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Electrodeposited Free-Standing Single-Crystal Indium
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Single-crystal indium nanowires were grown from arrays of holes 150–300 nm in diameter etched into a 300 nm dielectric by
potentiostatic electrodeposition from stagnant InCl3-based solutions. The monocrystallinity of the nanowires was confirmed by
electron backscattered diffraction measurements. For given experimental conditions, indium wires several micrometers in length
grew out of the shallow templates without significant lateral overgrowth, resulting in high-aspect-ratio one-dimensional nanowires.
This unusual observation is attributed to a perturbation of the local diffusion field by the neighboring holes or nanowires.
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Among the different synthesis techniques, electrodeposition is
well suited for the fabrication of high-aspect-ratio nanowires inside
nanoporous templates such as anodized alumina.1-4 Under certain
conditions even single-crystal metal nanowires have been grown.5-8

Electrodeposition into lithographically defined holes �through-mask
plating� typically produces a polycrystalline “cap” on top of the
dielectric mask when the electrodeposits grow out of the holes.6,8 As
a result, only short studs or nails are electrodeposited in the rela-
tively shallow masks. In this paper, it is shown that high-aspect-ratio
one-dimensional indium nanowires can be grown vertically out of a
shallow mask of lithographically defined holes without significant
lateral growth. Furthermore, the nanowires are shown to be single
crystalline.

Experimental

Indium nanowires were electrodeposited under potentiostatic
conditions from stagnant aqueous solutions of 0.05 M InCl3, 0.2 M
KC1, and 0.005 M HC1 �pH 2.5�. A small-volume ��3 mL� three-
electrode cell with a Pt-mesh counter electrode and
Ag/AgCl/3 M NaCl �0.21 V vs standard hydrogen electrode� refer-
ence electrode with Luggin capillary was clamped onto the wafer
piece. In the following, all potentials are given with respect to the
Ag/AgCl reference electrode. The mask for deposition consisted of
lithographically defined arrays of holes �150–300 nm in diameter�
etched into a 300 nm SiO2 + 30 nm SiC bilayer. The dielectric
mask was placed either on top of a 200 nm tungsten layer or directly
on p-type �100� Si �resistivity of 20 � cm�. Electrical contact was
made directly to the tungsten film with an alligator clip or to the
back side of the p-Si with In–Ga eutectic. The ratio of hole spacing
to hole diameter, or pitch, was 2 �dense array� or 8 �isolated array�.
Before growth, the W substrate was cleaned with NH4OH �2.9 wt
%� and the p-Si�100� substrate was cleaned with HF �0.25%� for
1 min. The grown indium nanowires were characterized with scan-
ning electron microscopy �SEM� and electron backscattered diffrac-
tion �EBSD�.

Results and Discussion

Figure 1 shows typical current–potential behavior for the pat-
terned tungsten sample in the InCl3 solution. Indium deposition
started around −0.75 V, followed by a current peak and a plateau at
U � −0.8 V. At −1.4 V the onset of strong hydrogen evolution was
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observed. In the reverse scan, the diffusion-limited current density
was about −15 mA/cm2, and a large stripping peak was observed
for U � −0.65 V. The nucleation overpotential for In on W was
about −0.10 V as inferred from the difference between the onset of
the cathodic current in the forward scan and the zero-current for the
indium-plated electrode in the reverse scan.

Indium was electrodeposited into the patterned substrates at dif-
ferent potentials within the diffusion-controlled region �−0.8 V
� U � −1.4 V�. For the sake of comparison the same amount of
charge was deposited in each case: −30 mC/cm2 for the exposed
cell area or about −600 mC/cm2 for the exposed tungsten. Figure 2
shows SEM images for deposits obtained at −1.2 and −1.4 V in
dense arrays of 300 nm holes. At −1.2 V, one-dimensional indium
nanowires were grown without significant lateral overgrowth. Simi-
lar results were obtained at −1.0 and −0.8 V; however, at these
potentials not all the holes were filled with nanowires �yield
�100%�. At −1.4 V, a polycrystalline film was formed after indium
was grown out of the holes. Similar results were found for indium
electrodeposition in contact holes directly on �100� p-Si. In this case,
the nanowires were grown at −1.0 V under white-light illumination;
the photocurrent was about −6 mA/cm2. The crystal orientation of
nanowires with diameters between 150 and 300 nm was investigated

Figure 1. Current–potential curve �scan rate 0.01 V/s� for patterned W in
0.05 M InCl3 + 0.2 M KCl + 0.005 M HC1 �pH 2.5� without agitation; the
current is normalized to the effectively exposed W area.
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with EBSD measurements. In all cases, the same Kikuchi diffraction
pattern of the tetragonal indium lattice was found along the whole
length of the wire, demonstrating that all nanowires are single-
crystalline, but with different orientations. A more systematic EBSD
analysis of the 300 nm nanowires showed a preference for the �100�
growth direction �25% of the 40 nanowires probed�.

Figure 3 shows SEM images of indium nanostructures grown in
a dense array �pitch�2� and an isolated array �pitch�8� of 150 nm
holes. Similar results were obtained for all hole sizes between 150
and 300 nm. In the case of the dense arrays �Fig. 3a�, straight ver-
tical nanowires are obtained and the wire diameter is defined by the
diameter of the hole. For the isolated array �Fig. 3b�, strongly fac-
eted crystals grew out of the holes. Hence, lateral overgrowth is
observed only when the holes are separated enough from each other.
EBSD measurements showed that these crystals are also monocrys-
talline.

