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Stress-induced growth of well-aligned Cu,O nanowire arrays and
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A well-aligned Cu,O nanowire array was fabricated by the stress-induced method. A new stress-redistribution phenomenon
related to the cooling procedure was observed and a creative growth procedure was demonstrated. High-quality Cu,O nanowires
with an aspect ratio up to 300 and a growth density higher than 10’ cm 2 can be derived under the optimum condition of cooling
gradually for 4 h after heating for 5 h. A typical photovoltaic effect was demonstrated to exist in the Cu,O/Cu junction.
© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Cuprous oxide (Cu,0) and cupric oxide (CuO)
nanowires are known to have many interesting physical
properties and extensive applications [1,2]. Compared
with traditional semiconductor materials, such as Si
and GaAs, copper oxide is more plentiful and low-cost
with low toxicity and good environmental acceptability.
Thus, the synthesis and applications of Cu,O and CuO
nanowires are of particular interest for researchers.

The most common method to fabricate Cu,O and
CuO nanowires is the template-based synthesis in solu-
tion [3,4]. Although these template-based methods are
effective in preparing nanowires with controllable diam-
eters, they usually lead to complicated processes and the
yield depends heavily on the density of channels. Reduc-
tion and dehydration of Cu(OH), nuclei formed in solu-
tions can also give birth to Cu,O [1,5,6] and CuO [7]
nanowires, respectively. However, the as-obtained cop-
per oxide nanowires are always polycrystalline ones cha-
otically distributed in the solution.

A thermal annealing method for synthesis of CuO
nanowires was proposed by Jiang et al. in 2002 [8]. This
method takes advantage of a simple procedure and high-
yield performance, and the as-obtained CuO nanowires
are of orderly distribution, high quality and fine crystal
structures such as bicrystal [8] and single crystal [9,10].
As a result, it has become one of the most popular meth-
ods for fabricating CuO nanowires [11-14]. However, to
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the best of our knowledge, synthesis of Cu,O nanowires
by the high-yield thermal annealing method has not yet
been reported.

Recently, the growth of nanowires from electron beam
(EB) evaporated Cu thin films on the SiO,/Si substrate at
340 °C or even lower temperatures was reported, where
the products were described as Cu nanowhiskers though
no detailed investigation of their morphology and micro-
structures was performed [15]. Keeping the relatively low
growth temperature in mind, we demonstrate in this pa-
per the on-chip growth of Cu,O nanowires by the thermal
stress-induced method, with the emphasis on the effect of
cooling procedure. Nanowires obtained under the opti-
mum heating and cooling conditions can reach up to
10 pm long, about six times longer than those reported
in Ref. [15].

The samples from which the Cu,O nanowires grew
were fabricated as follows. A Ta layer of 60 nm in thick-
ness was deposited on a 280 pm thick Si [100] substrate
covered with a thin SiO, layer by the EB evaporation
technique. This Ta layer can enhance the adhesion be-
tween the SiO, layer and the subsequently deposited
Cu film and prevent the diffusion of Cu atoms into other
layers. A Cu film was then deposited on the Ta layer by
EB evaporation to form the Cu/Ta/SiO,/Si multilayer
sample. The typical thickness of the Cu film is ~400 nm.

In order to produce thermal stress in the Cu film which
is needed for stress-induced growth of nanowires, the
sample was heated on a ceramic heater in air. The room
temperature was kept at 25 °C. By controlling the voltage
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of the power supply, the heating temperature can be
adjusted to the required value. A large heating rate of
~63 °C min~! was adopted in our experiment, by which
the constant temperature of 340 °C was achieved 5 min
after turning on the power of the heater. After being
heated for 4-9 h at 340 °C, the samples were cooled in
air either directly or gradually for 3,4 or 5 h, respectively,
to investigate the effect of cooling procedure on nanowire
growth. In the gradual cooling process, the voltage of the
power supply was decreased step by step to produce the
gradually reduced temperature during a certain period.
The temperature profile during the 5 h heating and cool-
ing (either directly or gradually for 4 h) process is shown
in Figure 1a. The cooling rate during the 4 h cooling pro-
cess is 1.31 °C min~".

The macroscopic stress over the whole Cu film during
the heating and gradual cooling process was measured
by means of a wafer curvature system using interference
between two laser paths split from the same laser beam
(4 =632.8 nm). The stress can be derived from the mea-
sured curvature using Stoney’s formula.

The samples with nanowire arrays were observed by
field emission scanning electron microscopy (FE-SEM),
energy dispersive X-ray spectroscopy (EDXS) and
X-ray diffraction (XRD). Then, the fabricated nano-
wires were dispersed onto a Cu grid and observed by
the transmission electron microscopy (TEM), selected-
area electron diffraction (SAED) and high-resolution
transmission electron microscopy (HRTEM) to exam-
ine their microstructure and composition.
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Figure 1. Growth of nanowires: (a) temperature profile during the 5 h
heating and cooling (either directly or gradually for 4 h) process, (b)
nanowires growing on the substrate in the experiment with direct
cooling process, (c) side view of (b), (d)—~(f) nanowires growing on
hillocks during the gradual cooling process lasting for (d) 3h, (e) 4h
and (f) 5 h, respectively.

