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ABSTRACT Surface tension induces significant forces on wetted nanostructures, such as vertically oriented nanowire arrays, that
can force them to aggregate when dried. This aggregation decreases the homogeneity and surface area of the array, often inhibiting
their intended application. These aggregation forces are eliminated by introducing small electric fields (∼100 V/m) during drying,
providing a simple approach that is applicable to a broad range of nanowire materials, diameters, lengths, and spacing. A model
based on the forces acting on two nanowires shows that electrostatic repulsion, rather than field-induced changes to the surface
tension, provides the necessary forces to prevent aggregation. These calculations also highlight the substantial surface tension forces
acting on nanostructures and the difficulties associated with preventing their aggregation.
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INTRODUCTION

Elasto-capillary coalescence of high-aspect-ratio struc-
tures is a phenomenon that has long existed in nature
and artificial systems (1, 2). Chandra et al. studied

this aggregation phenomena for hydrogel micropillars and
found that the pillars clustered in predictably sized ag-
gregates (3). Additionally, Pokroy et al. found there is a
critical nanowire length that causes epoxy nanopillar arrays
to undergo irreversible aggregation because of the short-
range van der Waals forces (4). By tuning the nanopillar
dimensions and separation distances, they were able to
obtain complex and highly periodic chiral aggregates, which
have potential applications in storing elastic energy, enhanc-
ing adhesion, or capturing and releasing particles (4).

Although the aggregation of high-aspect-ratio structures
can be advantageous, this phenomenon is generally undesir-
able (5), especially in the fabrication of a high-density array
of vertically oriented nanowires on a substrate (6-13). For
example, when nanowires are deposited in porous tem-
plates, such as anodic aluminum oxide (AAO) (6-8) or self-
assembled block copolymers (14), the template must often
be removed with a liquid etchant to obtain a freestanding
nanowire array (6-8, 14-16). When the array is composed
of sufficiently high density and high-aspect-ratio nanowires,
the surface tension between the residual fluid film and
nanowires leads to aggregation.

The dynamics of nanowire aggregation induced by sur-
face tension is quite complex. This process involves many
factors, including the periodicity, dimensions, separation
distance, and tensile strength of the nanowire, as well as the

evaporation rate and the surface tension of the fluid. The
tendency for the nanowires to aggregate during drying is
sufficiently minimized only in the special cases where no
fluid-solid meniscus is present, fluids with zero surface
tension, or the obvious case where the nanowire is stiff
enough to overcome the forces (4, 17). Currently, supercriti-
cal fluid drying (near zero surface tension fluid) is the only
method that can inhibit the aggregation of nanowires by
surface tension (17). Although critical point drying is an
effective way to prevent aggregation, it is restricted to batch-
type processes because of the high-pressure vessels. There-
fore, this method has limited throughput and is energy-
intensive.

In this paper, electric fields are used to minimize the
aggregation of gold nanowire arrays during drying. Gold is
electrochemically deposited in AAO templates, yielding
arrays of nanowires with high surface energy (18) and low
tensile strength. The voltage bias between the nanowire- and
counter-electrode builds a capacitance layer on each nano-
wire, providing Coulombic repulsion while drying. The
surface charge also alters the contact angle, as described by
the Lippmann equation (19, 20). The nanowires were fab-
ricated directly on tin-doped indium oxide (ITO) substrates
(21) so that light transmission through the nanowire array
could detect aggregation during the drying process. Experi-
mental measurements and theoretical calculations show that
small electric fields compensate for the aggregation force
due to surface tension, providing a simple, scalable, and
economical method to prepare nonaggregated arrays of
high-density nanowires.

