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ABSTRACT: The incomplete growth of nanowires that are
synthesized by template-assisted electrodeposition presents a
major challenge for nanowire-based devices targeting energy
and electronic applications. In template-assisted electro-
deposition, the growth of nanowires in the pores of the
template is complex and unstable. Here we show theoretically
and experimentally that the dynamics of this process is
diffusion-limited, which results in a morphological instability
driven by a race among nanowires. Moreover, we use our
findings to devise a method to control the growth instability.
By introducing a temperature gradient across the porous
template, we manipulate ion diffusion in the pores, so that we
can reduce the growth instability. This strategy significantly
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increases the length of nanowires. In addition to shedding light on a key nanotechnology, our results may provide fundamental
insights into a variety of interfacial growth processes in materials science such as crystal growth and tissue growth in scaffolds.
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I E xploiting nanowires as a material for future electronics

and energy4_6 applications has been one of the main
topics in nanotechnology. The synthesis of nanowires for such
widespread applications requires scalability, density, reproduci-
bility and cost effectiveness. In this regard, template-assisted
electrodeposition offers distinct advantages”® for synthesizing
nanowires. This method uses a physical template, which is a
porous structure, to grow the desired nanowires in its long and
narrow pores by electrochemically depositing the ions that are
present in a surrounding solution. In general, templates with
closely packed pores, such as anodic aluminum oxide (AAO)
membranes, allow the production of dense arrays of nanowires.
Furthermore, the porous template provides mechanical robust-
ness and serves as an electrical insulator between the tightly
spaced nanowires.

In template-assisted electrodeposition, a nanowire must span
the entire length of a given pore in order to connect both ends
and, hence, conduct current.” However, fully grown nanowires
constitute only a tiny fraction of the total number of nanowires,
which presents a major challenge.'”"" This fraction is normally
far less than 1%.'% As shown in Figure 1, parts a and b, once a
fast-growing nanowire reaches the top of the pore, it protrudes
out of the template and undergoes an unbounded growth.'>"
Eventually, nearby pores are blocked, which prematurely
terminates the growth of adjacent nanowires. The end result
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consists of a long nanowire with a mushroom-like overdeposit
surrounded by a large number of short immature nanowires.

These unfavorable nanowire growth conditions, which are
commonly observed,"”'>'*™"" were initially attributed to
electric effects.'*'S Then, it was suggested that the diffusion
of ions in the slender pores could also be governing the
unstable growth process.'”'”'® The fundamental mechanism of
this morphological growth instability of nanowires remains
unclear owing to the complexity of electrodeposition and its
sensitivity to many factors such as temperature,' solution
conductivity,”® ion concentration,” pH,*' quality of the
template,10 etc. Nevertheless, there is great interest in
controlling the growth instability and facilitating the complete
growth of nanowires. To this end, several methods have been
proposed such as lowering the overall temperature of the
system'”"” and using pulsed electrodeposition.'*"”

Here, we describe the growth dynamics in template-assisted
electrodeposition. Under diffusion-limited conditions, the
growth of nanowires follows a universal behavior, which is
independent of system parameters. Our results expose the
underlying mechanism for the morphological instability. To test

Received: April 9, 2014
Revised:  June 15, 2014
Published: June 27, 2014

dx.doi.org/10.1021/nl501324t | Nano Lett. 2014, 14, 4395—-4399


pubs.acs.org/NanoLett

Nano Letters

C))

Cu loverdeposits

Solid-liquid
o)=L —d(t) mter:face d(t) :
Liquid Growth direction
x=0(1) x=1L
c=0

(b)) . §
Nanochannels (AAQ): . *

S

Cu wire

Figure 1. Nanowire growth instabilities in template-assisted electrodeposition. (a) Scanning electron microscope (SEM) image of copper nanowires
mushrooming out of the pores of AAO membranes (adapted with permission from ref 12). The overdeposits accumulating on the membrane block
adjacent nanopores. (b) Close-up view of the cross-section of the template in (a) to highlight the nonuniform and unstable growth of nanowires. (c,
d) Schematics of the growth process of a single nanowire in a slender pore. (d) When the solid—liquid interface reaches the end of the pore, x = 0,
then t = t.. (&) Schematic of our model experiment, which allows us to monitor the real-time growth of a single wire in a microchannel.

the dynamics in a well-controlled environment, we conduct
microscale experiments that mimic the observed nanoscale
phenomenon. On the basis of our findings, we seek to
effectively control the growth instability in template-assisted
electrodeposition. In the presence of an applied temperature
gradient, we find that the penetration of nanowires into the
pores and the average nanowire length is significantly
improved.

