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TEM investigation of interfaces during cuprous island growth
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Abstract

The geometry and epitaxial relationships of interfaces generated during the early-stage oxidation of Cu(1 0 0) surfaces were studied
using transmission electron microscopy. The predominant orientation relationship between Cu2O islands and the Cu substrate is cube-
on-cube growth, whereby equivalent planes and directions of oxide islands and the metal substrate are matched across the interface,
while other epitaxies are occasionally observed. A 6 � 7 coincidence site lattice configuration is observed at the Cu–Cu2O interface
for the cube-on-cube epitaxy. The geometry of Cu2O–Cu interfaces is found to depend on the specific epitaxial orientations of Cu2O
islands with the Cu substrate: wedge-shaped interfaces are developed for cube-on-cube growth, and edge-on interfaces are formed for
other epitaxies. These growth features are attributed to the minimization of the interface energy via the competing factors among the
coincidence lattice misfit, misfit dislocations and the metal–oxide interface area.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The oxidation of metals results in formation of various
interfaces, including grain boundaries in the oxide scale
and the metal–oxide interface. These interfaces play a crit-
ical role in oxide growth and can have a dramatic effect on
the properties of the oxide scale. For example, the passiv-
ation behavior of metals is strongly influenced by the
microstructures of the oxides that form. A large number
of interfaces formed in the oxide scale often lead to poor
oxidation resistance, because the outward diffusion of
metal cations or inward diffusion of oxygen anions along
these interfaces is probably much faster than that through
a perfectly coalesced oxide film. However, point defects
supporting diffusion during oxide growth are generated
or annihilated at the metal–oxide interfaces, and the pro-
cesses governing ionization and incorporation of metal
atoms into the oxide phase are closely dependent on the
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interface structure. Theoretical models on the effects of
interface structure and the types and roles of interface
defects in the growth of oxide scale have been developed
[1–4]. Owing to their critical role in influencing oxide
growth, there has also been extensive interest in experimen-
tal investigation of the atomic structure of metal–oxide
interfaces. Transmission electron microscopy (TEM) is a
powerful technique for probing local structures with high
spatial resolution and has provided critical insight into
understanding the atomic structures at metal–oxide inter-
faces for establishing the correlation between the interface
structures and the mechanism of the oxidation of metals
and alloys [5–16].

With the improvement in experimental techniques, espe-
cially with the development of in situ microscopy techniques,
it is now possible to investigate early stages of metal oxida-
tion. For instance, using a combination of in situ high-energy
electron diffraction and TEM techniques, Milne and Howie
studied early stages of Cu oxidation and observed the forma-
tion of Cu2O islands from oxidation [17]. Yang et al. investi-
gated the kinetics of early-stage oxidation of Cu surfaces
rights reserved.
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with the use of in situ ultrahigh vacuum TEM to visualize
oxide nucleation and growth [18–20]. These studies revealed
that the oxidation of Cu results in nucleation of three-dimen-
sional (3D) oxide islands on the metal surface which can
grow and coalesce to form a continuous oxide film. Oxide
islanding appears to be a common phenomenon for many
pure metals such as Ni, Fe, Mo [21–23] and alloys such as
Cu–Ni, Cu–Mn, Pd–Zn [5,10,11,24]. This work reports a
detailed TEM study of the interface geometry, configuration
and epitaxial relationships of Cu2O nanoislands formed
from the early-stage oxidation of Cu(1 0 0) thin films. Such
information is needed for a better understanding of the oxi-
dation mechanism of metals and alloys. Copper is of interest
because of its wide industrial application. For example, cop-
per is an attractive interconnect material for ultralarge scale
integrated circuits because of its low resistivity and good
electromigration properties [25], but it suffers from very poor
oxidation resistance. The oxidation of copper has proved to
be a rich source of information in understanding the corro-
sion of metals [17,26–36].