EXPERIMENTAL SECTION
Template Fabrication. Porous anodic aluminum oxide (AAO)

templates were fabricated on transparent conductive substrates,
composed of tin-doped indium oxide (ITO) on glass, as de-
scribed elsewhere (21). Briefly, the ITO on glass was obtained
precut from Thin Film Devices, Inc. with a film thickness of
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450 ( 15 nm and a sheet resistance <5 Ω/cm2. Layers of
chromium and aluminum (10 nm and 2.2 µm) were deposited
at rates of 0.1 and 20 nm/s, respectively, using a custom
electron-beam evaporation chamber operating at a pressure of
5 × 10-6 Torr. Following film deposition, aluminum anodization
was carried out at constant voltage by increasing the potential
at a rate of 100 V/min to a final voltage of 130 V using a Lambda
Gen 300-5 power supply and a custom Labview control
program. After complete anodization, the alumina barrier layer
was etched with 5 wt % phosphoric acid for 330 s to expose
the pore bottoms to the underlying ITO substrate.

Electrochemical Nanowire Synthesis. Gold nanowires were
synthesized by electrochemically depositing gold from solution
(Technigold 25 ES, Technic Inc.) onto the exposed ITO layer
within the pores of the AAO template. The solution was held at
60 °C and deposition was performed potentiostatically (Vers-
astat V3, Princeton Applied Research) against a carbon counter-
electrode at -0.5 V referenced to a saturated calomel electrode.
The deposition current was monitored closely so that gold
deposition was ceased once the current began to rise dramati-
cally, resulting in completely filled AAO template pores (22). The
average diameter and length of the nanowires was 165 nm and
2.8 µm, respectively, and the average spacing between nanow-
ires was 150 nm.

Immediately after deposition, the templated gold nanowires
were rinsed with deionized water and then placed in 25 wt %
phosphoric acid for 1-2 h to facilitate the selective removal of
the alumina template. The freestanding array of vertical gold
nanowires were removed from the acid solution, rinsed by
immersion in deionized water and subsequently placed in fresh
deionized water for storage. The nanowire arrays were stored
in deionized water to prevent nanowire aggregation until further
analysis was performed.

Nanowire Electrostatic Repulsion. Double-sided tape was
used to attach the nanowire array substrate to a custom-built
view cell filled with deionized water, as depicted in Figure 1.
The array was quickly transferred to the view cell to minimize
the exposure time to air before analysis; typically, it took less
than 10 s to transfer the array. This apparatus was then
mounted inside a spectrophotometer (Perkin-Elmer Lambda 9
UV/vis/NIR) for spectral analysis during film drying. Opposite

of the nanowire array, a blank ITO substrate was positioned at
variable working distances with the conductive side facing the
nanowire surface, as shown in Figure 1. Electrodes were con-
nected to both the blank ITO and the nanowire array substrate.
A range of voltages (0 to 10 V) were applied with an Instek PSH
2018 power supply just after the fluid was drained from the view
cell (within 5 s). Light transmittance data was collected at a
wavelength of 550 nm once the fluid started draining until the
substrate was completely dry. The extent of nanowire aggrega-
tion was also confirmed by field-emission scanning electron
microscopy (JEOL JSM-6335F).

THEORY
Aggregation Due to Surface Tension. The ag-

gregation of nanowire arrays due to surface tension arises
from perturbations in the drying process, which can be
intensified by inhomogeneities in nanowire sizes and spac-
ing. Depending on the contact angle of the meniscus be-
tween two nanowires, either a repulsive or an attractive
force can be exerted between them. If this force overwhelms
the stiffness of the nanowire, then the nanowire will bend
toward the other surrounding nanowires. This bending force
can plastically deform the nanowire if the force is greater
than the tensile strength of the material or push the nanow-
ires close enough that surface energies or short-range van
der Waals interactions keep them in contact (17, 23).

