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Dependence of degree of orientation of copper oxide nuclei on oxygen pressure during
initial stages of copper oxidation
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We report in situ transmission electron microscopy observations of the dependence of the degree of orientations
of oxide nuclei on oxygen pressure during the initial-stage oxidation of Cu(100) surfaces, which reveal a transition
from nucleating epitaxial Cu2O islands to randomly oriented oxide islands with increasing the oxygen pressure
from 5 × 10−5 to 150 Torr. We show by a kinetic model that this transition of oxide nucleation orientation is
driven by the influence of oxygen pressure on the oxide nucleation barrier and atom collision rate.
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I. INTRODUCTION

The oxidation of metals plays a key role in many technolog-
ical and environmental processes such as corrosion, chemical
catalysis, fuel reactions, and thin-film processing. Over the
past decades, surface science studies on the oxidation of metal
surfaces under idealized conditions, i.e., ultrahigh vacuum
(UHV), have gathered a wealth of knowledge including the
surface structure, adsorption sites, and reaction pathways.
However, the resulting profound understanding of the reaction
mechanism obtained under rarefied UHV conditions does not
automatically translate into an equally good understanding
of the technologically relevant realistic (or near-) atmospheric
oxidation. It has been shown recently that the surface oxidation
proceeds readily under high-pressure oxidation conditions,
but appears not to proceed under the low-pressure con-
ditions typical of a vacuum experiment, despite favorable
thermodynamics. For example, using a combination of in situ
surface x-ray diffraction, scanning tunneling microscopy, and
density-functional-theory calculations, Lundgren et al. have
studied the oxidation of Pd surfaces from UHV to atmospheric
pressure and found that the formation of PdO bulk oxides
requires a surprising significantly larger oxygen pressure than
that predicted by first-principles atomistic thermodynamics.1–4

Similar behavior has been observed during the initial oxidation
of other metals such as Rh (Refs. 5 and 6) and Cu.7–10

Therefore, it is highly desirable to bridge this pressure gap
by determining the difference in the response of a metal
surface exposed to both the low and high pressures of oxygen
gas.

Herein, we present a very demonstrative example of how the
difference in oxygen pressure can lead to different behaviors
of oxide nucleation during the initial oxidation of Cu surfaces.
It has been shown previously that the oxidation of copper
and many other metals proceeds via nucleation of oxide
islands,11–16 which are assumed to have thermodynamically
controlled orientations.17 Here we show that this is the case
only if the metal surface is oxidized under a relatively low
oxygen pressure (pO2), and that increasing the oxygen pressure
will lead to nucleation of randomly oriented islands. Our
kinetic model reveals that this nucleation orientation transition
is driven by the opposite effect of oxygen pressure on two

critical factors governing the nucleation of oxide islands, i.e.,
the nucleation barrier and atom collision rate.

II. EXPERIMENT

Our experiments were carried out in a modified JEOL
200CX transmission electron microscope (TEM).18 This mi-
croscope is equipped with UHV chamber with base pressure
∼10−8 Torr. The microscope was operated at 100 KeV to mini-
mize the possibility of radiation effects on oxidation behavior.
A leak valve attached to the column permits the controlled
introduction of oxygen gas directly into the microscope at
a pO2 between 5 × 10−5 and 760 Torr. Cu(100) films with
∼600-Å thickness were grown on NaCl(100) substrates by
e-beam evaporation. The metal films were removed from the
substrate by flotation in deionized water, washed, and mounted
on a TEM sample 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. 19) 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.20

III. EXPERIMENTAL RESULTS

After admitting oxygen gas into the TEM chamber, no oxide
islands appear on the clean Cu surfaces within the first couple
of minutes. Visible oxide islands are then observed to nucleate
rapidly and reach their saturation number density after several
minutes of oxidation time. The saturation time depends on the
oxygen pressure, i.e., the higher the oxygen pressure, the faster
the oxidation rate for reaching the saturation of nucleation.
For instance, the saturation time is ∼10 min for the oxidation
under pO2 = 5 × 10−3 Torr, while it is ∼2 min under pO2 =
150 Torr. Further oxidation leads to the growth and coalescence
of oxide islands. Figure 2 shows the dependence of the
saturated number density of the oxide islands as a function
of the oxygen pressure from 5 × 10−4 to 150 Torr. It can be
seen that, increasing the oxygen pressure from pO2 = 5 ×
10−4 to pO2 = 150 Torr increases the saturation density of
oxide islands by four orders of magnitude. The observation
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FIG. 1. The dependence of the saturation number density of oxide
islands as a function of oxygen pressure is measured using in situ TEM
imaging of the oxidation of Cu(100) surfaces at 350 ◦C and oxygen
pressure ranging from 5 × 10−4 to 150 Torr.