2. Experimental

The experimental system consists of single crystal, 70-nm-
thick Cu(0 0 1) films grown epitaxially on freshly cleaved
NaCl(0 0 1) substrates by sputter deposition at �250 �C.
The Cu films were removed from the substrate by flotation
in deionized water, washed and mounted on a TEM Cu grid.
The thickness of 70 nm of free-standing Cu films was chosen
so that the films were thin enough to be examined by the
TEM, but thick enough for oxidation behavior close to that
of bulk metal. The single-crystallinity of the Cu films was
checked by electron diffraction using TEM. The Cu films
were first annealed at 700 �C in Ar–2%H2 for 2 h to remove
the native oxide. The Cu films were then oxidized at 700 �C in
oxygen partial pressure (pO2) = 5 � 10�5 Torr for 5 min.
TEM observations using a JEOL 2010F electron microscope
were made immediately after removal of the oxidized sam-
ples from the oxidation chamber. TEM techniques including
electron diffraction, high-resolution TEM (HRTEM), and
electron moiré fringe imaging were used to determine the ori-
entation relationships of oxide islands with the Cu substrate.
TEM thickness fringe contrast was employed to analyze the
interface geometry of interfaces associated with the oxide
island growth. The advantage of using free-standing Cu thin
films in the oxidation experiments is that the oxidized sam-
ples can be directly examined by TEM without additional
TEM specimen processes, and the observed structure fea-
tures correspond to the original state of the oxidized samples,
greatly simplifying the link between experimental observa-
tion and the oxide growth mechanism.

3. Experimental results

Copper forms two thermodynamically stable oxides,
Cu2O and CuO. Cu2O is simple cubic (space group pn�3m)
with 4Cu and 2O atoms in its basis, and a lattice parameter
of 4.269 Å. The Cu atoms in Cu2O form a face-centered
cubic (fcc) lattice and the O atoms form a body-centered
cubic (bcc) lattice, where each O atom is surrounded by a
tetrahedron of Cu atoms. CuO has a monoclinic structure.
Cu is a fcc metal with a lattice parameter of 3.61 Å. For the
temperatures and low oxygen partial pressures used in
these experiments, only Cu2O is expected to form, which
is also confirmed by electron diffraction.

Fig. 1 is a planar-view TEM image of an as-oxidized Cu
thin film, revealing that the short-time oxidation of
Cu[0 0 1] surfaces results in the formation of Cu2O islands.
The island lateral size varies from 200 to 500 nm, and the
islands adopt a nearly square or polygon shape. It is noted
in Fig. 1a that island 1 and island 2 are coalesced, and a
grain boundary is formed between them. The different
TEM contrast of islands 1 and 2 suggests that they have
different crystallographic orientations with respect to the
incidence electron beam. A selected-area diffraction
(SAD) pattern from the rectangular enclosed area in
Fig. 1a is given in Fig. 1b. Indexing of the diffraction pat-
tern identified that one set of reflections is from island 1
and the other is from island 2, as illustrated in Fig. 1b,
where 1 and 2 represent diffraction spots from island 1
and 2, respectively, and 1, 2 represents diffraction spots
shared by island 1 and 2. Further analysis of the diffraction
pattern indicates that the zone axis of island 1 is along
[0 1 2], while the zone axis of island 2 is [0 0 1]. The absence
of Cu diffraction spots in the diffraction pattern suggests
that the Cu film beneath the oxide islands has been com-
pletely converted into Cu2O. The orientation relationships
of the two islands with the Cu substrate are determined as:
½0 12�island-1k½001�Cu and ½001�island-2k½0 01�Cu. The orienta-
tion relationship between the two islands can be identified
as: ð100Þisland-1kð100Þisland-2; ð02�1Þisland-1kð020Þisland-2 and
½0 12�island-1k½001�island-2. Since the orientation of the Cu film
is along Cu[0 0 1], the orientation of island 2 with the Cu
substrate can be identified as cube-on-cube epitaxy, under
which equivalent planes and directions of oxide islands
and the Cu substrate are matched across the metal–oxide
interfaces. The electron diffraction analysis of different
oxide islands revealed that most Cu2O islands have the
cube-on-cube orientation with the Cu substrate, and other
epitaxies are observed only occasionally.

