrogen gas, and the power
is then switched off.

Figure 1 shows the effects of ac fields on the organiza-
tion of NP assembly. When the ac field is off, the particles
are uniformly dispensed and well separated. When an ac
voltage with 1 MHz frequency is applied, NP chain network
structures start to form, and most individual particles are
linked together. Rather than forming agglomerated micro-
wire structures as reported by other groups, 922 e observed
that the NPs are assembled into nanowires of a few nanom-
eters wide. By designing electrodes with sharp corners, we
introduce strong electric field gradients that are required to
selectively control the growth sites of the NP wires. Figure
1(c) shows that dendrite nanowires are preferentially grown
from a sharp corner of one electrode and toward the direction
of an opposing counterelectrode. However, when the ac fre-
quency is reduced to 10 kHz, no chaining structures are

flow due to heating or electrohydrodynamic effect that  formed. Instead, the particles are mostly assembled on the

edge of the electrode with short-range NP agglomerations
Ilectronic mail: xiong@coe.neu.edu protruding outward at sharp corners [see Fig. 1(d)]. It has
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0003-6951/2007/91(6)/063101/3/$23.00 91, 063101-1 © 2007 American Institute of Physics

Downloaded 10 Sep 2007 to 129.10.56.200. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.2763967
http://dx.doi.org/10.1063/1.2763967
http://dx.doi.org/10.1063/1.2763967

063101-2

Xiong et al.

FIG. 1. Effect of ac fields on the reorganization of gold NP network struc-
tures. (a) No ac field, (b) ac voltage of 10 V,,_, applied at 1 MHz. (c) and (d)
are NP structures formed at ac frequencies of 1 MHz and 10 kHz, respec-
tively 10 (V,,_,). The scale bar in all figures is 500 nm.

voltage from megahertz to kilohertz range, large clusters of
particles are usually assembled around opposing electrodes,
and it was also reported that increasing the frequency to
1 MHz results in narrow and highly oriented nanowires of
less than 100 nm in diameter.

For electrode pair with gaps of 10 um and above, the
NP wires can be effectively assembled from both ac and
grounded sides of the electrodes. NP lines can also grow
from different corners of the same electrode as long as the
field gradient is high enough due to geometrical configura-
tion [see Figs. 2(a) and 2(b)]. Such a phenomenon indicates
that NP wires do not necessarily only bridge two separate
opposing electrodes. When the gap between the ends of two
approaching particle wires reduces to the diameter of a single
particle, the last particle is subject to the attraction forces
from both ends and tends to bridge both wires. We also ob-
served that the NP wire growth can be controlled by the
application of an external flow. Figures 2(c) and 2(d) show

FIG. 2. Effect of electrode geometry and flow direction on the organization
of NP wires. [(a) and (b)] Gold particle nanowire formation around corner
areas of only one electrode. (c) and (d) show that the nanowires are oriented
along the flow direction. The scale bar in (a), (b), and (d) is 500 nm, and 200

nm in (c).
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FIG. 3. Simulation results showing particle trajectories under the combined
influence of DEP and viscous drag forces. (a) shows the potential plot with
a set of particles moving short distances from their initial location, (b)—(d)
show the potential contour plot with particle trajectories at growth stages
1-3, and (e) plot of VE2  around a three branched nanowire domain.

that the NP wires are stretched and aligned along the applied
flow. This flow is induced by a nitrogen jet that directs the
particle wires to follow the desired direction as shown. The
results also show that the dielectrophoretically assembled
gold NPs have formed good interparticle bonds that are not
easily separated or broken by the flow.

The application of an ac field produces a time-dependent
polarization of dipoles in garticles. The resulting dielectro-
phoretic force is given by1

Fppp = 27e,, Re[K(w)]a® V Elzms, (1)

where ¢, is the dielectric constant of medium, a is the par-
ticle radius, w is the angular field frequency, and E,, is the
root-mean-square electric field. The direction of the force is
determined by the sign of Re[K(w)], the real part of
Clausius-Mossotti factor, given by

. 3(e,0, - &,0,)

Re[K(w)]= ~2—

g,+28, mywl(o,+20,) (1 + 0’ Ryy)’

()

where € is the permittivity and o is the conductivity, and the
subscripts p and m denote particle and medium, respectively.
mw=(g,+¢€,)/(0,+20,) is the time constant that character-
izes the decay of a dipolar distribution of charge on the sur-
face of a spherical particle. For metallic particles, Re[K(w)]
is ~1 when w7yw<<1. The particle dendrite formation
can be modeled by simulating the particle trajectories under
the combined influence of dielectrophoretic force and oppos-
ing viscous drag. COMSOL multiphysics modeling software is
used to simulate the potential contour for a typical micro-
electrode configuration. The gradient of the electric field
square VEZ s used to calculate the dielectrophoretic force.

