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a b s t r a c t
By exerting bending stresses on a metal surface, we show that in-plane tensile stresses can effectively
promote CuO nanowire (NW) formation by signiﬁcantly increasing the NW growth density during the
oxidation of copper. It is found that the improved NW growth is associated with decreased size of oxide
grains and increased number of grain boundaries in the underlying Cu2O and CuO layers. These results
are attributed to the effect of in-plane tensile stresses that result in ﬁne grain structures in the underlying
oxide layers, which facilitates the outward diffusion of Cu ions for enhanced oxide NW growth.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
Nanostructured semiconductor materials such as Si, Ge etc. and
oxides such as CuO, ZnO, SnO2, etc. have been the focus of intensive
studies due to their emerging and increasing use in nanodevices
and integrated nanosystems [1]. Nanowires (NWs) are one-dimensional nanocrystals with large aspect ratio (length/diameter) and
have shown unique properties that are tunable by varying size.
Most of the ways used to generate oxide nanowires are physical
and chemical routes such as precursor methods [2], hydrothermal
reaction [3], anodization [4], electrospinning [5], and seed-mediated growth solution [6]. Compared to their relatively complex
and multi-step synthesis procedures, the formation of CuO NWs
by direct thermal oxidation of metals has been recently given considerable attention due to its simplicity and large-scale growth
capability [1,7–22]. Also, oxide NWs prepared by thermal oxidation exhibit higher crystallinity and longer aspect ratios compared
to those prepared via solution-based routes [23].
Oxide whisker generation from thermal oxidation dates back to
the 1950’s [24,25], but the growth mechanism has widely been debated and lacks cohesive understanding [8–10]. With powerful
microscopy techniques widely available today, a general consensus
established is that the oxidation of metals to form oxide NWs typically requires the sequent growth of multiple and parallel oxide
layers (with different oxide phases) followed by the subsequent
growth of oxide NWs on the top oxide layer [8,26–31]. While oxide
layering can be understood from thermodynamic equilibrium analysis, the growth of oxide NWs is usually attributed to kinetic origins, largely because oxide NWs and the top oxide layer have the
same oxide phase and crystal structure [8,27,28].
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Due to the large differences in molar volumes between the various oxide phases and the metal substrate, it has been inferred that
the presence of interfacial stresses has a substantial effect on the
oxide NW formation by promoting grain boundary diffusion for
initiating the nucleation and uniaxial growth of oxide NWs on
the outmost surface. To date, however, there has been no straightforward experimental veriﬁcation of this hypothesis. In this Letter
we provide such veriﬁcation in form of results of simple experiments in which in-plane stresses are imposed upon oxidizing
metal surfaces. Our results demonstrate unequivocal effects of
applied tensile stress on both, the microstructures of the oxide
ﬁlms and the resulting oxide NW growth. This work also provides
a simple approach for efﬁciently promoting oxide nanowire formation by thermal oxidation of metals.
To observe the effects of surface stress, bending is commonly
used to apply stress. A schematic of the scenario is shown in
Figure 1. As bending occurs, the upper surface is no longer parallel
to the bottom surface as the upper face shortens by dL while the
bottom face is elongated by dL, causing the generation of compressive stress in the upper face and tension stress in the bottom face.
It follows that there is a line or region of zero stress between the
two surfaces, called the neutral axis. The amount of bending stress
existent at the surfaces can be calculated using the ﬂexure formula
of r ¼  Eqc , where E is the elastic modulus of the material, c is the
position along the vertical direction where the stress is being measured, and q is the radius of curvature. An advantage of using bending metals is that the effects of both compressive and tensile
stresses can be studied simultaneously by examining oxide NW
formation on the upper and bottom face of the bent metal oxidized
under the same oxidation conditions. Our hypothesis is that these
exerted surface stresses would modify the microstructures of the
multilayered oxide ﬁlms, whereby inﬂuencing the mass transport
process leading to the nucleation and growth of oxide NWs.
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Figure 1. Schematic diagram showing the generation of stresses at the upper and
bottom surfaces of the sample as induced by uniform bending.