The metal–oxide interfaces were next examined for the
growth of individual Cu2O islands. Fig. 2a is a low-magni-
fication dark-field (DF) TEM image of a Cu2O island on a
Cu(1 0 0) surface, where Cu(2 2 0) reflection was used for
imaging. The oxide island shows a truncated-square shape.
The oxide island has a cube-on-cube orientation with the
Cu substrate. Note that oxide islands can develop from a
nearly square shape to a truncated-square or irregular
polygon shape with continued oxidation. The crystallo-
graphic direction of the island edges is identified by elec-
tron diffraction and is illustrated in Fig. 2a. The
appearance of thickness fringe contrast around the island
edges suggests that the Cu2O island forms a wedge-shaped
interface with the surrounding Cu film. This is because the



Fig. 1. (a) BF (bright field) TEM image of Cu2O islands formed via oxidation of a Cu(1 0 0) surface at 700 �C; island 1 and 2 are coalesced. (b) SAD
pattern from the enclosed island area in (a); the zone axis of island 2 is along [0 0 1] and has the cube-on-cube orientation with the Cu substrate, while the
zone axis of island 2 is along [0 1 2] and has non-cube-on-cube growth.

Fig. 2. (a) DF TEM image of one Cu2O island using Cu(2 2 0) reflection; thickness fringe contrast appears around the island edges. Note that [1 0 0] and
[1 1 0] edges have different fringe spacings. (b) 3D schematic representation of the wedge-shaped interface along the [1 1 0] edge: ð111ÞCu2Okð111ÞCu. (c) 3D
schematic representation of the wedge-shaped interface along the [1 0 0] edge: ð221ÞCu2Okð221ÞCu. (d) Schematic draw showing the 3D geometry of the
buried part of the oxide island, where (1 1 1) and (2 2 1) denote the buried Cu2O–Cu interfaces along the [1 1 0] and [1 0 0] island edges.
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oxide growth is accompanied by conversion of the sub-
strate atoms into the oxide phase along the metal–oxide
interface, which causes the embedding of the oxide island
into the Cu substrate and creates the wedge-shaped Cu–
Cu2O interfaces with continued oxide growth. As shown
in Fig. 2a, the fringes’ spacing depends on the orientation
of the island edges. The spacing of the thickness fringes
along the four equivalent [1 1 0] edges is equal but larger
than that along the four equivalent [1 0 0] edges, suggesting
that the metal–oxide interfaces along the [1 0 0] and [1 1 0]
edges have different interface geometries.

The fringe spacing can be measured directly from the
TEM images, and this information is used to determine the
interface shape. The thickness fringes for a DF image have
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sinusoidal contrast variations. According to the Howie–
Whelan equations [37], the intensity I from a diffracted beam
g follows a sinusoidal variation for the DF image, which
depends on the specimen thickness t, the extinction distance
ng, and the effective deviation parameter seff, where

seff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ n�2

g

q
, and s is the deviation parameter. For a

wedge-shaped interface, the difference in the specimen thick-
ness between two adjacent bright or dark lines is equal to the
extinction distance ng for Bragg diffraction conditions (i.e.,
s = 0). Here the g vector of Cu(2 2 0) was used for forming
the DF image, and nCu(2 2 0)=47.3 nm for 100 keV electron
beam [38]. The measured spacing of thickness fringes along
[1 1 0] edges is 33 nm. Therefore, the inclined angle of the
interface with the Cu substrate can be determined as 54�,
which is equal to the angle between the crystallographic
planes Cu(1 1 1) and Cu(1 0 0). The schematic representa-
tion of this interface shape is illustrated in Fig. 2b, where
the (1 1 1) plane is the shared plane at the Cu–Cu2O inter-
face, i.e., ð1 11ÞCu2Okð111ÞCu. The shape of the interface