The samples for the photovoltaic effect investigation
were prepared as follows. First, a wire was connected
to the top surface of the Cu/Ta/Si0,/Si sample by the
high-temperature conductive adhesive (Pyro-Duct
597A, Oludec Ltd.), immediately after the EB evapora-
tion process. Then the sample endured a heating and
gradual cooling treatment as shown in Figure la, and
the on-chip Cu,O/Cu multilayer structure with hillocks
and Cu,O nanowires formed. Another wire was then
connected to the surface of the Cu,O layer by the con-
ductive adhesive.

After being heated at 340 °C for 4-9 h and cooled di-
rectly, the sample was observed to be covered with dense
nanowires, as shown in Figure 1b. Figure 1c shows the
side view of nanowires growing on the substrate. The
average length of these nanowires is ~2 pum and their
growth density is ~10” cm 2.

For the samples that underwent the gradual cooling
process, some randomly distributed hillocks with much
longer nanowires on them were observed, as shown in
Figure 1d—f. This phenomenon did not appear for sam-
ples under direct cooling, even though these samples
were heated for 9 h and cooled directly. FE-SEM analy-
sis showed that the nanowires growing on the hillocks
were 10-50 nm in diameter. For samples treated by the
optimum heating and cooling procedure (Fig. 1e), nano-
wires growing on the hillocks can reach up to 10 um
long, nearly five times longer than those growing on
the substrate. The largest aspect ratio was not less than
300 and the growth density was even higher than 10°
cm 2. This phenomenon has not been reported elsewhere,
and it provides a positive view for the fabrication of on-
chip copper oxide nanowires with much higher aspect
ratio.

The different growth mechanism of the nanowires on
the substrate and the hillocks is discussed as follows.

When the as-fabricated multilayer sample was placed
in air at room temperature, the surface of the Cu film
was oxidized, forming a thin layer of Cu,O. During
the heating process, all layers experienced thermal
expansion. Since the thermal expansion coefficients of
different layers are quite different (2.6 x 107 ®*K~! for
Siand 16.5 x 107° K~ for Cu at 25 °C), circumferential
tensile or compressive stresses occurred in all the layers
to keep the deformation compatibility of the whole sam-
ple. Therefore, macroscopic compressive stresses were
generated in the Cu layer, as shown in Figure 2a and
d. In the early stage of the heating process, the surface
diffusion of Cu atoms near the Cu,O/Cu interface was
caused by the stress concentrations which occurred at
the grain boundaries due to material singularities. When
the diffusion rate was high enough and the accumulation
of Cu atoms at the Cu,0O/Cu interface attained a critical
value, the accumulated Cu atoms started to penetrate
the Cu,O layer via any weak spots, after which the
nanowires were nucleated, as shown in Figure 2b. The
growth of nanowires relieved parts of compressive stres-
ses near the Cu,O/Cu interface and the stress gradient
between the top (Cu,O side) and bottom (Si side) faces
of the Cu film was generated.

During the cooling process, the stresses induced in
the sample due to the thermal expansion tended to dis-
appear and the sample tended to recover to the state
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Figure 2. Schematics and supporting data for the growth of nanowires: (a) the compressive stresses generated in the Cu film by heating, (b) growth of
nanowires on the substrate, (c) growth of hillocks and nanowires on them, (d) the macroscopic stresses over the whole Cu film measured by laser

interference during the heating and gradual cooling process.

before it was heated, as shown in Figure 2d. However,
since the growth of nanowires had relieved a lot of the
compression stresses in the Cu film from the Cu,O/Cu
interface, a local tensile stress was generated in the Cu
film near the Cu,O/Cu interface in the contraction pro-
cess of the Cu film. Consequently, a larger stress gradi-
ent was formed between the top and bottom faces of the
Cu film, which might further increase the diffusion rate
of Cu atoms moving from the bottom to top faces of
the Cu film.

During the gradual cooling process, which lasted for a
long time, a huge diffusion of Cu atoms was realized and
the hillocks were formed, as shown in Figure 2c. When
the growth rate of hillocks was too high, which corre-
sponded to a relatively high cooling rate, the formation
of surface oxide layers cannot catch up with the growth
of hillocks, and thereby little nanowires grew on the hill-
ocks, as shown in Figure 1d. When the cooling rate was
too low, the stress gradient might not be large enough for
the rapid diffusion of Cu atoms and the growth of hill-
ocks cannot match with the formation of thick surface
oxide layer, thereby, fewer nanowires were obtained
(Fig. 1f). Only when the gradual cooling was held in a
proper rate, can dense and long nanowires grow on the
hillocks, as shown in Figure le. This stress-redistribution
phenomenon, which can promote the growth of Cu,O
nanowires, has not been reported elsewhere. After many
experiments, the optimum growth condition of heating
for 5 h and cooling gradually for 4 h was proposed. On
the other hand, when the sample was cooled directly,
more cracks instead of hillocks were formed on the sam-
ple surface due to the extremely high cooling rate.