2. Experimental procedure
The test specimens were Cu foils (99.99% purity) with a thickness of 0.25 mm. The foils were cut into strips 5 mm in width
and 25 mm in length, following which they were uniformly bent
at a radius of 10 mm. The sample was then cleaned with 0.1 M
HCl, thoroughly rinsed with deionized water and then put in acetone for an ultrasound bath for 5 min to remove impurities and native oxide from the surface of the metal. The sample was dried in
N2 and then put into an oxidation chamber. The chamber was subsequently pumped to 106 Torr, oxygen gas was then admitted
into the chamber to the pressure of 200 Torr. The samples were
then heated up to a temperature of 450 °C at the rate of 10 °C/
min in oxygen and then oxidized for 30 min in static oxygen. The
oxygen pressure in the chamber increased to at 210 Torr after
the sample was heated to the oxidation temperature of 450 °C.
The sample temperature is monitored via a K-type thermocouple
in contact with the heater. The sample was then cooled down to
room temperature (23 °C) at the same rate in oxygen. The oxidation loading apparatus was large enough so that both bent and ﬂat
specimens could be loaded simultaneously and then oxidized
under the same oxidation conditions. Surface morphology is examined using a ﬁeld emission scanning electron microscope (FEGSEM) FEI Supra 55VP. Density of nanowires on the inner and outer
surface of the sample was compared to the density of nanowires on
the ﬂat sample. The thickness of the oxide layers, size and shape of
the oxide grains for the samples was investigated by SEM. The
morphology and microstructure of individual CuO NWs are analyzed by transmission electron microscopy (TEM) using a JEOL
JEM2100F operated at 200 kV.
3. Experimental results
Both the upper and bottom surfaces (under compressive and
tensile stress, respectively, as shown in Figure 1) of the bent Cu foil
turn black in color after the oxidation treatment, suggesting that
the surface oxide is CuO. Figure 2 shows representative SEM

images of the growth morphology of CuO NWs on the upper and
bottom surfaces, respectively. For comparison, an SEM image from
the oxidation of unbent (i.e., ﬂat) Cu surface is also given. It can be
seen that the bottom surface is covered by dense CuO NWs with a
much higher number density than the other two surfaces. The
average density of NWs on the bottom surface of the bent Cu is
about 5.15/lm2, while the densities for the upper surface of the
bent Cu and ﬂat Cu are 1.23/lm2 and 1.08/lm2, respectively. The
diameters of CuO NWs grown on these surfaces show no noticeable
difference and are all in the range of 40–100 nm. The observations
reveal evidently that in-plane tensile stresses (the bottom surface
of the bent Cu) result in signiﬁcantly increased number density
of CuO NWs as compared to the compressed or ﬂat Cu.
The lengths of CuO NWs do not show signiﬁcant dependence on
the tensile stresses. Figure 3 shows SEM images from the different
surfaces. The lengths of NWs in all images are on average around
4 lm and NWs on the upper and bottom surfaces of the bent Cu
and the ﬂat Cu show no obvious difference. TEM analysis of CuO
NWs formed on these different surfaces reveals the existence of a
bi-crystalline structure in the NWs. The bi-crystalline structure is
observed to run along the entire axial direction. As shown in Figure
4a, the NW is divided by a twin boundary, where the different crystal orientations cause visible contrast in the bright-ﬁeld TEM image. Figure 4b shows a typical selected area electron diffraction
(SAED) pattern taken along [1 1 0] zone axis of a single CuO NW.
The diffraction pattern can be identiﬁed as consisting of two sets
of diffraction spots with mirror symmetry, consistent with the nature of the bicrystalline structure within the nanowire. Figure 4c is a
high-resolution TEM image conﬁrming the bicrystalline structure
of the NW. It can be seen that each side of the twin boundary
shows well-developed crystal lattice planes.
In line with previous studies [8,26,27], the formation of CuO
NWs on all these Cu surfaces involves Cu2O/CuO double layer
growth with Cu2O being the bottom layer and CuO being the top
layer. However, the microstructure of the underlying oxide layers
is observed to show dependence on the type of applied stresses.
Figure 5 shows representative cross-sectional SEM images of
CuO/Cu2O layers on the bent and unbent Cu. For all the cases,
the Cu2O bottom layers contain column like grains while the CuO
intermediate layer consists of ﬁner grains. Several features can
be noted from their comparison. In the case of tensile stress the
average sizes of Cu2O and CuO grains are smaller than that of oxide
grains affected by compressive stress or ﬂat sample. In addition,
both the Cu2O and CuO layers have larger thickness for the tensile
stress case than that of compressive stresses or ﬂat Cu. Their quantitative comparison is listed in Table 1, where the oxide grain sizes
are estimated from cross-sectional SEM images by measuring the
lateral sizes of individual grains. Measurements performed on
samples cut along different directions were used for better statistics. The uncertainty numbers given in Table 1 correspond to the
range of variation of the quantities measured from the different
sample areas. The thickness of oxide layers and sizes of oxide
grains vary differently with the various sample areas examined,
different uncertainties are therefore obtained for these quantities.

