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ABSTRACT

We demonstrate the ability to precisely control the alignment and placement of large numbers of InAs nanowires from solution onto very
narrow, prepatterned electrodes using dielectrophoresis. An understanding of dielectrophoretic behavior associated with such electrode
geometries is essential to development of approaches for assembly of intricate nanowire systems. The influence of signal frequency and
electrode design on nanowire manipulation and placement is examined. Signal frequencies in the range of 10 MHz are found to yield high
percentages of aligned nanowires on electrodes with dimensions similar to that of the nanowire. Strategies for further improvement of nanowire
alignment are suggested and analyzed.

Nanowires, by virtue of their one-dimensional geometry and
unique possibilities for engineering of electronic and optical
properties, hold great promise for a variety of device
applications including chemical and biological sensors,1,2

field effect transistors,3,4 light-emitting diodes,5 lasers,6 and
photodetectors.7,8 Furthermore, nanowires can be synthesized
through a variety of techniques,9,10 some of which allow for
unique device geometries, such as axial or coaxial hetero-
structures, that are not easily realized in planar device
fabrication schemes.11

However, while significant advances have been made in
nanowire synthesis and device characterization, postgrowth
manipulation and placement of nanowires in a coherent and
useful fashion continues to be a considerable challenge, one
that must be overcome to realize large-scale complex
nanowire based systems. A number of schemes have been
proposed to meet this challenge and include the use of
Langmuir-Blodgett films,12 fluidic directed assembly,13 dry-
transferprinting,14anddielectrophoresis(DEP).15-21Langmuir-
Blodgett techniques, fluidic directed assembly, and dry-
transfer printing all offer the ability to line up nanowires in
parallel but do not allow for precise nanowire placement for
functional systems.

Dielectrophoresis, which refers to the use of AC electric
fields to manipulate neutrally charged particles in solution,22

offers another method to attract nanowires onto predefined
electrodes. DEP can be tailored to work with nanowires of
various conductivities and materials and allows for integra-
tion upon arbitrary substrates including those that require
low temperature processing such as flexible substrates.
Furthermore, because nanowires are placed on predefined

electrodes identifying their final location, integrating them
with a larger system becomes straightforward. DEP also
allows the added flexibility of integrating several different
types of nanowires into one system by performing a series
of DEP steps.

To fully realize these capabilities, DEP must be carefully
controlled to ensure that wires are placed precisely at desired
locations, and only at desired locations. To this end it is
necessary to determine the relevant parameters that affect
DEP and how to control them. Earlier DEP studies have
utilized DC and AC voltages to align nanowires onto
predefined electrodes in order to study their properties.15-21

These studies employed electrode structures ranging in size
from several micrometers to tens of micrometers to demon-
strate DEP alignment of nanowires. Such electrodes are
useful for constructing proof-of-concept devices but not
necessarily sufficient to build complex nanowire systems.
To realize such systems through DEP, it will be necessary
to use more intricate electrode structures, and consequently
the electrostatics associated with such structures must be
understood. More recently, a combined integration scheme
using DEP, capillary forces, and nanowire lift-off has been
used to construct nanowire resonators and sensors at specified
locations.23,24 In these works, the authors use relatively large
electrodes on which alignment sites are defined lithographi-
cally in photoresist, to achieve very precise placement of
nanowires. Such a scheme is shown to be effective and can
be utilized for any nanowire system where a large number
of identical nanowires are to be placed in parallel. Much of
the promise of nanotechnology lies in the ability to integrate
different functional building blocks into a single system. To
construct systems where different species of nanowires are* To whom correspondence should be addressed. E-mail: ety@ece.ucsd.edu.
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placed near each other in a series of DEP steps, it will be
necessary to use individually addressable, and typically
narrow, fingerlike electrodes at each alignment site. In such
a scheme, it would be possible to power specific alignment
sites, attract nanowires to those sites and only those sites
without attracting wires to the lines used to power those sites,
or to other areas of the chip. To accomplish this level of
control, it is necessary to understand the electrostatics
associated with intricate electrodes that have physical dimen-
sions similar to that of the nanowire and how such electrodes
may differ in DEP alignment behavior from the larger
electrode structures discussed in previous works. In this letter,
we demonstrate the ability to precisely control the alignment
and placement of semiconductor nanowires from solution
onto prepatterned narrow electrode structures using DEP. We
examine and analyze the importance of a number of physical
parameters and conclude that higher signal frequencies and
careful electrode design will allow for precise nanowire
alignment on very narrow electrodes.