Neglecting the short-range van der Waals attractive forces
between the nanowires, Figure 2 shows that a force balance
describes the relation between the opposing forces from
surface tension, Fst, the elastic bending force of the nano-
wire, Felas, and any electrostatic repulsion, Fesr, from charge
buildup on the nanowires

FIGURE 1. Custom-made view cell for monitoring the change in
transmitted light through the gold nanowire arrays due to nanowire
aggregation. The transparent and conductive ITO substrate posi-
tioned opposite of the nanowire substrate enables a variable electric
field by either changing the working distance (D) or adjusting the
applied bias (V) between the ITO and gold substrates. A drain hole
removes the water and starts the nanowire drying process. The view
cell is mounted on a rotational stage to ensure the incident light is
parallel to nanowire orientation, maximizing the initial light trans-
mittance. The light interacting with the nanowire array substrate
can either (a) transmit, (b) scatter, (c) reflect, or be absorbed by the
gold, ITO, glass, and water (not shown).

FIGURE 2. Schematic representation of the fundamental forces
acting on a pair of wetted nanowires in the presence of an electric
field. A meniscus forms when the fluid film dries below the tips of
the nanowires. At this point, the force due to the surface tension
(Fst) must be counter balanced by the elastic force of the bent
nanowire (Felas) and the electrostatic repulsive force (Fesr). The
electrostatic force is due to the surface charge on the nanowires from
the electric field, which is dependent on the field strength (V/D) and
the dielectric constant of air (εair). The electrostatic repulsive force
increases as the nanowires approach each other, providing enough
force to eliminate aggregation under the proper conditions.
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If the sum of the forces is positive, then the nanowire bends
until the forces balance, resulting in irreversible nanowire
aggregation.

The force exerted between two nanowires by surface
tension is related to the liquid-air surface tension, γla, by
(3, 24)

where R is the nanowire radius, d is the separation distance
between nanowires, and θ is the meniscus contact angle (at
zero applied field θ ) θo ) 46°).

The maximum bending torque occurs when the meniscus
is at the top of the nanowire or the beginning of the drying
process. The force required to bend the nanowire is

where E, L, and δ are Young’s modulus, length, and deflec-
tion of the nanowire, respectively.

Equations 1-3 can be used to estimate the attractive or
repulsive forces on the nanowires. In the absence of surface
charge, i.e., Fesr ) 0, and assuming Young’s modulus of ∼78
GPa, the gold nanowires fabricated in this study will have
an aggregation force of approximately 1.3 × 10-8 N. There-
fore, the nanowire-nanowire repulsive force due to surface
charging must be on the order of at least 1 × 10-8 N to
overcome the aggregation force from the surface tension of
the fluid.

Electrostatic Repulsion. For two flat plate electrodes
separated by a distance, D, in air with relative permittivity,
εair, and an applied bias, V, between the two electrodes (see
Figure 2), the capacitance, C, present on each electrode is
given by the following two equations

and

where Afp is the area of the flat plate counter electrode, εo

is the permittivity of vacuum, and Q is the total charge
on the electrode. The capacitance can increase substan-
tially if one electrode has high surface roughness (25);
however, a simple flat plate model is used because the
separation distances used in this study are large relative to
the roughness amplitude. Combining eqs 4 and 5 yields the

relation between the total electric field, � ) V/D, and the total
charge density

Additionally, the Coulombic force between two discrete
point charges of magnitude, q, and equal sign is given by

where r is the separation distance between the two points
and q can be approximated as q ) (Q/Afp)A, provided the
charges are infinitely small. In writing the expression for q,
A is the surface area of a spherical tip at the end of the
nanowire and it is assumed that the charge collects at these
spherical tips. Therefore, the total electrostatic repulsive
force between two nanowires in close proximity to one
another becomes:

As seen by eq 8, the electrostatic repulsive force becomes
significant as the nanowires deflect toward each other.

Surface Tension Reduction. At constant electro-
chemical potential and temperature, the Lippmann Equation
describes the changes in liquid-solid surface tension with
respect to changing electric field, i.e., the liquid-solid
surface tension changes as charge builds up on the nanowire
surface (19, 20), which upon utilizing eq 6 becomes

Integrating eq 9 and using the Young-Dupre equation yields
(26)

which shows that the contact angle, θ, changes with the
square of the applied voltage. The adjusted contact angle
from eq 10 is inserted into eq 2 to yield a more complete
expression for the force due to surface tension, showing that
Fst scales with R and V4.