along [0 0 1] edges can be determined similarly and is illus-
trated in Fig. 2c. The measured spacing of thickness fringes
along the [1 0 0] edge is 16 nm, and the inclined angle of
the interface with the Cu substrate is determined as 71�,
which matches the angle between planes (1 0 0) and (2 2 1).
Therefore, the interface along the [1 0 0] edge is
ð221ÞCu2Okð221ÞCu. The TEM thickness fringe contrast

analysis reveals that the buried part of the oxide island has
Fig. 3. (a) BF TEM image depicting the 2D moiré fringe pattern at the Cu2O–
the Cu2O–Cu interface revealing the epitaxial orientations between Cu2O and C
closer to the Cu2O lattice side, which reveals that each moiré repeat contains
interface region closer to the Cu lattice side, where each moiré repeat contain
a pyramid shape, and a schematic representation of the
shape of the buried island is given in Fig. 2d.

It is well known that moiré fringes can be formed in
TEM images as a result of interference between diffracted
beams from overlapping crystals [38–41]. Fig. 3a is a
TEM micrograph from a Cu–Cu2O interface. A two-
dimensional (2D) moiré pattern is present at the interface
area, owing to the overlapping of Cu2O and Cu lattices
along the wedge-shaped Cu2O(1 1 1)/Cu(1 1 1) interface.
Fig. 3b is a HRTEM image of the interface viewed from
the [0 0 1] zone axis. The left side of the HRTEM image
corresponds to the Cu2O phase, and its measured lattice
spacing is 3.02 Å, which matches the interplanar spacings
of Cu2O{1 1 0} planes. The right side of the HRTEM
image corresponds to Cu lattice, and the measured lattice
spacing is 2.55 Å, consistent with the interplanar spacing
of Cu{1 1 0} planes. As can be seen from the HRTEM
image, the Cu2O and Cu lattices have the cube-on-cube ori-
entation at the interface, i.e., the equivalent planes and
directions of Cu and Cu2O are matched across the
interface: ð110ÞCu2Okð1 10ÞCu; ð1�10ÞCu2Okð1�10ÞCu, and
½0 01�Cu2Ok½00 1�Cu. Considering that a fringe moiré pattern
is produced by a single set of parallel overlapping Cu2O
and Cu lattice planes, the two intersecting moiré fringes
appearing in the moiré pattern in Fig. 3a and b suggests
that there are two sets of parallel overlapping Cu2O and
Cu planes in the interface region, and each set is rotated
with respect to the other by 90�. The formation of this
Cu interface along the [1 1 0] edge. (b) A [0 0 1] viewed HETEM image of
u lattices; left inset: an enlarged HRTEM image from the interface region
six Cu2O(1 1 0) planes; right inset: an enlarged HRTEM image from the

s seven Cu(1 1 0) planes.
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2D moiré pattern is caused by the wedge-shaped interface
with the identified epitaxial relationships as well as the zone
axis incidence (i.e., [0 0 1]) of the electron beam.

The contribution to the moiré fringe contrast in the
HRTEM image in Fig. 3b comes from double diffraction
of Cu2O(2 0 2) and Cu(2 0 2) reflections because of the sys-
tematic absence of Cu(1 0 1) reflection. Given the interpla-
nar spacings d1 and d2 of two overlapping crystals, the
spacing of parallel moiré fringes D can be calculated by
D ¼ d1d2=ðd1 � d2Þ. Using the measured spacings of
Cu(1 1 0) and Cu2O(1 1 0), the spacing D of {2 2 0} moiré
fringes should be 8.2 Å, which is equal to the spacing of the
moiré repeat measured from the HRTEM image (Fig. 3b).
The moiré repeat width of 8.2 Å is also equal to the spacing
obtained using the bulk lattice parameters of Cu2O and Cu,
suggesting that the Cu2O and Cu lattice have a nearly stress-
free interface configuration.