The InAs nanowires used in these studies were grown by
metal-organic chemical vapor deposition.25 Au particles (40
nm) were randomly dispersed from solution across the
surface of an n-InAs (111)B substrate for seeding nanowire
growth. The growth was carried out for 40 min in a horizontal
chamber at 500 °C under 100 Torr chamber pressure using
trimethylindium and arsine in H2 carrier gas at an input V/III
ratio of 64. The resulting nanowires have average diameters
of ∼150 nm and lengths of ∼20 µm with a representative
image of as grown nanowires shown in Figure 1. The grown
nanowires were suspended into 150 µL of deionized water
(resistivity ) 18.2 MΩ-cm) by sonication for 7 s. After
suspension, the nanowire lengths are between 12 and 20 µm.

Electrodes were constructed using standard microfabrica-
tion techniques in order to serve as a framework on which
to align the suspended nanowires. An insulating substrate
was first prepared using plasma-enhanced chemical vapor
deposition (PECVD) to deposit 500 nm of SiNx on an n-Si
(100) substrate. Metal alignment electrode arrays consisting
of 10 nm Ti/90 nm Au were then fabricated using e-beam
lithography and e-beam evaporation followed by a standard
lift-off procedure. Each electrode array contained a set of
alignment sites, each of which has two fingers, 1 µm wide
and either 20 or 45 µm in length with a 10 µm gap between
them, as shown in Figure 2. PECVD was then used to deposit
250 nm SiO2 over the entire metal structure. E-beam
lithography followed by a wet etch in buffered oxide etch

(BOE) was then carried out to remove the oxide layer at
each alignment site. Electrode arrays were fabricated in
groups of 50 alignment sites with 100 µm spacing between
bus bars or 100 alignment sites with 50 µm spacing between
bus bars.

Six different DEP electrode array structures (DEP chips)
were employed in our experiments. Three of them contained
100 alignment sites with 50 µm bus bar spacing while the
other three contained 50 alignment sites with 100 µm bus
bar spacings. In each of the six experiments, a micropipet
was used to apply 2 µL of nanowire solution to the surface
of the DEP chip, completely covering all available alignment
sites. An HP33120A function generator was used to apply a
voltage signal, V(t) ) Vac sin(ωt), where Vac ) 5 V and ω
corresponds to a signal frequency of either 10 kHz, 1 or 10
MHz. After precisely 3 min, dry nitrogen was used to blow
the 2 µL drop of solution off of the chip. Once the drop was
removed, the AC signal was turned off and the chips were
examined using optical and scanning electron microscopy.

Optical and SEM images revealed that the vast majority
of wires left behind after drop removal were in physical
contact with a metal electrode at an alignment site. Wires
that were not in contact with an electrode were swept away
when the drop was blown off by N2 gas. The wires that were
in contact either bridged the alignment site gap, as shown
in Figure 3a-c, or only had contact with one of the two
alignment fingers, as shown in Figure 3c,d. Figure 3c
indicates that it is possible to have both bridging and
nonbridging events at the same alignment site. Wires that
bridge the gap at alignment sites (as shown in Figure 3a-c)
will be referred to hereafter as precisely aligned wires. Wires
that are only in contact with one finger at an alignment site
(as shown in Figure 3c,d) will be referred to as unaligned
wires.

Wires that were successfully aligned (as shown in Figure
3a-c) did not immediately make electrical contact with
alignment electrodes. This is likely due to a thin layer of
oxide that is believed to form on the surface of the InAs
nanowire after removal from the growth chamber. In order
to make ohmic contact to InAs nanowires, a BOE dip is
typically required to remove the oxide.3,4 To verify this, three
alignments sites with a total of four aligned wires between

Figure 1. SEM image of as grown InAs nanowires before
suspension. Scale bar is 10 µm for figure, 200 nm for inset.

