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We report the formation of terraced hollow Cu2O nanorods upon oxidation of Cu�100� thin films at
�600 °C. Transmission electron microscopy and atomic force microscopy observations reveal that
the oxide islands have an initially square pyramid shape that transits to an elongated nanorod shape
and then to a terraced hollow nanorod morphology as the oxide growth proceeds. A mechanism
based on the relaxation of interfacial epitaxial stress followed by the release of the bulk stress
induced by the large volume expansion accompanying the conversion of metal into oxide is
proposed to explain the pathway of the morphological evolution of this new oxide structure.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3118572�

I. INTRODUCTION

Oxidation of metals usually results in the generation of
stresses in the oxide layer and the metal substrate.1–4 A few
major types of stresses can be categorized. The first type is
epitaxial stresses arising from the epitaxial growth of initial
oxide. The second is stresses resulting from the volume
change that accompanies the conversion of metal into oxide.
The other includes intrinsic growth stresses arising from the
formation of new oxide phase within the already existing
oxide, point defect stresses, and thermal-expansion mismatch
stresses. The generation and relief of these stresses during
the growth of bulk oxides have been extensively studied and
it has been shown that the development of these stresses can
often lead to fracture in the oxide scale and/or in the under-
lying metals, wrinkling of oxide films, or separation of the
oxide-metal interface.3,5–7 However, the mechanism govern-
ing the stress evolution during early stages of oxidation of
metals is still to a significant degree unclear, this is largely
due to the inability of traditional techniques to probe nano-
scale oxide growth. In this work, we report a combined
transmission electron microscopy �TEM� and atomic force
microscopy �AFM� study of the early-stage oxidation of
Cu�100�, which reveals for the first time the complex inter-
play between oxide growth morphologies and various oxide
growth stresses at the nanoscale. Specifically, our experimen-
tal observation suggests that the epitaxial stress generated in
initially formed oxide islands can lead to a square-to-
elongation shape transition of the oxide islands, while the
volume expansion induced bulk stresses generated during
subsequent growth stages of the oxide islands can be re-
leased by plastic sliding. We demonstrate that the generation
and relaxation of these stresses during nanoscale oxidation of
metals can be explored for creating novel oxide nanostruc-
tures.

We have chosen Cu as a model system in our study
because Cu has been extensively studied as a prototypical

system for understanding metal oxidation.8–19 Meanwhile,
Cuprous oxide �Cu2O� has recently received much interest
owing to its myriad technologically important applications
such as solar energy conversion,20,21 photocatalysts,22 fuel
cells,23,24 emission control,25,26 lithium ion batteries,27 and
gas sensors.28 Moreover, Cu2O is an ideal compound to
study the effects of electron correlation on the electronic
structure of transition metal compounds.29 Nanostructured
Cu2O is expected to possess improved or unique properties
compared to its bulk one and therefore much effort with
majority using chemical synthesis techniques has been de-
voted to the production of Cu2O nanostructures including
nanoparticles,30 nanowires,31–33 nanotubes,34 hollow
spheres,35,36 and nanocubes.37,38 Herein we describe the for-
mation of a new type of Cu2O nanostructures, i.e., terraced
hollow Cu2O nanorods, via oxidation of Cu�100� thin films,
where the oxide growth stresses associated with the oxida-
tion of Cu �aCu=3.61 Å� into Cu2O �aCu2O=4.217 Å� play a
critical role for the formation of this novel oxide structure.