that the density of oxide nuclei saturates suggests that the
nucleation process is limited by oxygen surface diffusion, i.e.,
an active zone of oxygen capture exists around each oxide
island. The radius of this oxygen capture zone is proportional to
the collision rate of oxygen atoms by oxygen surface diffusion

and free-energy barrier of forming an oxide nucleus. The
higher density of oxide islands correlates with a smaller zone
of oxygen capture, which implies that increasing the oxygen
pressure leads to a faster oxygen collision rate and a smaller
oxide nucleation barrier. It is rather surprising to note that the
oxidation under pO2 = 150 Torr still results in the nucleation
of individual oxide islands rather than the continuous oxide
film, despite the fast impingement rate of oxygen molecules
onto the surface sites from the gas phase at this high oxygen
pressure.

Figures 2(a)–2(c) show bright-field TEM images of
Cu(100) surfaces oxidized at 350 ◦C and different pO2 for
10 min. Oxide islands are observed to form on the surface
and the density of oxide nuclei increases with increasing pO2.
Selected-area electron diffraction (SAED) patterns from the
oxidized surfaces reveal that Cu2O islands nucleated under
the lower pO2 (i.e., <5 Torr) have the cube-on-cube epitaxy
with the Cu(100) substrate, i.e., (011)Cu2O//(011)Cu and
Cu2O//Cu. Oxidation at pO2 = 150 Torr and above results
in the nucleation of nonepitaxial Cu2O islands, as revealed by
the presence of the Cu2O diffraction ring pattern [Fig. 2(c)].
The intensity distribution over the diffraction rings is rather
uniform, suggesting that the oxide islands are oriented at
random. The appearance of additional diffraction spots or rings
surrounding Cu reflections in the electron diffraction patterns
shown in Fig. 2 is caused by the double diffraction of Cu and
Cu2O islands.

To check if any preferred orientations exist among the
oxide islands formed under the high oxygen pressure, the ring

FIG. 2. Upper panel: Bright-field TEM images of Cu2O islands formed Cu(100) oxidized at 350◦ C and different oxygen pressures for
10 min: (a) pO2 = 5 × 10−4 Torr, (b) pO2 = 0.5 Torr, and (c) pO2 = 150 Torr. Lower panel: SAED patterns from the corresponding oxidized
Cu(100) surfaces, where the additional reflections are due to double diffraction of electron beams by Cu and Cu2O. A transition from nucleating
epitaxial oxide islands to randomly oriented Cu2O islands occurs upon increasing the oxygen pressure.
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FIG. 3. (Color online) Intensity analysis and indexing of the
electron diffraction ring pattern indicate that all rings allowed by
the structure factors are present, suggesting the random orientations
of Cu2O islands formed on the Cu(100) surface.

diameters and integrated intensities of the electron diffraction
pattern obtained from the oxidation at pO2 = 150 Torr are
measured by digital micrograph. Indexing of the ring pattern
indicates that all rings allowed by the structure factors are
present. The relative ring intensity along the radial direction is
shown in Fig. 3. It can be seen that the intensity of the (111) ring
is the strongest, the (200) ring is the second strongest, and the
(211) ring has minimum intensity. Their relative intensity dis-
tribution matches qualitatively with the intensity ratios from x-
ray Cu2O powder diffraction [(110):(111):(200):(211):(220) =
9:100:37:1:27), suggesting the absence of preferred orienta-

tions (or texture structure) among the oxide islands formed
under the high oxygen pressure.