The natural lattice misfit between Cu and Cu2O is
15.4%. This large lattice misfit makes the formation of
coherently strained metal–oxide interfaces energetically
unfavorable. It has been suggested that the occurrence of
epitaxy in large-misfit systems is related to the formation
of a near coincidence site lattice (CSL) interface configura-
tion requiring lattice strains small enough to be energeti-
cally feasible [42–45]. In this case, the bilayer would be in
a local minimum energy state if the mth atom of the over-
growth coincides with the nth atom of the substrate by
introducing a minimum lattice misfit
Fig. 4. (a) HRTEM image showing an edge-on Cu2O–Cu interface, where the
The shared plane at the Cu2O–Cu interface is ð1�10ÞCu2Okð1�10ÞCu. The absence
interface. (b) SAD pattern from the Cu2O region in (a); the epitaxial orienta
ð1�10ÞCu2Okð1�10ÞCu, and ½�1�12�Cu2Ok½001�Cu. (c) Schematic 3D representation o
F ¼ �ðmao � nasÞ=mao ð1Þ
where m and n can be predicted from the relation ao/
as = m/n of the unstrained lattice parameters of the over-
layer ao and the substrate as and n = m ± 1 [46–48]. For
the Cu2O–Cu system, a 6 � 7 CSL has been proposed, be-
cause it provides a minimum coincidence misfit of
F0 = 1.22% [35,49]. This 6 � 7 CSL interface configuration
can be confirmed from the inset HRTEM images in
Fig. 3b. The periodicity of the moiré fringes on the Cu side
reveals that each moiré repeat contains seven Cu(1 1 0)
spacings, and the moiré repeat on the Cu2O side contains
six Cu2O(1 1 0) spacings.

In addition to the cube-on-cube epitaxy, interfaces with
other epitaxies are observed occasionally, where the
matched lattices across the metal–oxide interface are not
equivalent parallel planes and directions of Cu and
Cu2O. Surprisingly, rather than forming the inclined
interfaces as observed for the cube-on-cube growth, these
non-cube-on-cube epitaxies result in edge-on Cu2O–Cu
interfaces. Fig. 4a is an HRTEM image from an edge-on
interface, where the Cu side has the zone axis of Cu[0 0 1]
parallel to the incident e-beam, and 2D lattice is visible,
while the Cu2O side shows only one-dimensional lattice.
The SAD pattern in Fig. 4b is from the Cu2O side, and
its zone axis is along Cu2O ½�1�12�. The combined HRTEM
image and electron diffraction reveal that the epitaxial rela-
tionship of the Cu2O and Cu lattices is ð1 11ÞCu2O
orientation relationship of the Cu2O and Cu lattices is not cube-on-cube.
of moiré fringe contrast at the interface region suggests that it is an edge-on
tion of the Cu2O with respect to the Cu substrate is ð111ÞCu2Okð110ÞCu,
f the interface geometry.
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kð110ÞCu; ð1�10ÞCu2Okð1�10ÞCu and ½ �112�Cu2Ok½001�Cu. It is
worth noticing that no moiré fringe contrast is present near
the interface zone, suggesting that the Cu2O and Cu lattices
are aligned edge-on at the interface. The HRTEM image in
Fig. 4a indicates that the Cu2O and Cu lattices are joined
along the planes of ð1�10ÞCu2Okð1�10ÞCu. Fig. 4c is a 3D
schematic representation of this interface geometry.