Calculated Changes to Aggregation Behavior.
Despite the fact that the forces modeled here for two
nanowires do not include the network of multibody interac-
tions found in actual nanowire arrays, the model illustrates
the fundamental process and provides a guideline for pre-
venting aggregation, as shown in Figure 3. Figure 3a outlines
the dependence of nanowire length on the calculated forces
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involved in this two-body model. As seen in eq 1, the force
due to surface tension, Fst, is the only attractive force. For a
given R, this force is constant at any length, L. In the absence
of an electric field, the only force countering Fst is the elastic
bending force, Felas. The intersection of these two curves in
Figure 3a defines the critical nanowire length, Lc, where
these forces balance. Nanowire lengths shorter than Lc have
sufficient elastic energy to resist aggregation while those
longer than Lc will aggregate. The application of a small
electric field, �o, provides additional electrostatic repulsive

forces, Fesr, resulting in a new Lc(�o), as seen in Figure 3a;
however, this small field has a minor influence on the
aggregation behavior. Higher electric fields, �, provide sub-
stantial Fesr, raising the summed repulsive forces higher than
Fst. At this field strength, nanowires of any length are forced
apart, eliminating aggregation behavior due to surface ten-
sion. Although the field alters Fst(�) through the Lippmann
Equation, the effect is minimal (not shown).

The intersecting points between the curves for Fst and Felas

+ Fesr in Figure 3a can be plotted for a range of nanowire
diameters and spacing to understand the overall effect of
an applied electric field on aggregation behavior, as shown
in Figure 3b. Without an electric field, the maximum length
before the nanowires aggregate increases almost linearly as
the nanowire radius becomes larger, as shown in Figure 3b
for a constant ratio of nanowire spacing to radius. This
reduction in aggregation behavior is because of the increased
elastic bending force associated with stiffer nanowires. The
application of an electric field provides additional repulsive
interactions, indicating that a wider range of nanowire
lengths will resist aggregation. The effect is minimal at small
fields and radii but becomes more substantial with either
larger fields or radii. Figure 3c describes the point where the
Fst and Felas + Fesr curves in Figure 3a no longer intersect.
This point defines the critical electric field where nanowires of
any length will not aggregate. Small electric fields are required
to prevent aggregation for nanowires with large radii; however,
the required electric field increases with R-0.5. This strong
dependency on nanowire radius highlights the strong forces
associated with surface tension in nanostructures.

These calculations show that an applied voltage of ∼0.15
V between the nanowire- and counter-electrode in air, and
electrode separation distances (D) on the order of a mil-
limeter will completely overcome the force due to surface
tension and prevent the aggregation of two nanowires with
diameters similar to those fabricated in this study. However,
this analysis considers only the forces between two lone
nanowires and eliminates the multibody effect of the sur-
rounding nanowires. These additional effects would reduce
the net aggregation force, minimizing the required electric
field and improving the range of lengths and diameters
where the field will inhibit aggregation.

RESULTS AND DISCUSSION
Aggregation During Drying. The SEM images in

Figure 4 show the extent of irreversible nanowire aggrega-
tion after removing the AAO template and drying the
substrate. The top-down view in Figure 4a shows the ag-
gregation of nanowires is quite severe and persistent through-
out the substrate. Images b and c in Figure 4 show that
nanowires remain attached to the substrate after drying. The
average cluster of nanowires contains approximately 35
nanowires, which is highlighted in Figure 4b. The deflection
length of individual nanowires depends on the nanowire
density and can be as large as 750 nm, as shown in Figure
4b.