II. EXPERIMENTAL DETAILS

Our oxidation experiments were carried out in a modi-
fied JEOL 200CX TEM.39 This microscope is equipped with
a high vacuum chamber with base pressure �10−8 Torr. A
controlled leak valve attached to the column permits the in-
troduction of oxygen gas directly into the microscope to oxi-
dize TEM samples. Cu�100� single crystal films with
�600 Å thickness were grown on irradiated NaCl�100� by
sputter deposition. The metal films were removed from the
substrate by flotation in de-ionized water, washed, and
mounted on a specially prepared TEM specimen holder that
allows for resistive heating to a maximum temperature of
�1000 °C. Any native Cu oxide is removed by annealing
the films in the TEM under vacuum conditions at �750 °C
�Ref. 40� or by in situ annealing in methanol vapor at a
pressure of 5�10−5 Torr but lower temperature
��350 °C�, resulting in a clean copper surface.41 Oxidation
experiments were carried out at �600 °C. After the Cu�100�
films were oxidized continuously for �30 min under an
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oxygen partial pressure �pO2�=5�10−4 Torr, the oxygen
leaking was then stopped and the microscope column was
quickly pumped to �8�10−8 Torr using the attached high
vacuum pumps �turbo and ion pumps�. The oxidized Cu
films were first characterized by the in situ JEOL 200CX
TEM, and then analyzed by electron diffraction �ED� and
high resolution TEM �HRTEM� with a JEOL 2010 LaB6
operating at 200 keV. Thereafter, the surface morphology of
the oxidized samples was further analyzed by AFM tapping
mode at room temperature.

III. EXPERIMENTAL RESULTS

Figure 1�a� is a bright-field �BF� TEM image showing
the morphology of typical Cu2O islands formed on a

Cu�100� surface, where the Cu film was oxidized for
�30 min at 600 °C in pO2=5�10−4 Torr. These islands
have square or elongated shape, and are roughly equally dis-
tributed along the two equivalent orientation pairs of the four

crystallographic orientations, i.e., �110� and �1̄1̄0� or �1̄10�
and �11̄0�. Small islands, as marked by A and B, have a
square pyramid shape, while large ones, as marked by letter
C, are nucleated at an earlier time than the small islands
during the oxidation and have an elongated shape with ter-
races and ledges present on the island surfaces. The correla-
tion between the island shape and size suggests that these
different shapes �e.g., A-C� represent different island growth
stages, i.e., the islands initially have a square shape, such as
island A, and grow uniformly by keeping the square shape
such as island B, and then transit to a rod shape which is
accompanied by the formation of parallel terraces and ledges
perpendicular to the elongation direction. This growth fea-
ture can be confirmed in Fig. 1�b�, where oxide islands with
different elongation lengths are shown. These images indi-
cate that terraces and ledges do not occur in initially formed
square-shaped islands. With continued oxidation, square is-
lands become elongated and parallel terraces and ledges are
formed along the elongation direction.

The number of terraces for different oxide islands is
measured and its correlation with the island length/width as-
pect ratio is given in Fig. 1�c�. It can be noted that the islands
with a larger aspect ratio have more terraces. Since the island
width is relatively constant, the correlation between the ter-
race number and the island aspect ratio suggests that the
formation of terraces is closely related to the one-
dimensional growth of the Cu2O nanorods, i.e., more terraces
are formed along the elongation direction as the one-
dimensional oxide growth progresses. Here we want to em-
phasize that the elongation of the oxide islands as well as the
dependence of the terrace number on the island aspect ratio
�Fig. 1�c�� is unlikely due to the coalescence of square-
shaped Cu2O islands. This is because the width of each ter-
race along the elongation direction is much less than the
edge length of square islands, as revealed in Figs. 1�a� and
1�b�. Also, if the elongation of Cu2O islands and their terrace
formation are caused by island coalescence, then perfect
alignment of square islands is needed. This is not the case
because Cu2O islands are nucleated randomly on Cu surfaces
due to stochastic process of oxide nucleation during
oxidation.13

ED is employed to determine the structure of the oxide
phase as well as the orientation relationship between the
metal and the oxide. Figure 2 shows the BF TEM image of
one terraced oxide nanorod and the ED patterns from two
different regions of the oxide island. The ED pattern �A�
taken from the white square region A of the island can be
indexed with Cu2O structure. Since no Cu diffraction spots
are present in the ED pattern �A�, it can be easily inferred
that the Cu film beneath the oxide island has completely
been converted into Cu2O in the region A. The ED pattern
�B� is taken from the metal-oxide interface region as marked
with the white square B and the pattern is composed of dif-
fraction spots of both Cu and Cu2O, suggesting the overlap

FIG. 1. �a� Typical morphology of Cu2O terraced pyramids formed during
oxidation of �001�Cu thin film �60 nm in thickness� at 600 °C in pO2=5
�10−4 Torr; �b� some Cu2O islands with different length/width aspect ra-
tios; �c� the correlation between the number of terraces and the island aspect
ratio, as measured from different oxide islands.
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of Cu and Cu2O lattices at the metal-oxide interface. The
indexing of the ED pattern �B� reveals a cube-on-cube ori-
entation relationship of the metal and oxide, i.e.,
Cu2O�220� �Cu�220�, at their interface region.