Fig. 5a shows another example of edge-on Cu2O–Cu
interfaces. Again, the absence of moiré fringes contrast
near the interface zone confirms that it is an edge-on inter-
face. The HRTEM image indicates that the Cu region has
the zone axis Cu[0 0 1] parallel to the incident electron
beam. The electron diffraction shown in Fig. 5b was taken
from the oxide region, and the zone axis of the Cu2O region
is identified as Cu2O ½�112�. So the epitaxial relations
between the Cu2O island and the Cu film are identified as
ð1�11ÞCu2Okð1�10ÞCu; ð11 0ÞCu2Okð110ÞCu and ½�112�Cu2O

k½001�Cu. As shown in the HRTEM image in Fig. 5a, the
Cu2O–Cu interface formed for this epitaxial orientation
adopts a high Miller index plane which is identified as
ð320ÞCu2Okð320ÞCu by measuring the contact angle of the
interface with the low-index (1 1 0) planes of both the Cu
and Cu2O lattices. Fig. 5c shows a 3D schematic represen-
tation of this interface shape.

4. Discussion

Two questions are raised by the TEM characterization
of the interface structure and geometry for the Cu2O island
Fig. 5. (a) HRTEM image showing an edge-on interface with the shared plan
implies that it is an edge-on interface. (b) SAD pattern from the Cu2O region
substrate is ð1�11ÞCu2Okð1�10ÞCu; ð110ÞCu2Okð110ÞCu, and ½�112�Cu2Ok½001�Cu. (c)
growth: (1) Why is the cube-on-cube growth the major type
of orientation? (2) Why does the cube-on-cube growth
favor inclined interface geometries, while others prefer
edge-on interface geometries? It is reasonable to expect that
these different interface geometries have different interfacial
structures and therefore different interface energy. A mini-
mum energy criterion is used to predict the thermodynam-
ically favorable epitaxial relationships between the oxide
and the metal substrate, and they are compared with the
experimental results.

The interface energy per unit area of an elastically
strained interface layer is

Eel ¼ 2G
1þ m
1� m

e2h ð2Þ

where G is the shear modulus of the oxide, m is the Poisson’s
ratio, e is the elastic strain in the oxide, and h is the thick-
ness of the interfacial layer. The generation of misfit dislo-
cations at the interface causes additional energy by [50]

Ed ¼
GbðF � eÞ
2pð1� mÞ ln

h
b

� �
þ 1

� �
ð3Þ

where F is the coincidence misfit, and b is the edge compo-
nent of the Burgers vector of misfit dislocations. The total
energy per unit area can be written as

E ¼ Eel þ Ed ¼
2Gð1þ vÞ

1� v
e2hþ GbjF � ej

2pð1� vÞ ln
h
b

� �
þ 1

� �

ð4Þ
e of ð320ÞCu2Okð320ÞCu; the absence of moiré fringes at the interface area
in (a), the epitaxial orientation of the Cu2O island with respect to the Cu
Schematic 3D representation of the interface geometry.
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The magnitude of the elastic strain e* at which a minimum
total energy E* can be obtained by setting @E=@e ¼ 0 is given
by

jej� ¼ b
8pð1þ vÞh ln

h
b

� �
þ 1

� �
ð5Þ

Based on the above derivation, the selection of the epi-
taxial relationship and interface geometry during the oxide
island growth can now be discussed. It can be easily noted
from expressions (4) and (5) that E* increases linearly with
increasing coincidence misfit F. According to the epitaxy
theories for large-misfit growth [42,45–48,50], the interface
configuration with ao/as = m/n and n = m ± 1 provides a
minimum coincidence misfit F, where ao and as are the lat-
tice constants of the oxide and the metal substrate, and F

can be calculated using Eq. (1), For Cu–Cu2O system, both
crystals belong to the cubic system, and the cubic-on-cube
growth produces a 6 � 7 CSL interface configuration in
which six Cu spacings in the Cu2O overlayer exactly match
seven Cu spacings in the Cu substrate with a minimum
coincidence misfit F = 1.22%. Any other epitaxies will
cause a larger coincidence misfit and therefore increase
the equilibrium energy E*. This explains why the epitaxial
relationship is dominated by the cube-on-cube growth.