Figure 4 shows the high-resolution (HR) TEM images
of the oxidized Cu surfaces, which further confirm this
pressure-dependent orientation of oxide nuclei. Figure 4(a) is a
[001] zone-axis HRTEM image obtained from the Cu surface
oxidized under pO2 = 0.5 Torr, where the two-dimensional
(2D) moiré fringe pattern caused by the overlapping of Cu2O
and Cu lattices is visible. The moiré fringes running parallel
to {101} lattice planes of the Cu substrate suggest the Cu2O
islands have the cube-on-cube epitaxy with the Cu lattices,
i.e., the equivalent planes and directions of Cu2O islands and
the Cu substrate are matched. Figure 4(b) is a [001] zone-axis
HRTEM image of the Cu(100) surface oxidized under pO2 =
150 Torr, where the nonepitaxial nucleation of Cu2O islands
can be evidenced by the absence of strong 2D moiré fringe
contrast and the inset Fourier transform pattern of the HRTEM
image.

The above observations indicate that the oxidation under
the high oxygen pressure results in the formation of randomly
oriented oxide islands. However, an important question is
whether the departure from the epitaxial orientation originates
from the oxide island nucleation process or the later stages
of oxide growth. As shown in Fig. 2, while the density of
oxide islands increases with increasing oxygen pressure, the
size distribution of the oxide islands formed under the different
oxygen pressures is quite comparable for the same oxidation
duration (i.e., t = 10 min). Ex situ atomic force microscopy
(AFM) of the oxidized surfaces reveals that the island thickness
is also similar for the different oxygen pressures. However,
as it can be seen from Fig. 2(c), due to the larger island
density for the oxidation at pO2 = 150 Torr, some islands have
begun to merge. Therefore, it is necessary to look at the effect
of oxide growth and coalescence on the island orientations,
particularly for the regime of the low oxygen pressures under
which only epitaxial oxide islands are observed. Figure 5
shows bright-field TEM images and the corresponding electron

FIG. 4. HRTEM images of Cu(100) oxidized under different oxygen pressures. (a) pO2 = 0.5 Torr and (b) pO2 = 150 Torr. The strong
2D moiré fringe pattern implies the epitaxial nucleation of Cu2O islands; the absence of 2D moiré fringes in (b) suggests the nonepitaxial
nucleation of Cu2O islands on the surface. The inset is the Fourier transform of the HRTEM images, which reveal the similar diffraction patterns
as shown in Fig. 1.
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FIG. 5. Upper panel: Bright-field TEM images of Cu2O islands formed Cu(100) oxidized at 350◦ C and different oxygen pressures for
30 min: (a) pO2 = 0.5 Torr, (b) pO2 = 5 Torr, and (c) pO2 = 50 Torr. Lower panel: SAED patterns from the corresponding oxidized Cu(100)
surfaces. The observations reveal that the cube-on-cube epitaxial orientation is still maintained during the growth and coalescence processes of
the oxide islands.

diffraction patterns from the Cu surfaces oxidized at 350 ◦C
for 30 min with pO2 = 0.05, 5, and 50 Torr, respectively.
Compared with the sizes of oxide islands as shown in Fig. 2,
where the samples are oxidized for only 10 min, the longer
oxidation time results in the increase in the island sizes. For
the lower oxygen pressures (pO2 = 0.05 and 5 Torr), individual
islands are still visible on the Cu surfaces, while the oxidation
under pO2 = 50 Torr results in the coalesced and continuous
oxide film. As can be seen from the corresponding electron
diffraction patterns, the oxidized Cu surfaces with oxide
islands or the coalesced oxide film still show the cube-on-cube
epitaxial orientation of the oxide with the Cu substrate. By
comparing with the diffraction patterns in Fig. 2, it can be
noted that the oxide islands do not undergo significant changes
in their crystallographic orientations during the growth and
coalescence processes. These observations suggest that the
orientation of an oxide island is largely determined at the very
early stages of the oxide-island nucleation processes.

IV. DISCUSSION

To understand this pressure-dependent orientation of oxide
nuclei, we first look at the effect of oxygen pressure on
the nucleation barrier for the heterogeneous nucleation of
an oxide island on a metal surface. During the nucleation
process, an oxide nucleus increasing its size by growing
should overcome an energy barrier for a given �μ (�μ

is the chemical potential difference between the actual and

equilibrium oxygen pressures during the oxidation) before it
can become a stable island on the surface. Considering, for
simplicity, the three-dimensional nucleation of an oxide island
on a plane metal surface,10,21,22 we can express the free energy
of formation of a critical oxide embryo by