To obtain real-time analysis of the aggregation behavior,
we fabricated the nanowires on transparent substrates so

FIGURE 3. Calculated changes in aggregation behavior based on the
forces acting on two nanowires. (a) The dependence of the surface
tension force (Fst), elastic bending force (Felas), and the overall
repulsive force (Felas + Fesr) as a function of nanowire length and
electric field strength. The dotted lines are the forces at very low
applied electric field and the solid lines represent the forces at higher
electric fields, excluding the bending force, which is independent
of applied field. The intersection of the repulsive force curves (either
Felas or Felas + Fesr) with Fst designates the critical length, Lc, where
the forces balance and a change in aggregation behavior occurs, i.e.,
maximum length before aggregation. Nanowire lengths longer than
this point will aggregate. (b) The maximum length before aggrega-
tion, Lc, as a function of nanowire radius at a spacing of d ) 2R. (c)
The critical electric field required to prevent aggregation of nanow-
ires of any length as a function of nanowire radius. Electric fields
below the curves require nanowire lengths shorter than Lc to prevent
aggregation.
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that light transmittance (%T) could be monitored as the
nanowire array dried. The benefit is that the optical method
probes a significant number of nanowire-nanowire interac-
tions (estimated to be on the order of 1 × 1010 nanowires).
As shown in Figure 1, the transmission of light through the
nanowire array is affected by the absorption from gold, ITO,
glass, and water; reflection from the film; or scattering.
Therefore, any deflections in the position of the nanowires
will influence light transmittance. Prior to draining the view
cell depicted in Figure 1, we placed the substrate perpen-
dicular to the incoming radiation and the transmitted light
was maximized (usually to a value of about 60%T) by
adjusting the cell orientation with a rotational stage. This was
done to position the nanowires parallel to the incoming
radiation.

Once the water is drained from the view cell and the fluid
film on the array dries, nanowires begin to aggregate. The
aggregation of the nanowires shown in Figure 4 alters light
transmission through the nanowire array, as shown in Figure
5 for 2.8 µm long gold nanowires (curve 1). The nanowires
are initially wetted and no change in transmission is ob-
served as water begins to evaporate from the system. The
transmittance then falls rapidly after 5 min. In this region,
the water film has evaporated to the point where the water
line is just below the top of the nanowires and the force due
to surface tension is beginning to deflect the nanowires. As
the nanowires bend toward each other, less light can pass
through the nanowire array. Therefore, the fractional change
in transmitted light is related to the nanowire aggregation
density, whereas the slope of the transmittance curve is

related to the rate of nanowire aggregation and the evapora-
tion rate, which is a function of room temperature and
humidity. The transmittance falls to a minimum value
corresponding to the point of maximum nanowire aggrega-
tion. At this point, a small layer of water likely coats each
nanowire. As this layer evaporates, the transmittance slightly
increases to a plateau region that remains significantly below
the initial transmittance. The SEM images in Figure 4
indicate that this permanent drop in transmittance is due
to nanowire aggregation. Either the slight increase in trans-
mittance from the minimum in Figure 5 could be due to a
reduction in light absorption by water or by nanowire
relaxation from the elastic force after surface tension is
removed. The nanowires that remain aggregated after this
relaxation are either plastically deformed or the bending
force is balanced by van der Waals forces or the surface
energy of the gold.

Electrostatic Repulsion. The drying process was also
monitored spectroscopically with an applied electric field
between the blank ITO substrate and nanowire array. The
electric field could be adjusted by varying either the applied
voltage or working distance (D). Figure 5 shows the trans-
mittance while drying a 2.8 µm long gold nanowire array
using a working distance of 1 mm and applied voltages of
0.1, 1, and 10 V, corresponding to electric field strengths of
1 × 102, 1 × 103, and 1 × 104 V/m, respectively. It is
apparent that this range of electric fields eliminates the
reduction in transmission observed with no applied bias,
maintaining nearly constant light transmission throughout
the drying process. The spectroscopic measurements sug-
gest that all of the applied electric fields have inhibited
nanowire aggregation. The SEM images in Figure 6 confirm

FIGURE 4. (a) SEM image of a gold nanowire array that dried
normally, i.e., without an electric field present. Both (a, b) top-down
and (c) side view images show the nanowires have undergone
irreversible aggregation across the entire substrate. The HRSEM
images (b, c) show that nanowires remain attached to the substrate
and form well-defined clusters after drying.