To examine the growth dynamics of the nanowires in the
porous template, we focus on a single liquid-filled pore, into
which metal ions diffuse from the surrounding electrolyte
whose bulk concentration is ¢,. In the case of AAO membranes
for example, a pore is of the order of 100 nm in diameter and
10 pm in length.'”" This high aspect ratio indicates that the
concentration of ions c(xt) in the pore of length L can be
described by a one-dimensional diffusion process
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where x is the position away from the pore entrance as
displayed in Figure Ic, t is the time since the growth process
has started, and D is the diffusion coefficient. At the solid—
liquid interface denoted by x = &(t), the reduced metal ions
accumulate and form a growing nanowire of length d(t). At the
end of the growth process, that is, at a critical time ¢ = ¢, , the
nanowire reaches the end of the pore such that d(t,) = L, as
illustrated in Figure 1d.

The nanowire growth into the liquid-filled portion of the
pore 5(t) is a two-phase free—boundar??r ;)roblem, which is a
variant of the classical Stefan problem.”**” In the limiting case
where the diffusion of ions is much slower than the interfacial
growth, the dynamics can be assumed quasi-steady similar to
the Arnold cell setup.”* Here we consider the full unsteady
problem. The growth speed is proportional to the flux of ions
toward the solid—liquid interface, which yields the boundary
condition
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where p and M,y are the density and the molecular weight of
the nanowire, respectively. The parameter A is a measure of the
efficiency of the electrochemical conversion.

The driving force for the diffusion of ions across the pore is
the overall concentration gradient ~co/5(t), which sets the
growth speed of the interface (eq 2). Therefore, as &(f)
decreases in time (Figure 1c and d), the concentration gradient
and the growth speed increase and blow up at t = ¢, since 5(%,)
= 0. This finite-time singularity inspires us to work in reverse
time ¢, — t. Hence, we find that the solution to this finite-pore
diffusion problem, and so the growth of the nanowires, is
governed by self-similar dynamics,

ont) _ | eri(p)
¢ erfi(f) ’

o(t) = 2BD(t, — t) (3)

where 7 is the similarity variable and erfl is the imaginary error
function. The dimensionless prefactor B is obtained by
substituting the concentration profile (eq 3) into the interfacial
condition (eq 2), so that*®

pe P exfi(B) =

X

=%,

Myycg
VT Ap (4)

The dynamics of the diffusion process in the nanopore is
presented in Figure 2, where different values of f are
considered; 8 is also given as a function of Myc,/Ap (see
Figure 2b). Observe that our definition for the diffusive length
5(t) in eq 3 requires that t. = (L/ Zﬂ\/ D)? based on the initial
conditions.

We now use the previous results toward our main objective,
which is determining the growth dynamics of the nanowire.
Since d(t) + 6(t) = L, we obtain
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Figure 2. (a) Concentration profile of diffusing ions, given by eq 3, for
various values of f. (b) Transcendental equation given in eq 4 yields
the prefactor f as a function of Myc,/Ap. The fixed point (red dot)
delineates the boundary between physical ( ) and unphysical (—
— —) solutions.
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Scaling the nanowire length d(t) by L and time by ¢ , it
becomes clear that the dynamics in eq S is independent of any
parameters and, thus, follows a universal behavior.

To verify our theoretical findings, we realize a controlled
model experiment that mimics the nanowire growth conditions
(see Supporting Information). A schematic of the microscale
diffusion-limited experimental setup is displayed in Figure le.
We track the growth of an individual Cu wire in a 100 ym X
100 um slender channel, which is made in transparent
polydimethylsiloxane (PDMS) using standard soft lithography
techniques. By changing the length of the channel and the bulk
concentration of the CuSO, electrolyte, we vary both L and f..
As shown in Figure 3, the growth dynamics for different
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Figure 3. Growth dynamics of Cu wires grown in slender
microchannels. The symbols represent experimental results whereas
the solid curve is a plot of eq 5, which has no fitting parameters. The
inset features the 1/2 diffusive scaling through a log—log plot. The
error bars are of the size of the symbols.
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experimental conditions collapse onto a universal curve, which
reflects the excellent agreement with our predictions (see
Supporting Information).

The universal dynamics we identify exposes the mechanism
of the growth instability. According to eq S, the growth
continuously accelerates in time especially as the nanowire gets
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closer to the end of the pore; see Figure 3. Any perturbation
such as irregularities in the pores or the seed layer'” and
nonconcurrent pore nucleation'”'”*" can be amplified
tremendously with time. Let us examine, for instance, the
effect of a small nonuniformity in pore length. Consider one
pore of length L and a second one that is €L longer, where the
perturbation € < 1. A simple calculation shows that, at the time
when the nanowire in the shorter pore becomes fully grown
with a length L, the nanowire in the longer pore is ~ (2¢)2L
shorter. For example, a 5% longer pore yields a 32% shorter
nanowire. Essentially, the nanowire in the shorter pore outraces
the second nanowire to the top of the template. In such a case,
there would be enough time for the fully grown nanowire to
mushroom out, blocking the nearby pores as shown in Figure
la.

