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We present an alternative route to fabricate Cu nanowires having various classes of morphologies by
controlling the deposition temperature. A rough nanowire with an irregular wire diameter along the
wire axis is obtained at a high deposition temperature, whereas a smooth, compact nanowire is
obtained as the temperature is lowered. However, as the temperature is dropped further down to
subzero degrees, an unusual behavior is observed where the nanowires exhibit rough, dendritic
morphologies with relatively uniform wire diameters. We explain this peculiar growth behavior on the

basis of kinetic and thermodynamic growth processes.

Introduction

In the last decade, nanowires have attracted a considerable
amount of attention, especially in the fields of electronics and
energy applications because of their unique transport proper-
ties."? The transport properties of a nanowire can be tuned via
several approaches including control of the nanowire geometry*=
and introduction of artificial nanostructures.”® Because surface
effects are an important feature in nanowires, a simple and
effective method for modifying the transport properties of
a nanowire is to vary the surface morphology.® 2

Using the electrodeposition technique, the surface
morphology of a nanowire can be easily modified. Among many
fabrication methods, template-assisted electrodeposition is
regarded as an attractive route for the synthesis of nanowire
arrays because of its simplicity, cost-effectiveness, room-
temperature fabrication, efc.®* 1In electrodeposition, the
morphology of a deposit is affected by various factors such as the
overpotential, concentration, temperature, pH, and addi-
tives.'>!¢ For instance, when the concentration of the electrolyte
is high, existing grains are preferentially grown into larger grains
whereas a large number of small grains and nuclei are formed
when the concentration of the electrolyte is low.*® This behavior
can also be applied to overpotential, pH, and temperature where
increased overpotential, pH, and temperature may lead to larger
grains and less nucleation density, and vice versa.'>'®* Among the
aforementioned factors, temperature is a simple but peculiar
factor that significantly affects the morphology via controlling
the growth processes.
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In this study, we present a temperature-dependent morpho-
logical change of electrodeposited Cu nanowires. Besides the
well-known behavior on the temperature-dependent morpho-
logical change, an unusual morphology is obtained at a very low
deposition temperature which opposes the general explanation.
Although not clearly understood, we explain this intriguing
behavior on the basis of various growth processes.

Experimental

For the electrodeposition of Cu nanowires, commercially avail-
able AAO (Anodisc™, nominal pore size 20 nm, Whatman) with
a thickness of approximately 60 um was used as a template. The
aqueous Cu electrolyte consisted of 220 g L' (0.88 M)
CuSO,4-5H,0 (99%) and 32 g L' (0.33 M) H,SO4 (95%) in
deionized water (18.2 MQ cm). All of the chemicals used in the
present study were purchased from Duksan Pure Chemicals
(Seoul, Korea) and were used as received without further
purification.

A three-electrode electrochemical cell was employed for Cu
electrodeposition. A 300 nm Au film with a 20 nm Cr adhesion
layer was coated on one side of the template (narrow pore end)
using an e-beam evaporator as the working electrode. Ag/AgCl
(saturated KCl) and Pt mesh electrodes were used as the refer-
ence and counter electrode, respectively. The optimal reduction
potential was determined by linear voltammetry and was set to
50 mV (vs. standard hydrogen electrode) during potentiostatic
electrodeposition.!” The potential was given in relation to the
standard hydrogen electrode (SHE) because the potential of the
Ag/AgCl electrode is highly temperature dependent.'® To cali-
brate the temperature effect, a linear temperature coefficient of
the Ag/AgCl electrode versus SHE was given as —1.01 mV K-'.18
Linear voltammetry and potentiostatic electrodeposition were
carried out using a standard potentiostat (VersaSTATS3,
Princeton Applied Research). Using a constant temperature
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circulating bath (HI-10301, Hanil), the deposition temperature
was varied from —1.5 to 60.5 °C and precisely maintained at
a deviation of +0.1 °C.

To obtain TEM images (JEM-3010, JEOL), samples of indi-
vidual nanowires were prepared by dissolving the AAO template
in 1 M NaOH for 1 day, thoroughly rinsing with absolute
ethanol, and sonicating for 10 min.

Owing to the presence of narrowing features at both ends of
the template,'”” approximately 10 pm of the template was
removed with a mechanical polisher, and the exact pore diame-
ters of the AAO templates were observed via SEM (S-4300,
Hitachi).