Figure 2. SEM images of the oxide surface for (a) unbent Cu, (b) upper surface of the bent Cu, and (c) bottom surface of the bent Cu.
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Figure 3. Cross-sectional SEM images of CuO NWs grown on different surfaces, (a) unbent Cu, (b) upper surface of bent Cu, (c) bottom surface of bent Cu.

Figure 4. (a) The contrast from a BF TEM image of an individual CuO NW suggests the presence of a twin boundary along the axial direction of the NW. (b) SAED pattern
obtained from a single NW. Indices with subscript ‘b’ refer to the bottom side of the NW shown in (a), indices with subscript ‘t’ refer to the top side. (c) HRTEM image of the
NW showing the twin boundary of the NW.

Figure 5. Cross-sectional SEM images of the oxide layers and oxide grain morphologies for (a) unbent Cu, (b) upper surface of bent Cu, and (c) bottom surface of bent Cu.
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Table 1
Tabulated data for each of the cases studied: ﬂat surface, bent Cu (upper and bottom).
Nanowire density (1/lm2) (±0.1)

Flat Cu
Bent Cu
Upper surface (Compressive stress)
Bottom surface (Tensile stress)

Cu2O layer (lm)

CuO layer (lm)

Thickness (±0.2)

Grain Size (±0.05)

Thickness (±0.05)

Grain Size (±0.02)

1.08

3

0.45

0.2

0.1

1.23
5.15

2.7
3.7

0.4
0.1

0.2
0.4

0.12
0.05

Similar to the effect of CuO NW density, the effect of tensile stress
on the oxide growth is noticeable, i.e., decreasing the average sizes
of Cu2O and CuO grains and increasing the average thickness of
the Cu2O and CuO layers. However, the case of compressive stress
does not show obvious difference in comparison to the ﬂat Cu
sample.
4. Discussion
Table 1 summarizes the results of the experimental measurements on the different samples. The differences in the NW densities, grain size and thickness of Cu2O and CuO layer between the
upper surface (under compressive stress) of the bent sample and
ﬂat Cu (stress-free surface) is small and at variance, and no deﬁnite
conclusion can be drawn. However, one clear trend is evident: inplane tensile stresses (i.e., the bottom surface of the bent Cu) result
in signiﬁcantly increased number density of CuO NWs. Moreover,
there is an apparent trend for the tensile stress to result in thicker
Cu2O layer and smaller sizes of grains in both Cu2O and CuO layers.
Such trends suggest that the formation of NWs is intimately related to the growth behavior and microstructures of the underlying
CuO and Cu2O layers.
We have previously shown that CuO nanowires originate directly from individual CuO grains on the intermediate CuO layer,
where the facets of CuO grains serve as structure templates for
NW nucleation and growth [28]. The crystals grown on different
facets are naturally joined together to form a twin or multi-twin
structure started from the NW root and continued into the NW
along the length direction. Such a growth process thus stipulates
an obvious relationship between nanowire density and oxide grain
density. For a sample with high nanowire density, we expect a high
density of oxide grains as well. The increased density implies
expectations of grains with reduced size; this is consistent with
our SEM observations.

Since both Cu2O and CuO are cation-deﬁcient p-type oxides, it
has been shown that the oxide growth is controlled via outward
diffusion of cations during the oxidation of Cu [30,32–37]. CuO
NW growth requires continuous supply of Cu ions from the substrate (i.e., Cu2O/Cu interface) to the growth tip. For the intermediate range of the oxidation temperature (300–550 °C) under
which oxide NW formation occurs, the atomic ﬂux is dominated
by grain boundary diffusion of Cu ions across the Cu2O and CuO
layers. A higher density of grain boundaries within the oxide layers
leads to more efﬁcient outward diffusion of Cu ions for CuO NW
growth. The promoted CuO NW formation by the in-plane tensile
stress can be understood from its effect of the microstructure characteristics of the oxide ﬁlms formed, which can be strongly inﬂuenced by the oxide nucleation and early-stage growth behavior.
Early-stage oxidation of copper has been investigated by in situ
TEM and the study has revealed that the oxidation typically involves nucleation, growth and coalescence of oxide islands [38–
44]. The nucleation of an oxide island on a metal substrate needs
to overcome a nucleation barrier EN, and the number of critical nu
clei per unit area is N r ¼ N 0 exp  EkTN , where N0 is the number of
nucleation sites per unit area of the substrate, k and T are Boltzmann constant and oxidation temperature, respectively. The main
contributions to EN are volume free energy, surface/interfacial free
energy, and interfacial strain energy for the formation of an oxide
nucleus. By considering heterogeneous nucleation of an oxide island on the metal surface, this activation energy can be obtained
as EN ¼ f ðhÞr3 ðDG þ1DG Þ2 [44], where f(h) is geometric factor of the
V