The dynamics that we have just identified can also explain
why reducing the overall temperature can promote more
uniform nanowires,'”'” where in the previous works the exact
mechanism was unclear. When the temperature is decreased,
the growth rate is significantly reduced, whereas the initial
perturbation (defects and/or nucleation) remains almost
unchanged.17 For example, suppose that there are two
nanowires of the same length. However, one nanowire is
nucleated after time t, has passed since the nucleation of the
other nanowire. Then, the length difference of the two
nanowires at the time one reaches the end of the pore, ie., t
=t is (t,/t.)"% Thus, the final length difference is determined
by t. and t,. Reducing the overall temperature significantly
increases t, while £, remains almost the same, which leads to a
smaller length difference. Therefore, we expect and have shown
that reducing temperature reduces the length difference of the
nanowires, thereby increasing the overall length of the
nanowires.

Now that we understand the mechanism of the nanowire
growth instability, we have an opportunity to put forward an
effective method to control the instability. The diffusive nature
of the instability drives the accelerating growth of nanowires.
Thus, we expect that a spatial control of diffusion presents a
promising strategy to enhance the length and the uniformity of
nanowires.

Applying a temperature gradient across the porous template
leads to spatial variations in the diffusion coeflicient. This
approach is realized by setting the seed layer at a higher
temperature than that of the electrolyte. A schematic of our
control scheme is illustrated in Figure 4a. Along a given pore,
the temperature gradually decreases from the seed layer to the
electrolyte solution. Consequently, since diffusion is slower at
lower temperatures, the temperature gradient promotes the
growth of lagging nanowires over leading ones. In other words,
the effect of the applied gradient counteracts or stabilizes the
accelerating growth dynamics, induced by the shrinkage of the
diffusion region (t). In previous studies,”” >’ the use of
gradients has been proven successful in controlling interfacial
instabilities.

We perform template-assisted electrodeposition experiments
in the presence of a temperature gradient (see Supporting
Information). We grow bismuth nanowires, which are known
for their good thermoelectric properties at the nanoscale,®® in
porous AAO membranes. While the electrolytic solution is
maintained at 10.1 °C, we vary the temperature of the seed
layer, so that the magnitude of the temperature gradient is
varied. Once the nanowires are grown to maturity, which is
when pores are blocked by overdeposits similar to Figure 1a, we
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Figure 4. Controlling the nanowire growth instability. (a) Schematic
of our control protocol, which applies a temperature gradient across
the porous template. (b—d) Backscattered SEM images of bismuth
nanowires grown in AAO membranes. The seed layer temperature is
setat (b) 10.1, (c) 17.1, and (d) 28.8 °C. The electrolyte is maintained
at 10.1 °C in all cases. Hence, the temperature gradient increases from
left to right. The average nanowire length to pore length is estimated
at (b) 25.3% (control experiment), (c) 32.7%, and (d) 44.9%. All the
scale bars are 20 ym.

cleave the porous membrane to get a cross-sectional view of the
encased nanowires. Consistent with our original expectation,
significantly longer nanowires are produced in the presence of a
small temperature gradient, as shown in Figure 4b—d. In
addition, we find that the ratio of nanowire length to pore
length increases with the applied gradient and reaches almost
45% of the total. Our experimental results demonstrate the
stabilizing effect and improvement opportunities offered by our
control strategy.

In summary, template-assisted electrodeposition is hindered
by a morphological instability, which limits the growth of
nanowires in the pores. Overdeposits accumulating on the
template block the pores, not allowing metal ions to penetrate.
We theoretically and experimentally characterized the growth
dynamics of electrodeposited nanowires in porous structures.
The growth dynamics we identified reveal the mechanism of
the instability. As nanowires grow, the diffusion of electrolytes
into pores continuously accelerates, which drives the growth
instability. On the basis of our findings, we implemented a
strategy to control the instability. By introducing a small
temperature gradient across the porous template, we can
enhance the growth of nanowires, achieving substantially larger
lengths. We believe that our method can be employed to tune a
variety of processes that are used to grow nanomaterials such as
the vapor—liquid—solid method,*" the hydrothermal method,**
and metal-assisted electrochemical etching.”’
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Experimental methods on the model experiments, comparison
between the theory and the model experiment, experimental
details about temperature control units, nanowire synthesis,
characterization, and estimation of the diffusion variation across
the channel under a temperature gradient. This material is
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