Figure 2. Schematic diagram of electrode layer structure (top) and
top-view of alignment site (bottom).
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them were chosen at random, and metal contacts were
patterned over the tips of the aligned nanowires. E-beam
lithography was used to define the contact areas. A 30 s wet
oxide etch (in BOE) immediately followed by e-beam
evaporation and lift-off was used to pattern metal contacts
(15 nm Ti/90 nm Al) over the nanowire and electrode tips.
The measured IV curve, shown in Figure 4, suggests that
each nanowire has a resistance of approximately 60 kΩ and
demonstrates that the InAs nanowires maintain their electrical
properties through the alignment process and yield resistances
similar to those reported in the literature.26

Figure 5 shows optical microscope images of each DEP
chip after the alignment experiment. The top row shows three
chips with 100 alignment sites (and 50 µm bus bar spacing)
that were driven at 10 kHz, 1 MHz, and 10 MHz, respec-
tively. The second row contains images of three chips with
50 alignment sites (and 100 µm bus bar spacing) that were
also driven at 10 kHz, 1 MHz, and 10 MHz, respectively.
Sites with perfect alignment are indicated by a rectangle and
wires that were attracted to alignment sites, but were not
aligned, are highlighted with a thick line to improve their
visibility in the figure. Figure 6 shows a histogram of the
percentage of alignment sites that attracted nanowires. Each
histogram bar is broken into portions showing the percentage
of sites that attracted only perfectly aligned wires, only
unaligned wires, and both aligned and unaligned wires. From

Figures 5 and 6, we note that the percentage of alignment
sites that attracted nanowires increases slightly as the
frequency is increased from 10 kHz to 1 MHz and then drops
off as frequency is further increased to 10 MHz. The increase
in the total number of attracted wires from 10 kHz to 1 MHz
is likely due to a reduced influence from electro-fluidic
effects in aqueous solution27 (such as electro-osmosis and
double layer screening) allowing DEP to become a more
dominant force in the system. The reduction in the total
number of attracted wires from 1 to 10 MHz is likely due to
the reduced DEP force as a function of frequency that is
expected in the commonly accepted DEP theory and will be
discussed in detail in the next paragraph. Figure 6 also reveals
that as frequency is increased the percentage of attracted
wires that are perfectly aligned increases. This might initially
seem counterintuitive; because DEP force is used to both
attract and align wires one might expect that weaker DEP
forces at higher frequencies should result in a lower
percentage of attracted wires being perfectly aligned. The
reason this does not occur has to do with the nature of DEP
force on an anisotropic particle such as a nanowire.

The translational dielectrophoretic force on a spheroid is
given by the well-known analytical expression22

FDEP ) cεmRe[fcm]∇E2 (1)

where c represents a prefactor containing information about
the volume of the particle, εm represents the permittivity of
the medium, E represents the magnitude of the electric field,
and fcm is the Clausius-Mossotti factor, which is a measure
of the strength of a dipole that can be induced in a particle
throughthepresenceofanexternalfield.TheClausius-Mossotti
factor contains information about the permittivities of both
the medium (in this case deionized water) and the InAs
nanowire as well as the signal frequency. Equation 1 is valid
for an isotropic spheroid. It has been shown that a prolate
spheroid serves as a reasonable approximation for a cylindri-
cal particle with a high aspect ratio28 and thus allows the
use of analytical expressions to examine the DEP force on
nanowire. For a prolate spheroid, fcm will be a different
function for each axis of the particle. As a result, to compute
the total DEP force acting on a particle, the electric field
gradient vector must be broken down into components to
determine the magnitude of the DEP force along each axis
of the nanowire. In situations where the field gradient is
oriented parallel to the nanowire, the DEP force will only
have a single component aligned along the length of the
nanowire. As a result only the Clausius-Mossotti factor
along the long axis of the nanowire must be considered to
calculate the magnitude of the translational DEP force and
is given by22

fcm(longaxis) )
εp* - εm*

εm*
(2)

where the subscripts p and m denote properties of the particle
and medium, respectively, and ε* is the complex permittivity
given by

ε* ) ε - j
σ
ω

(3)

where σ and ε are the conductivity and permittivity,
respectively, of the material in question and ω represents

Figure 3. SEM images of individual alignment sites after DEP
alignment. SEM image of a precisely aligned nanowire taken at
45° (a) and from directly overhead (b). SEM image of an alignment
site with both an aligned and unaligned nanowire (c). SEM image
of an alignment site with only an unaligned nanowire (d). Scale
bar is 5 µm for all images.

Figure 4. IV curve for four aligned nanowires in parallel suggesting
each nanowire has a total resistance of approximately 60 kΩ. Inset
shows one of the four aligned nanowires with postalignment
metallization. Scale bar for inset is 5 µm.