Results and discussion

Scheme 1 shows schematic illustration of a typical electrodepo-
sition process at an atomistic scale. Blue, green, and yellow
particles represent metal ions, adatoms, and stable atoms,
respectively. Note that in the present study, all the surface
movements of the adatoms including intralayer and interlayer
transport are regarded as a single term ‘surface diffusion.” The
electrodeposition of nanowire is progressed in the following
order: metal ions from the bulk electrolyte are transported and
reduced to the surface by bulk diffusion and migration. The rate
of this process is determined by the growth kinetics (green arrow
in Scheme 1(a)).’” Adatoms are then diffused toward energeti-
cally more favorable sites which is a thermodynamic process
(blue arrow in Scheme 1(a)).*

The rate of these processes can be simply controlled by varying
the temperature because all of the processes that occur during the
electrodeposition (bulk diffusion, migration, and surface diffu-
sion) are determined by individual diffusion coefficients that

(a)

directly follow the Arrhenius equation.? Thus, by controlling the
temperature, competition between the two growth processes (i.e.,
kinetics and thermodynamics) can be varied. Because the
morphology of a deposit is affected by different growth
processes, morphological changes can be induced by controlling
the competition between the individual processes.'®

In general, when the deposition temperature is high, the
surface diffusion of adatoms is enhanced, which favors the
growth of preexisting grains and nuclei, leading to coarse crys-
tallites that result in a rough surface morphology.**'” In contrast,
low deposition temperature suppresses the preexisting grain
growth, allowing a large number of new nuclei to be simulta-
neously formed. Thus, fine and compact grains are formed,
which lead to a relatively smooth surface morphology. This
temperature-dependent behavior of the surface morphology has
been widely observed in previous studies including nano-
wires'®?*2* and thin films®*=! as well as in this study.

Fig. 1 presents the TEM images of the nanowires fabricated at
various deposition temperatures. These images clearly show that
the nanowires grown at different temperatures exhibit different
morphologies and sizes. At 5.2 °C, the nanowires exhibit
a smooth and compact morphology with uniform wire diameter
along the wire axis (Fig. 1(f)-(j)) because of the fine grains
formed at low deposition temperature. The ring pattern in the
electron diffraction (ED) patterns, shown in the inset of Fig. 1(f),
is a direct indicative of enhanced polycrystallinity due to the fine
grains. Compact pore filling can be confirmed by analyzing the
diameter distribution of the nanowires. Because the diameter of
the nanowire is obviously limited by the pore geometry, pore
filling can be easily verified by comparing the diameter distri-
bution of nanowires to the template pores. As shown in Fig. 2(b),
nanowires grown at 5.2 °C present an average diameter of
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Scheme 1 Schematic depiction of nanowire electrodeposition at various temperatures. In (a), blue, green, and yellow particles represent ions, adatoms,
and stable atoms, respectively, and green and blue arrows represent ion diffusion and surface diffusion. Scale bars for the inset TEM images in (b—d) are

all 100 nm.
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Fig. 1 TEM images of the Cu nanowires grown at different temperatures: (a—e) 60.5 °C; (f—j) 5.2 °C; and (k-0) —1.5 °C. The insets in (a), (f), and (k)

indicate electron diffraction patterns.

approximately 327.5 nm, and the corresponding diameter
distribution pattern nearly overlaps the pore distribution of the
template, indicating that the complete pore filling is achieved.
Moreover, additional surface diffusion of the adatoms should
favor more smooth and compact morphology. This process is
more of a thermodynamically controlled process under specific
growth conditions where the ions are diffused and reduced
toward the growth front at an appropriate rate that is favorable
to the complete pore filling." Therefore, a relatively smooth and

compact nanowire with a large wire diameter that is limited by
the pore size was obtained (Scheme 1(c)).

As the deposition temperature is increased up to 60.5 °C, the
nanowires exhibit a very rough morphology with an irregular
wire diameter along the wire axis (Fig. 1(a)—(e)). This is mainly
due to the rapid ion transfer and nuclei growth where the
accelerated growth kinetics as well as thermodynamics due to the
elevated temperature promotes rapid nanowire growth at rates
up to 750 nm s~! and the instantaneous growth of preexisting
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Fig. 2 Diameter histograms of the electrodeposited Cu nanowires at
various temperatures: (a) 60.5 °C; (b) 5.2 °C; and (c) —1.5 °C. The orange
curves are fits to the Gaussian function. Gray bars and black Gaussian fit
are from the partially polished AAO template.

nuclei (please refer to Fig. 2(b) in ref. 17). The enhanced growth
of grains can be confirmed by the ED results (Fig. 1(a)).
Compared to nanowires grown at lower temperatures, more
diffraction spots are observed in the nanowires grown at 60.5 °C
(Fig. 1(f)), which is an indicative of enhanced crystallinity.

Also, when the nanowire growth is fast, it is likely to occur
even before the surface diffusion is fully progressed, incoming
ions are rapidly reduced onto the surface, which hinders the
surface diffusion of preexisting adatoms by providing an addi-
tional cohesive energy.’®> Moreover, rapid ion transport toward
the growth front of existing grains inhibits the growth of new
nuclei and formation of grains that compactly fill the pores of the
template. This rapid growth process should lead to nanowires
with rough surface morphologies and irregular wire diameters.
As shown in Fig. 2(a), the size distribution of nanowires exhibits
a broad distribution with much smaller average diameter (247.6
nm) compared to the template pores (320.1 nm). Therefore,
despite the high temperature, and owing to the rapid nanowire
growth, this process can be regarded as a kinetic-driven growth
process that can result in a rough surface morphology with
irregular wire diameter (Scheme 1(b)).