The correlation between the interface geometry and the
equilibrium energy E* is now discussed. As Eqs. (4) and (5)
show, the equilibrium energy E* also depends on the mag-
nitude of the Burgers vector b of the misfit dislocations.
Unlike the dislocations in the bulk, the misfit dislocations
at the metal–oxide interfaces are not defects but an integral
part of the interface structure [10,11]. Taking a geometrical
approach based on Bollmann’s O-lattice theory [48], a CSL
interface can be divided into coherent regions that are sep-
arated by regions of disturbed coherency, which are
assumed to relax by misfit dislocations. For the parallel
(1 1 1) interfaces of Cu2O and Cu with the cube-on-cube
orientation relationship, hexagonal or trigonal networks
of misfit dislocations can be constructed. The most effective
dislocations accommodating lattice mismatch for the
(1 1 1) interfaces are edge dislocations with a Burgers vec-
tor 1=2h110i along the h211i dislocation line direction,
using the coherent interface as the reference system
[10,11,48]. Alternatively, an edge dislocation network of
partial dislocations with a Burgers vector 1=6h211i along
the h11 0i line direction can be assumed on the (1 1 1) inter-
face. Similarly, for the (2 2 1) interface of Cu2O and Cu
with the cube-on-cube growth, edge dislocations with a
Burgers vector of 1=2h11 0i along h211i line direction
can be also obtained. These relations explain why the
inclined ð11 1ÞCu2Okð111ÞCu and ð221ÞCu2Okð221ÞCu inter-
face geometries are favored by the cube-on-cube growth,
because these two interface geometries provide the most
effective edge dislocations accommodating the lattice
mismatch.

Epitaxies other than the cube-on-cube growth are less
frequently observed, because they are less energetically
favorable. Although non-cube-on-cube growth produces
a larger coincidence misfit, the oxide island can adjust the
growth morphology and develop into interface geometry
with a minimum metal–oxide interfacial area, thereby
reducing the total interfacial energy. This explains why
an edge-on interface shape is adopted for non-cube-on-
cube growth, because the edge-on interface geometry offers
the smallest interface area compared with inclined interface
geometries, and therefore partially offsets the increased
interfacial strain energy due to larger coincidence lattice
misfits associated with the non-cube-on-cube oxide growth.

5. Conclusions

The geometry and epitaxial relationships of interfaces
formed during the early-stage oxidation of Cu(1 0 0) thin
films were investigated. The major findings include:

1. The orientation relationship between Cu2O islands and
the Cu substrate is dominated by cube-on-cube growth,
and other expitaxies are occasionally observed.

2. For cube-on-cube growth, a wedge-shaped interface is
developed; for other epitaxies, an edge-on interface is
formed.

3. A 6 � 7 CSL interface configuration is developed at the
Cu–Cu2O interface for cube-on-cube epitaxy.

These growth features can be attributed to thermody-
namic factors. The cube-on-cube orientation provides a
minimum CSL misfit, thereby minimizing the interfacial
energy, and therefore dominates the epitaxial relationship
of oxide islands with the substrate. The formation of
inclined Cu2O–Cu interfaces associated with the cube-on-
cube growth is due to these interface geometries providing
the most effective misfit dislocations accommodating the
lattice misfit. The increased lattice misfit caused by non-
cube-on-cube growth can be partially offset by the forma-
tion of edge-on interfaces that minimize the total interface
area, thereby reducing the total interface energy. Since
oxide islanding during oxidation has been observed for
many metals, including Fe, Pd, Ni, Co, Ti, Pb and Sn, as
well as Cu, it is expected that these results may have a
broader impact for manipulating metal oxidation to affect
the reaction product morphology and perhaps the oxida-
tion kinetics.
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