2262 Nano Lett., Vol. 9, No. 6, 2009
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the signal frequency. In situations where the gradient of the
electric field is perfectly perpendicular to the nanowire the
DEP force will only have a single component perpendicular
to the long axis of the nanowire. As a result when computing
the magnitude of the DEP force it is only necessary to
consider the Clausius-Mossotti factor along the short axis
of the nanowire, which is given by22

fcm(shortaxis) ) 2
εp* - εm*

εp* + εm*
(4)

In cases where the gradient is neither parallel nor
perpendicular to the nanowire, it is necessary to consider
theeffectofboththeshort-axisandlong-axisClausius-Mossotti
factors in order to compute the magnitude and direction of
the DEP force.

Figure 7 shows the value for the real part of the
Clausius-Mossotti factor along the long and short axis of
the nanowire as a function of frequency for an InAs nanowire
(εp ) 12.3, σp ) 6.4 × 103 S/m) suspended in deionized
water (εm ) 80, σm ) 1 × 10-6 S/m). From Figure 7, it is
clear that at low frequencies the DEP force will be dominated
by the long-axis component resulting in a very strong force
along the length of the nanowire. At higher frequencies, the
dominance of the long-axis Clausius-Mossotti factor be-
comes less significant.

Figure 8 illustrates this point by showing plots of the
calculated direction and magnitude of the resulting DEP force
as a function of the electric field gradient orientation with
respect to the nanowire orientation at different signal
frequencies. At low frequencies, the DEP force is expected
to be large and dominated by the long axis Clausius-Mossotti
factor. As a result nanowires will tend to move along the
electric field lines at lower frequencies, whereas at higher
frequencies the dominance of the long axis Clausius-Mossotti
factor is reduced, resulting in wires experiencing a transla-
tional force that is more along the gradient of the electric

Figure 5. Optical microscope images of electrode arrays after DEP alignment. The top and bottom rows show images of chips with 100
alignment sites and 50 alignment sites, respectively. Sites with perfect alignment are indicated by a rectangle while unaligned wires are
indicated by a line. Each image is 500 × 500 µm.

Figure 6. Histogram showing the percentage of alignment sites
that attracted nanowires. Each bar is divided to show the percentage
of sites that attracted and perfectly aligned a nanowire (black), sites
that attracted and perfectly aligned a nanowire while others
remained unaligned at the same site (gray), and sites that attracted
but did not align nanowires (lines).

Figure 7. Calculated values for the real part of the Clausius-Mossotti
factor for the long and short axes of an InAs nanowire (εp ) 12.3,
σp ) 6.4 × 103 S/m) suspended in deionized water (εm ) 80, σm

) 1 × 10-6 S/m) plotted as a function of AC signal frequency.

Nano Lett., Vol. 9, No. 6, 2009 2263
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field. Figures 7 and 8 show that at lower frequencies the
total magnitude of the DEP force will be large, but as
frequency increases, the total DEP force decreases resulting
in the reduced nanowire attraction yield observed at 10 MHz.

The increased alignment observed among attracted nanow-
ires at high frequencies can be explained as a consequence
of the nature of the gradient and electric field direction around
narrow electrode structures. As frequency is increased
nanowires are less inclined to move strictly in the direction
of the electric field and move more along the direction of
the gradient. Because of this, nanowires are less likely to be
drawn to a single electrode finger and more likely to bridge
the gap between electrodes. In order to illustrate this, three-
dimensional finite element analysis using the COMSOL
software package was employed to calculate the electric field
and field gradient near an alignment site. Figure 9a,b shows
the resulting calculations for electric field direction, electric
field gradient, and magnitude of the electric field gradient
squared immediately around an alignment site 5 µm above
the alignment electrodes. Because the gradient of the electric
field drops off quickly with distance from the electrode it
should be noted that the DEP force acts primarily on wires
that are already close to an alignment site. From Figure 8,
we recall that at low frequencies such wires will follow the
electric field lines back to one of the two electrodes at an
alignment site, whereas at higher frequencies such wires will
follow the gradient and be more likely to contact both
electrodes at an alignment site. Thus, at lower frequencies
we would expect to find more wires that are only touching
one of the two electrodes at an alignment site, whereas at
higher frequencies we would expect to observe a greater
percentage of wires bridging the gap.