FIGURE 5. Fractional change in transmitted light (λ ) 550 nm)
through the nanowire arrays during drying for applied electric fields
(�) of (1) 0, (2) 102, (3) 103, and (4) 104 V/m. When no field is applied,
the transmission shows no changes, while the nanowires remain
submerged under water (see cartoon). Once the water level falls
below the tip of the nanowires, surface tension begins to deflect the
nanowires toward each other. The final dried state is severely
aggregated as indicated by the decrease in the transmittance. There
is no decrease in transmission through the substrate in the presence
of an electric field, indicating that minimal aggregation has occurred.
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that nanowire aggregation was diminished during the drying
of each array. The images show that most of the nanowires
are now oriented vertically. There are some areas of nano-
wire aggregation but these are limited to 2-5 nanowires and
account for less than 5% of the substrate. Smaller electric
fields were also used in an attempt to determine the critical
electric field that prevents aggregation. However, fields as
low as 1 × 10-1 V/m (the in situ experimental limitation)
yielded inconsistent results, which could be due to differ-
ences in the fabrication of the nanowire arrays (e.g., diam-
eters, lengths, and spacing).

The model results suggested that the 2.8 µm gold nanow-
ires used in this study should not aggregate even without an
electric field. Therefore, the model must underestimate the
surface tension forces or overestimate the bending force. It
should be noted that the model assumes the nanowire radius
is uniform, whereas the nanowires fabricated for this study
were purposely constructed to have a narrow neck at the
base (see Figure 4b,c). This approach makes the arrays more
susceptible to aggregation, enabling the study of the effect
of the electric field, but makes comparisons to the model
more difficult. If the bending force is based on nanowires
with (1/2)R, then the model shows that 2.8 µm gold nanow-
ires will aggregate. An electric field of ∼1 × 102 V/m would
then provide enough electrostatic repulsion to prevent
aggregation.

The use of electric fields provides a simple approach to
prevent the aggregation of nanostructures. Although the

nanowires could be transferred to other solvents to reduce
the surface tension forces causing aggregation, these sol-
vents still initiated complete aggregation of the nanowires
(not shown). The only requirement of the electric field
approach to preventing aggregation is that charge must build
on the nanowire arrays. The material chosen for this study
represents one of the more difficult systems to maintain as
a vertical array. Therefore, it is likely that the method can
be extended to other materials and substrates. The fields
required to eliminate aggregation are also low enough to
prevent damage to most nanostructured devices. The sim-
plicity of the approach and equipment also allows the
method to be easily scaled up, providing substantial benefits
over critical point drying.

CONCLUSION
Electric fields as low as 1 × 102 V/m consistently inhibit

the aggregation of gold nanowires when dried in water,
providing a simple, generalized, and scalable approach to
prevent the aggregation of nanowires on large-area sub-
strates. The aggregation process can also be observed with
optical transmission through the nanowire array. These
results show that aggregation significantly decreases light
transmission through the nanowire array. When electric
fields are applied, only minor changes to the transmission
are observed during the drying process, confirming that the
nanowires always remain separated while drying. A simple
model based on the forces acting on two nanowires showed
that the dominant factor in eliminating aggregation is from
electrostatic repulsion between the nanowires. The model
also shows that aggregation in most typical nanowire arrays
can be avoided with fields of ∼1 × 102 V/m. These results
highlight the challenges associated with fabrication of high-
density arrays of freestanding nanowires with small diameter.
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