Figure 4 shows the maximum, minimum, and average length of
indium nanowires grown at −1.2 V for different times in dense
150 nm holes. Interestingly, no indium deposit was found before 5 s
for any diameter. After this induction time, the wires grow propor-
tionally with the square root of time, indicating a diffusion-limited
process. Indeed, because the wire diameter is constant, the wire
length is directly proportional to the deposited indium volume,
which is in its turn proportional to the charge. For diffusion-limited
deposition, the charge is proportional to the square root of time
according to the Cottrell equation.9 The inset of Fig. 4 shows the
current–time �i-t� response for a 20 s deposition experiment. The
final charge density of all deposition experiments and the charge
evolution of the 20 s electrodeposition experiment are also plotted
in Fig. 4. The induction time of about 5 s corresponds with the
minimum in the i-t curve. After this induction time, the current

Figure 2. SEM images of indium deposits in hole arrays with hole diameter
of 300 nm and pitch of 600 nm after electrodeposition for −30 mC/cm2 �for
the cell area� or −0.6 C/cm2 �for effectively exposed W area� at �a� −1.2 and
�b� −1.4 V.
increases rapidly as wires grow. At this point, the total measured
charge also increased with the square root of time. Hence, the
growth of indium nanowires at −1.2 V was controlled by the diffu-
sion of In3+ ions toward the indium wire. A rather large difference in
wire length was observed, especially at longer times. Due to “shad-

Figure 3. SEM images of indium deposits after electrodeposition for
−30 mC/cm2 �for the cell area� or −0.6 C/cm2 �for effectively exposed W
area� at −1.2 V in hole arrays with hole diameter of 150 nm and pitch of �a�
300 nm and �b� 1.2 �m.
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owing” by the longer neighboring wires, the flux of In3+ ions toward
the shortest wires decreases quickly, and eventually the wire length
levels off as shown in Fig. 4. In addition, the first wires that grow
out of the holes experience a sudden change from linear �one-
dimensional �1D�� diffusion of In3+ inside the holes �especially in
the dense arrays� to spherical �three-dimensional �3D�� diffusion to-
ward the tip of the nanowires. As a result, the growth kinetics in-
creases rapidly, because the ion flux for hemispherical diffusion is
much greater than for linear diffusion.9 As a consequence, the first
nanowires that emerge out of the holes are the longest ones at the
end of the deposition. This effect is also known as the tip effect in
dendritic growth mechanism.10 Interestingly, EBSD analysis of the
longest nanowires showed a preference for the �100� growth direc-
tion �five out of six probed�. A similar trend was found on silicon
�100� substrates, indicating that this crystallographic preference is
not governed by the substrate.

The perturbation of the diffusion layer around nanowires by its
neighbors also explains the effect of pattern density on the shape of
the obtained indium single-crystal nanostructures. Indeed, the flux of
In3+ ions that reaches the lateral facets of the growing nanostructure
is strongly reduced by its neighbors in dense arrays as compared to
isolated arrays. When the holes are close enough together, as in the
case of the dense arrays, the flux of ions toward the side wall is
almost completely cut off, resulting in 1D growth. Consequently,
lateral overgrowth is also observed at the edge of dense arrays,
where holes have fewer neighbors.

Finite-element two-dimensional �2D� simulations under condi-
tions of steady-state diffusion confirm the above assumptions. Fig-
ure 5 shows the calculated flux of material �ions� toward a nanowire
for a situation where the neighbors are close �pitch�2� and where
the neighbors are far �pitch�7, the neighbors are positioned outside
the image�. For a diffusion coefficient of 10−5 cm2/s, the boundary-
layer thickness is already 10 �m after 10 s or at least about 10 times
the height of the longest wires �see Fig. 4�. Thus, for the simulation
of the situation in Fig. 5 �nanowire is surrounded by filled holes�, the
assumption of steady-state diffusion with constant diffusion-layer
thickness is fair. Under these assumptions, the simulation clearly
shows that the material flux directed toward the lateral facets, which
is represented by vectors, is clearly much smaller for the nanowire
with nearby neighbors �Fig. 5a� than for the nanowire where the
neighboring holes �wires� are far away �Fig. 5b�.

While the diffusion fields in solution can explain the shape of the
indium nanocrystals, they do not explain the single-crystal nature of
the indium nanowires and nanostructures. In our opinion, the ease in
forming single crystals is largely due to the inherent properties of
indium itself. Even for the electrodeposition of indium on blanket
substrates such as �100� n-Si, monocrystalline clusters up to several
hundred nanometers were obtained.11 Only when the potential was
driven into strong hydrogen evolution �−1.4 V� were polycrystalline
films formed. Hence, renucleation of indium is extremely difficult
and only occurs when additional nucleation centra, such as adsorbed
hydrogen, are introduced. Also, other low-melting-point metals such
as Bi, Sn, and Pb have been reported to form single crystals.5

Conclusions

We have demonstrated growth of high-aspect-ratio indium nano-
wires from shallow masks. The nanowires were single crystal with
different orientations, but with a slight preference for growth in the
�100� direction. This behavior is different from the usual template-
assisted growth, where caps are formed as soon as the material
grows out of the hole.
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Figure 5. Simulation of the diffusion field in solution surrounding a cen-
trally placed nanowire with one neighboring filled hole placed on each side
with a pitch of �a� 2 and �b� 7. The arrows represent the material flux vector
computed after resolution of the 2D steady-state diffusion equation by finite-
element method: diffusion coefficient of 10−5 cm2/s, diffusion layer thick-
ness of 10 �m, units are distances in micrometers and the size of the total
box was 10 by 10 �m.