Inspection of the SEM images in Figure 9c,d and the
optical images in Figure 5 reveals that at higher frequencies
most of the collected wires are precisely aligned, whereas
at lower frequencies a large fraction of the collected wires
are only in contact with one of the electrodes at an alignment
site. From these experiments and analysis, it is clear that
choice of frequency is very important in achieving precision

alignment on fine electrode structures. In larger structures,
it iseasier to takeadvantageof the long-axisClausius-Mossotti
factor to draw in nanowires that will already be ap-
proximately aligned in the desired orientation. For finer
structures the long-axis Clausius-Mossotti factor will draw
wires to a single electrode and align them in a radial pattern,
and thus it is necessary to select a frequency where the short-
axis force has enough influence to draw the wire along the
gradient to position the nanowire such that it will bridge the
gap between electrodes.

Because the electric field gradient drops off quickly with
distance from the electrode, to achieve precision alignment
it is necessary for wires to be free to move sufficiently close
to an alignment site so that they will come under its influence
and be aligned. To this end, it is important to consider the
macroscopic electrode structure used to organize alignment
sites. To elucidate this issue, we conducted experiments with
both single and double bus bar structures for the electrode
arrays. In the latter, the bus bar consists of both a positive
signal and a ground signal that are very close together, as
shown in Figure 10a. Figure 10 shows a comparison of
alignment attempts at a moderate frequency of 1 MHz for
both the double bus bar and single bus bar structure (where
a much greater distance separates the positive and ground
signals). It is clear that precision alignment is more successful
in the double bus bar structure, and that nanowires are more
likely to be attracted directly to the bus bars in the single
bus bar structure. This is because the electric field gradient
from the double bus bar, while very great immediately around
the bus bar itself, drops off more quickly with distance
making the double bus bar less visible to wires that might
be floating above an alignment site. The electric field gradient

Figure 8. Diagram of a nanowire in an electric field pointing to
the right with an arbitrary electric field gradient (top). DEP force
angle and relative force magnitude are plotted as a function of
gradient direction angle for signal frequencies of 10 kHz (triangles),
1 MHz (squares), and 10 MHz (diamonds).

Figure 9. (a,b) Both show finite element simulation results 5 µm
above an alignment site. The white arrows represent the electric
field direction (a) and electric field gradient direction (b). The
coloring of both (a) and (b) represent the magnitude of the gradient
vector squared (which corresponds to DEP force magnitude) on a
linear scale where lighter shading indicate a greater value. (c,d)
SEM images of representative alignment sites at signal frequencies
of 10 kHz and 10 MHz, respectively. Scale bars are 5 µm for all
images.

2264 Nano Lett., Vol. 9, No. 6, 2009
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in the single bus bar structure drops off much more slowly
with distance and is thus able to influence and attract wires
that are further away and may be above the alignment site,
pulling them down to the bus bar and preventing precision
alignment.

The double and single bus bar electrodes were modeled
using three-dimensional finite element simulations to il-
lustrate the differing nature of the electric field and field
gradients of these two electrode geometries. Figure 10b
shows a cross section of the magnitude of the electric field
gradient squared as a function of position in the region
between two alignment sites and above the surface of the
electrode array (the y-z plane). The lighter regions shown in
the single bus bar case in the area directly between the bus
bars suggest that wires in this region will be influenced by
a mild, but relevant DEP force drawing them toward the bus
bars. The DEP force in this region, while small, is expected
to be about 1 order of magnitude greater than in the double
bus bar case. Thus, in the single bus bar case, it is expected
that a wire floating as close as 20 µm above an alignment
site is still likely to come under the influence of the electric
field of the single bus bar, and move toward it, rather than
to be influenced and drawn into an alignment site. This is
consistent with experimental observations, which show the
single bus bar geometry does not allow for precision
alignment in the way the double bus bar geometry does but
rather results in wires being collected at the bus bars.

In summary, we have shown that DEP is a viable approach
for placing a relatively large number of wires with a high
level of precision on fine electrode structures by paying

careful attention to the signal frequency as well as the
macroscopic electrode architecture that is employed. While
these studies showed reasonable alignment yields for InAs
nanowires in deionized water, the observed trends can be
used as a guide to determine optimal signal conditions for
precise alignment on intricate electrode structures for a
variety of nanowire suspensions. In our experiment, better
than 70% of alignment sites saw precise alignment at
moderate frequencies, but with a large number of unaligned
wires at alignment sites throughout the structure. At higher
frequencies 30% of alignment sites attracted nanowires
almost all of which experienced precise alignment. Because
the magnitude of the total DEP force is reduced at higher
frequencies, it is believed that the high frequency yields can
be further improved by attaining tighter control over the
uniformity and density of wires in suspension in order to
increase the likelihood that a nanowire will come under the
influence of an alignment site and achieve perfect alignment.
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