Figure 3a shows the TEM image of an individual
nanowire with the smooth surface and the uniform
diameter along the axis. From the SAED pattern taken
from a random assembly of the nanowires, as shown in
Figure 3b, the compositions can be deduced to be Cu,O
and CuO, of which the former is the main composition.

Figure 3c shows the HRTEM image of a single-crystal
area with clear lattice fringes. The lattice fringe spacing
is ~0.30 nm, which corresponds to the {110} plane of
Cu,O crystal. As shown in Figure 3d, the EDXS spec-
trum from the surface of a hillock indicates that the
main chemical elements are Cu and O, the percentages
of which are 67.3% and 32.4% (nearly 2:1), respectively.
This result is in accordance with the SAED pattern that
the composition of the as-obtained nanowire is mainly
Cu,0. XRD analysis on the surface of a sample that
had undergone gradual cooling also shows that the main
composition of the sample surface and nanowires cover-
ing on it is Cu,O (Fig. 3e). It should be noted that since
Cu,O is a metastable phase, some of the nanowires
growing on the substrate which experienced the anneal-
ing process at 340 °C may be further oxidized to be
CuO. This is the reason why some CuO was observed
in Figure 3b and e. However, since the nanowires grow-
ing on hillocks are generated during the cooling process
at relatively low temperatures, they can hold the meta-
stable phase of Cu,O.

Cu,O is a typical semiconductor, predicted to be
promising for photovoltaic applications [16]. The Scho-
ttky barrier forming on the Cu,O/Cu interface can play
a similar role as the p—n junction to generate the photo-
voltaic effect [17]. Thus, to further verify the composi-
tion of the as-obtained nanowires, the photovoltaic
effect of the multilayer sample with nanowires was
investigated.

The rectifying behavior in the dark current curve indi-
cates that a Schottky barrier is formed on the Cu,O/Cu
interface, as shown in the inset of Figure 4. To obtain the
photovoltaic current density—voltage (J—V) curve, the
sample was illuminated by a lamp. The open circuit volt-
age (V) and the short circuit current density (Jy.) can be
read from the photovoltaic J-V curve shown in Figure 4
to be 7.5mV and 2.67 pA cm 2, respectively. The fill
factor FF = (J X V),../(Jse X Vo) = 0.25 can also be
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Figure 3. Microstructures and compositions of the Cu,O nanowires: (a) TEM image of an individual nanowire, (b) SAED image taken from a
random assembly of the nanowires, (c) HRTEM image of part of an individual nanowire, (d) the EDXS pattern taken from the surface of a hillock,
(e) XRD analysis on the surface of a sample that had undergone gradual cooling.
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Figure 4. Measured photovoltaic properties of a multilayer sample
with Cu,O nanowires. The inset shows the structure of the sample and
the measurement circuit, as well as the dark current curve.

calculated from the J—V curve. As shown in Figure 4, the
shape of the J-V curve is similar to that of the Cu,O/n-
ZnO nanowire photovoltaic sample [18]. The typical
photovoltaic effect further demonstrates that the main
composition of the nanowires and the sample surface is
Cu,0 rather than Cu [15] or CuO [13,14]. It should be
mentioned that the photovoltaic current density and
voltage of the present sample are relatively low. This
may be due to the presence of some microcracks on the
sample surface after the heating and cooling process,
which brings up the inner resistance of the sample and
leads to smaller photovoltaic current. It was also ob-
served that, when the focused light scanned on the sam-
ple surface from one point to the others, the photovoltaic
voltages were different. The area with more hillocks and
well-growing Cu,O nanowires always corresponded to
higher photovoltaic voltage. The direct cooling sample
(without hillocks and well-growing nanowires) and the
sample heated at a relatively low temperature (without
nanowires) were also studied, but no obvious photovol-
taic effect was observed. Therefore, the observed photo-
voltaic effect of the sample is mainly contributed by the
well-growing Cu,O nanowires.

In summary, high-quality Cu,O nanowires have been
fabricated on SiO,/Si substrate by a thermal stress
-induced method. A new stress-redistribution phenome-
non has been observed and the effect of the cooling pro-
cedure is demonstrated to be a key factor for obtaining

Cu,0O nanowires with aspect ratios higher than 300 and
for further improving the growth density of nanowires.
An optimum growth condition of heating for 5h and
cooling gradually for 4 h is proposed. The as-obtained
Cu,0O nanowires are mainly single-crystal ones with
smooth surfaces and uniform cross-sections along their
axes. A typical photovoltaic effect is demonstrated to ex-
ist in this Cu,O/Cu multilayer structure with Cu,O
nanowire array, which makes it a potential option for
cheap and low-toxicity photovoltaic devices with good
environmental acceptability.
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