HRTEM examinations were carried out to investigate the
microstructure of these terraced nanorods, especially at the
metal-oxide interface, which provide insight into the growth
mechanism of these oxide nanorods. Figure 3�a� shows the
BF image of one Cu2O terraced nanorod and an HRTEM
image from the metal-oxide interface region marked by the
white rectangle. Moiré fringes are visible at the interface area
owing to the overlap of Cu and Cu2O lattices near the island
edge. The occurrence of moiré fringes only at the interface
area further confirms the above ED analysis that the oxide
island has completely penetrated through the Cu film. Figure
3�b� is a schematic illustration of the shape of the metal-
oxide interface �ABCD�. The width ��23 nm� of the
Cu–Cu2O overlap zone is determined by measuring the
width of the region with moiré fringes. The HREM image
reveals that Cu lattice appears undistorted while Cu2O lattice
has a lot of distortions near the interface. The Cu2O lattice in
the region as far as 20 nm away from the interface shows a
relatively intact structure. These structure features of the Cu
and Cu2O lattices suggest that Cu lattice is relatively stress
free while the Cu2O lattice near the metal-oxide interface is
highly stressed.

In order to obtain more details about the three-
dimensional �3D� structure of these terraced oxide nanorods,
AFM is employed to examine the surface topology of oxi-
dized Cu�100� thin films. Figure 4�a� shows the AFM image
of one terraced oxide nanorod, where the island height is
�80 nm above the Cu surface and terraces/ledges are
present on the island surface. Figure 4�b� is the AFM image
of a terraced oxide island viewed from the opposite perspec-
tive as compared to the situation in acquiring the AFM image
in Fig. 4�a�. The surface topology obtained from Fig. 4�b�
reveals that these terraced nanorods have a hollow structure

�like a surface pit� and terraces/ledges are present along the
inner walls of the pit. The total depth of the terraced oxide
pit is about 128 nm below the Cu surface, which is larger
than the original thickness ��60 nm� of unoxidized Cu
films. Based on these TEM and AFM observations, we have
proposed a 3D shape of these terraced hollow Cu2O nano-
rods, which is schematically shown in Fig. 4�c�.

FIG. 2. Selected area ED pattern obtained from different positions of one
terraced Cu2O nanorod as shown by white squares: �a� from the center of the
oxide island, �b� from the metal-oxide interface.

FIG. 3. �a� HRTEM analysis of the microstructure at the Cu /Cu2O inter-
face: BF micrograph of one terraced Cu2O nanorod and the HRTEM image
from the Cu2O–Cu interface area shown by the white rectangle, where
moiré fringes are visible at the interface area owing to the lattice overlap of
Cu and Cu2O. The Cu2O phase near the metal-oxide interface shows large
lattice distortion due to the growth stress generated by the large volume
expansion from Cu to Cu2O, while the Cu2O lattice in the region �20 nm
away from the interface shows relatively intact structure. �b� Schematic
illustration of the inclined Cu2O–Cu interface �ABCD�, where the width
��23 nm� of the Cu–Cu2O overlap zone is obtained by measuring the
width of the interface region with moiré fringes.