S

surface and interfacial energies, and r is surface energy of oxide,
DGV is the free-energy change that drives the oxidation reaction
(i.e., DGV < 0), DGS is strain energy due to the lattice mismatch between the oxide and the metal substrate. A smaller nucleation barrier results in a higher nuclei density of oxide islands.
The volume energy DGV and surface energy r should remain the
same for oxide formation under the different external stresses

Figure 6. Schematic showing the effect of surface stresses on the microstructure of the oxide layers and the subsequent oxide NW growth, (a) tensile stress; (b) compressive
stress or stress-free.
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since only Cu2O is formed initially, i.e., Cu2O forms as the inner
layer in direct contact with the Cu substrate. The strain energy
DGS in oxide island due to the lattice mismatch is proportional to
E
e2 and DGS > 0, where E and m is the Young’s modulus and Pois1m
son ratio of Cu2O, respectively, e is the lattice mismatch between
Cu2O and the substrate (the lattice constants for Cu and Cu2O are
3.61 Å and 4.26 Å, respectively). The lattice of the Cu substrate expands under the in-plane tensile stress. Although our samples are
polycrystalline Cu, the overall lattice mismatch e between the
oxide and substrate should be reduced by the applied tensile
stress. This results in a smaller nucleation activation barrier EN.
Therefore, nucleation of oxide islands is facilitated by the loaded
in-plane tensile stress, resulting in a high density of oxide islands
on the surface. The lattice mismatch for unbent Cu is large and
for in-plane compressive stress becomes even larger, therefore,
oxide nuclei on these surfaces have lower densities.
Based on our experimental observations and the early-stage
oxidation behaviors described above, the effects of surface bending
stresses on the oxide NW growth are schematically shown in Figure 6. Because of the higher density of oxide nuclei enhanced by
the tensile stress, as oxidation continues, oxide islands may impinge while still quite small in their lateral size. As a result, the
fraction of merged interfaces (i.e., grain boundaries) is effectively
increased, which results in a corresponding increase in the effective diffusion rate and total oxide thickness. In addition, the smaller Cu2O grains leads to ﬁner CuO grains in the top layer, whereby
providing more surface sites available for CuO NW nucleation.
Since the growth of CuO NWs occurs via the grain boundary diffusion of Cu ions across the Cu2O and CuO layers, the promoted NW
density is a consequence of this enhanced grain boundary diffusion
as well as the reduced grain sizes in the CuO layer. For unbent Cu or
Cu surface under compression, the average sizes of grains are larger and the fraction of grain boundaries is reduced in comparison
to the tensile stress situation. Correspondingly, the total oxide
growth including the thickness of the oxide layers and the density
of CuO NWs is relatively slow due to the less efﬁcient grain boundary diffusion.
The mechanism shown in Figure 6 stipulates a clear correspondence of the density of CuO NWs with that of the underlying CuO
grains. Our preliminary results on Cu foils with different bending
curvatures indicate that the NW density increases with increasing
the tensile stress by enhancing the oxide nucleation. However, our
experimental results show no clear dependence of the diameter
and length of CuO NWs with the applied stresses. This is because
the diameter of CuO NWs is not deﬁned by the lateral size of the
underlying CuO grains. As revealed by our SEM observations, CuO
NWs are grown from the top portion of CuO grains [28]. Therefore,
the diameter of CuO NWs is smaller than the lateral size of underlying CuO grains, irrespective of the type of surface stresses
applied.
5. Conclusion
We have reported the oxidation of bent Cu foils for examining
the effect of bending surface stresses on the formation of CuO
NWs. In-plane tensile stresses are shown to lead to enhanced oxide
NW growth (such as the NW densities) in comparison to in-plane
compressive stresses or unbent Cu. These effects are attributed to
the effect of tensile stresses on the reduction of lattice mismatch
strain between the inner layer of Cu2O and the Cu substrate, which
promotes the nucleation rate of Cu2O islands and therefore increases the number of grain boundaries formed by impinged small
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Cu2O grains. The efﬁcient outward diffusion of Cu ions via an increased number of grain boundaries signiﬁcantly enhances the
CuO NW formation. Our results may have broader impact for fundamental understanding of the mechanisms of metal oxidation and
manipulating the gas-surface reaction for effectively promoting
oxide NW formation.
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