An intriguing result comes from the lowest temperature data at
—1.5 °C where the TEM images show rough dendritic surface
morphologies with small wire diameters. Opposing from the
general explanation, this unusual behavior is not well understood
and has not been observed previously to the best of our knowl-
edge. Nevertheless, such unclear behavior should also be an
outcome of  competition between kinetics and
thermodynamics.*>*®

When the deposition temperature is very low, the growth
kinetics are greatly hindered due to the decreased ion diffusion

where the nanowire growth rate is shown to be as low as about 50
nm s~'.*7 This slow kinetic process inhibits pore filling of the ions
and adatoms that results in a small wire diameter because the
adatoms should be mainly concentrated in the central region of
the pore rather than completely filling the pore. Previous reports
on Fe nanowires prove that when the ions are insufficiently
supplied via lowering the ion concentration, the growth rate
along the channel direction exceeded the lateral growth rate,
which resulted in an incomplete pore filling thereby having
a rough surface morphology and smaller nanowire diameter.3>3
The insufficient supply of ions is essentially an ion depletion in
the diffusion layer under a diffusion-limited environment, and it
is well known that long and narrow pores of the AAO template
having an aspect ratio greater than 100 exhibit a diffusion-
limited behavior.'”*2

In addition, as the temperature is decreased further down to
—1.5 °C, the thermodynamics is shown to be significantly
hindered, which should result in the further suppression of grain
growth that eventually leads to an amorphous-like material. This
is confirmed through the blurry image of the ED patterns and the
spotty TEM images (Fig. 1(k)—(0)). Note that Dou et al. recently
predicted that an amorphous nanowire would be obtained if the
growth process was completely controlled by kinetics'® and our
results show that the thermodynamics are significantly hindered
at —1.5°C.

Under a thermodynamically nonequilibrium state, adatoms
are less likely to diffuse away to more favorable sites such as step
edges and kinks because they do not have enough energy to
overcome the energy barriers, such as surface diffusion barrier
and Ehrlich-Schwoebel (step-edge) barrier.'®** The energy
barrier for the surface diffusion of Cu adatoms (~1 eV for
(111))%* is generally several times larger than that of Cu ion
diffusion (~0.2 eV);3 thus, surface diffusion is more temperature
dependent than ion diffusion. Therefore, owing to the suppressed
growth kinetics and thermodynamics, the pores are incompletely
filled, which results in the formation of a gap between the
nanowire and the pore wall. As a result, a free surface is formed
at the walls of the nanowires, which promotes a rough, dendritic
surface morphology.

As shown in Fig. 2(c), the average diameter of the nanowires
(242.3 nm) is significantly smaller than the average pore diameter
(320.1 nm), owing to the incomplete pore filling. The average
diameter is nearly identical to that of nanowires grown at 60.5
°C; however, a narrower distribution is observed, indicating that
the nanowires present a more uniform wire diameter. Owing to
the suppressed growth kinetics and thermodynamics, a rough
nanowire with a relatively small diameter was successfully
obtained even at a low deposition temperature.

One may possibly suggest that the unusual morphology and
size variation may be due to the thermal expansion of the
template under the broad temperature range. However, the
thermal expansion coefficient of AAO is relatively low (~7.7 x
10-° K 1),37 and this leads to an overall strain change of about
0.05% across the entire temperature range. As a result, this
creates the maximum deformation of only about 0.15 nm in a 300
nm pore. Therefore, thermal expansion is unlikely to control the
morphology and size of the nanowire; the growth behavior
observed in the present study is likely the outcome of competition
between kinetics and thermodynamics.
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Conclusions

In summary, we have successfully fabricated nanowires with
various morphologies by changing the temperature and
controlling the rates of two different growth mechanisms, ie.
kinetics and thermodynamics. These artificially modified
morphologies may suggest a new possibility to be utilized in
various technological applications. For instance, smooth and
compact nanowires can be considered as a potential application
for interconnects in nanoelectronics, and rough nanowires can be
applied to energy-related applications. In photovoltaics, an
enlargement in the surface area of nanowires via artificial
roughening effectively increases the output efficiency.'**® Also,
in thermoelectric, rough nanowires are employed to effectively
scatter phonons, which significantly increases the thermoelectric
figure of merit.” When utilized in phase-change memory devices,
a reduction in the thermal conductivity may lead to joule heat
confinement, which reduces the energy consumption.*®* More-
over, an enlargement in the surface area of nanowires due to
a rough surface morphology is favorable for efficient heat
transfer applications, especially boiling heat transfer.*’
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