FIG. 4. �Color online� AFM images of terraced hollow Cu2O nanorods
viewed from different perspectives: �a� top-down perspective, �b� bottom-up
perspective �2�2 �m2, z range: 0.6 �m�; �c� proposed 3D shape of ter-
raced hollow nanorods, note that the oxide island has completely penetrated
through the Cu film.
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IV. DISCUSSION

Two questions are raised from our TEM and AFM ob-
servations of these terraced hollow Cu2O nanorods: �1� Why
the oxide islands become elongated from their initially
square pyramid shape? �2� How terrace/ledge formation and
hollowing occur during the elongation of the oxide islands?
To address these questions, we start by describing the growth
process of oxide islands during metal oxidation and consider
the effect of various growth stresses associated with the ox-
ide formation on the shape evolution of oxide islands. Figure
5 is the proposed mechanism showing the formation of the
terraced hollow Cu2O nanorods, where the island elongation
is driven by relaxation of the epitaxial stress, which is fol-
lowed by the island hollowing driven by relaxation of the
geometrically induced growth stress due to the large volume
expansion accompanying the conversion of Cu into Cu2O.

The initially formed oxide islands are epitaxial with the
Cu substrate, as known from the above ED analysis. Owing
to their large lattice mismatch between Cu and Cu2O, epitax-
ial stress is generated in initially formed Cu2O islands. Since
stressed islands are inherently unstable and have to relax, the
relaxation of the epitaxial stress often leads to island shape
transition. Tersoff and Tromp42 developed an analytical
model and showed that strained epitaxial islands, as they
grow in size, may undergo the shape transition: Below a
critical size, islands have a compact shape, however, at a
larger size, they adopt a long thin shape, which has an energy
minimum for the system because of the tradeoff between the
increase in surface/interfacial energies and reduction in the
epitaxial strain energy. Since the Cu2O islands formed during
Cu�100� oxidation are epitaxial with the Cu substrate, the
observed shape transition from initially square shape to elon-
gation is a typical phenomenon driven by the elastic strain
relief: elongated shape allows better elastic relaxation of the
epitaxial stress when the islands grow to a larger size.43

It has been previously revealed that the oxidation of Cu
thin films results in 3D growth of oxide islands,44,45 i.e., the
oxide islands are embedded into the Cu substrate as growth
proceeds, although the embedding rate is much slower than
the lateral growth. This 3D growth feature is also confirmed
by thermal reduction of oxide islands formed on Cu�100�
surfaces, which leads to the formation of nanopits at the sites
which are originally occupied by oxide islands.40,46 During
initial stages of Cu oxidation, the oxide islands have a shal-
low embedment just below the Cu surface and the stress in
oxide islands is therefore dominated by the epitaxial stress
due to lattice mismatch between Cu2O and Cu. This epitaxial
stress becomes the driving force for the elongation of ini-
tially square-shaped oxide islands. However, since the Cu
film is oxidized continuously, the oxide islands can grow
deeper into the Cu film and eventually penetrates through the
Cu thin film. This will create huge compressive stress in the
oxide island due to the large volume expansion ��60%� as-
sociated with the conversion of Cu into Cu2O. This compres-
sive stress first causes lattice distortions in the oxide, which
can be discerned from the HREM image shown in Fig. 3�a�.
With the continuous formation of new Cu2O at the metal-
oxide interface, this volume expansion induced stress in-
creases progressively, and finally causes plastic sliding inside
the oxide island to release the compressive stress. As a result,
the central part of the island is squeezed out, leading to the
island hollowing and formation of terraces ledges along the
sliding planes. The relaxation of the volume stress by island
sliding also leads to the restoration of distorted Cu2O lattices
to their normal structure. This can be noticed from the HR-
TEM image in Fig. 3, where the Cu2O lattices far away from
the metal-oxide interface show very few distortions because
the stress in these oxide regions is already released by the
sliding. This process of buildup of the compressive stress by
progressive oxide growth at the metal-oxide interface and
release of the stress by island sliding can repeats itself during
the oxidation, which leads to the formation of hollow nano-
rods with multiple terraces and ledges. Since oxide islands
have much faster growth rate along one direction �i.e., the
elongation direction�, the buildup of the compressive stress
along this elongation direction is thus much faster than the
other direction. As a result, multiple parallel terraces/ledges
are formed along the elongation direction, while very few
terraces/ledges are observed along the island width direction
because of the much slower growth rate along this direction.
These growth features can be noted in Figs. 1 and 2.