Different stages of the NP wire assembly are simulated
by tracing the particle movement under the combined effect
of DEP force and opposing viscous drag. Initially, the par-
ticles are being attracted towards the protruding electrode
end, as shown in Figs. 3(a) and 3(b). Figure 3(a) shows that
the NPs move a short distance from their initial locations.
Similar locations are used in Figs. 3(b)-3(e). Once the first
particle assembles on the electrode [stage 1, Fig. 3(b)], it
becomes a part of the electrode and the electric field will be
enhanced to favor a continual chaining formation. As shown
in Fig. 3(c), stage 2 starts when a short NP wire has as-
sembled. The nearby particles are preferentially redirected
towards the far end of the nanowire for the wire to grow.

Depending on the aﬁproaching angle and direction, some
t, see http://apl.aip.org/apl/copyright.jsp
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FIG. 4. Characterization of typical DEP assembled gold nanoparticle struc-
tures between different electrodes. (a) fused or melted nanoparticle intercon-
nect, (b) half-melted/unmelted nanoparticle interconnect, (c) I-V character-
ization of nanoparticle interconnect from (a) to (b), and (d) high resolution
image of a typical fused nanoparticle interconnect structure. The scale bar in
(a) and (b) is 500 nm, and 200 nm in (d).

NPs can be attached to either or both sides of the nanowire
end, and dendrite structures can be formed. Depending on
the local particle concentration with respect to the protruding
ends of the nanowires, the number of particles assembled to
the nanowire ends may vary, as displayed in Fig. 3(d) (stage
3). As a result, the growing speeds of the branched nano-
wires may also vary. In our case, both experimental results
and simulation show that the growth of a central NP wire is
favored. Figure 3(e) shows the plot of VE% _ for the condi-
tion of stage 3. The simulation indicates that the highest field
gradients occur near the tips of an electrode. In order to
assemble ultrasmall particles, the sharp corner design is usu-
ally required.

We further measured the current-voltage (I-V) character-
istics of the two assembled gold NP structures between elec-
trodes, as shown in Figs. 4(a) and 4(b) using an HP 4155A
parameter analyzer. The measured resistance is the sum of
the resistance due to the fabricated micron scale electrodes
R and that of the assembled nanoparticle interconnects
Ry, We fabricated electrodes identical to the one used in the
assembly but without a gap (typically where the assembly
takes place) and measured their resistance Ry as a refer-
ence. The values of the reference resistance are used to give
an approximate Rje., which will help in estimating Ry,,. The
electrode resistance R, is ~200 () for the electrode used in
assembly 1 and ~20 () for the electrode used in assembly 2.
If we deduct the electrode resistance R, from the measured
nanowire resistance for both assemblies, we get Ry,
~500 Q) for the half-fused nanoparticle nanowire and
~70 Q for the fused nanoparticle nanowire.

Our other experimental results have also consistently
shown low electrical resistance of gold nanoparticle as-
sembled structures (40—120 Q0 for three dimensional
nanodevices24), in the form of half-melted Au nanoparticle
structures. Compared with the reported resistance values in
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the literature,”* we obtained a relatively lower Ohmic be-
havior of the NP bridges. High resolution field effect scan-
ning electron microscopy (FESEM) image [in Fig. 4(d)] has
shown a detailed surface profile of a typical melted or fused
Au nanoparticle structure. Once the bridges are formed, in-
dividual particles become unresolvable and they fuse into
much wider and thicker structures with a relatively smooth
surface. A potential explanation for the low Ohmic resistance
of these melt-solidified structures might be that the initial
interparticle and particle-electrode contact resistances are re-
duced due to this melting effect.

In summary, we have shown that by using micro- and
nanoelectrodes, we can dielectrophoretically assemble NP
wires of a few nanometers wide and microns long. Complex
chaining and dendrite nanowire networks are assembled by
varying the electrode design. Multiphysics modeling of the
NP assembly trajectories provides an insight into the com-
plex growth mechanism of the nanowires. This work can be
extended to yield large scale production of extremely small
nanowires that would potentially enable interconnection in
high-performance nanoelectronics applications.
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