Clearly, the hollowing process of Cu2O nanorods during
the oxidation of Cu films depends on the mechanical prop-
erties of the oxide phase and the metal films. Cu2O has a
smaller Young’s modulus �E� and shear modulus �G� than Cu
�i.e., ECu2O�30 GPa, GCu2O�10 GPa, ECu�124 GPa, and
GCu�40 GPa�, even considering their temperature
dependence.47 Also, any pre-existing dislocations in the Cu
thin films can be eliminated by annealing the films at
�900 °C prior to the oxidation experiments at the lower
temperature �600 °C�. This feature of dislocation free in the
Cu film around the oxide islands can be verified from our
HRTEM observations, as shown in Fig. 3�a�. These two fac-
tors, i.e., the higher mechanical modulus of Cu than Cu2O

FIG. 5. �Color online� Proposed stress-relaxation mechanism for the forma-
tion of terraced hollow oxide nanorods during Cu�100� oxidation, �a� 3D
view and �b� side view. The elongation of initially square-shape Cu2O is-
lands is driven by relaxation of the epitaxial stress at the metal-oxide inter-
face, and the island hollowing is related to the process of plastic sliding to
release the compressive stress generated by the large volume expansion
accompanying the conversion of Cu into Cu2O during the oxidation.
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and the absence of pre-existing dislocations in the Cu film
surrounding the oxide islands, drive the oxide nanorods to
release the compressive stress rather than by the adjacent Cu
thin film.

According to this analysis, we anticipate that the appro-
priate choice of experimental parameters is critical for the
formation of these terraced hollow Cu2O nanorods. For in-
stance, if a thicker Cu film is oxidized, a longer oxidation
time is needed for oxide islands completely penetrating
through the oxidizing Cu film, which correspondingly delays
the formation of terraced hollow Cu2O nanorods. This specu-
lation is consistent with our previous observation on the
elongation processes of Cu2O islands during the oxidation of
thicker Cu�100� films ��700 Å�, where no terraced hollow
oxide nanorods were observed for oxidation at 600 °C for
more than 20 min.43 Another important factor controlling the
formation of this terraced hollow nanorod structure is oxida-
tion temperature. For example, if a Cu film is oxidized at a
temperature well above 600 °C, the growth rate of oxide
islands shall be much faster due to the enhanced surface and
bulk diffusion of the reactants. Therefore, the initially
square-shaped oxide islands can quickly penetrate through
the oxidizing Cu film well before the epitaxial stress taking
effect for the square-to-elongation shape transition. This can
lead to the formation of square-shaped hollow terraced oxide
pyramids. This is confirmed from our earlier experiments on
the oxidation of Cu�100� thin films at 900 °C, where only
square-shaped terraced hollow Cu2O pyramids were
observed.48 Therefore, the formation of this terraced hollow
nanorod structure requires the appropriate choice of experi-
mental conditions including the thickness of oxidizing metal
thin films and oxidation temperature, which accommodate
the sequential relaxation of the epitaxial stress and the sub-
sequent bulk stress induced by the large volume expansion
accompanying the conversion of Cu into Cu2O.

V. CONCLUSIONS

In summary, we report the formation of terraced hollow
Cu2O nanorods during early stages of oxidation of Cu�100�
thin films at 600 °C. A mechanism based on the sequential
relaxation of the epitaxial stress due to the metal-oxide lat-
tice mismatch and the bulk stress caused by the volume ex-
pansion accompanying the conversion of metal into oxide is
proposed to describe the formation of this peculiar oxide
nanostructure. Island formation during metal oxidation has
been observed in many other metal systems, such as Ni, Fe,
Ti, Co, Pd, Ir, Sn, as well as in Cu.43,49–52 By carefully choos-
ing the oxidation conditions such as oxidation temperature,
thickness of metal thin films, it is reasonable to expect that
similar terraced hollow oxide nanorods can be realized in
these metal systems. These terraced hollow nanorods possess
exposed surfaces of both the outer and inner walls and there-
fore have larger exposed surface-to-volume ratio compared
to other forms of nanostructures. Such oxide nanostructures
with highly increased reactive surface area may find techno-
logical applications such as catalysis, energy conversion, and
sensors.
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