�G∗ = 16πσ 3
NO

3�μ2
f (n) , (1)

where σ NO denotes the specific interfacial energy between
oxide nucleus and oxygen gas, θ is the contact angle of the
oxide nucleus with the metal substrate, and f (n) = (2+n)(1−n)2

4
is the geometrical factor for a plane surface. n depends on
the interaction and structural match between the oxide nucleus
and the metal substrate, and is related to the interfacial tension
between the oxide and metal substrate by

n = (σSO − σNS) /σNO, (2)

where σ NS and σ SO are the interfacial free energies between the
oxide nucleus and metal substrate and the substrate and oxygen
gas, respectively. For a given system, the strong interaction and
ideal structural match (i.e., epitaxial nucleation) leads to n →
1; on the other hand, the weak interaction and poor structural
match (i.e., nonepitaxial nucleation) leads to n → –1.23–26

These two situations are shown schematically in Fig. 6(a).
Therefore, heterogeneous nucleation of oxide islands occurs
in the range of between n = 1 and –1.

We then consider the oxide nucleation kinetics, which is
defined as the number of stable nuclei created per area time. O2
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FIG. 6. (Color online) (a) Illustration of the relation between the
structural match and the interfacial interaction parameter n: the strong
interaction and good structural match leads to n → 1, while weak
interaction and poor structural match leads to n → –1. (b) Plots of the
relative steady-state nucleation rate J/B vs the interaction parameter
n at different oxygen pressures pO2 for the oxidation of Cu at 350 ◦C.

arriving from the vapor phase dissociates and migrates on the
metal surface and then reacts with substrate atoms to produce
oxide clusters of different sizes, thus giving rise to critical
nuclei. In classic nucleation theory, the rate of forming critical
nuclei results from a two-step process, i.e., the formation of
a near equilibrium concentration N∗ of critical nuclei and the
impingement rate of adatoms w∗ upon these critical nuclei.
The nucleation rate J can thus be expressed as

J = ω∗N∗�, (3)

where N∗ is density of critical nuclei, w∗ is flux of attachment
of adatoms to a critical nucleus, and � is the Zeldovich factor
accounting for the deviation of the system from the equilibrium
state.

The impingement of atoms onto a growing nucleus may
occur by surface diffusion of adatoms to the nucleus periphery.
The flux of oxygen towards the critical nucleus along the
substrate surface can be calculated by

ω∗ = l∗Dss∇ (Fτ ) ∼= l∗Dss
Fτ

a0
,

where I ∗ is the periphery of the critical nucleus on the substrate
surface and is calculated as 4πσNO

�μ
sin θ , Ds is the oxygen atom

jump rate, s is the oxygen sticking coefficient, F is the oxygen
adsorption flux, τ is the oxygen residence time, and a0 is the
distance of a diffusion jump. Ds can be calculated by Ds =
a2

0v exp(−Esd
kT

), where a0 is the distance of a diffusion jump, v is
the vibration frequency of oxygen atoms, Esd is the activation
energy for O surface diffusion, k is the Boltzmann’s constant,
and T is the oxidation temperature. The oxygen adsorption
flux F can be calculated from the kinetic gas theory and is
equal to pO2√

2πmkT
, where pO2 is the oxygen gas pressure and

m is the molecular mass of oxygen. The residence time τ is
equal to 1

v
exp(Edes

kT
), where Edes denotes the activation energy

for desorption. Inserting l∗ Ds , F, and τ into w∗, one obtains

ω∗ = 4πa0sσNO

�μ
sin θ

pO2√
2πmkT

exp

(
Edes − Esd

kT

)
. (4)

The equilibrium density N∗ of critical nuclei can be
calculated from the nucleation barrier and the density of
surface sites available for nucleation byN∗ = Ns exp(−�G∗

kT
),

where �G∗ is given in Eq. (1), Ns is the concentration of O
atoms at the surface and is the product of the adsorption flux F,
and the mean residence time τ , Ns = pO2√

2πmkT
× 1

v⊥
exp(Edes

kT
).

In order to account for the configurational entropy that arises
from the number of ways of arranging islands on the sites, a
statistical contribution �Gconf ≈ −kT ln( N0

Ns
) is incorporated

into the work of forming an oxide nucleus, where N0 is the
density of available oxygen adsorption sites. As a result, the
density of critical oxide nuclei can be written as

N∗ = Ns exp

(−�G∗ − kT ln
(

N0
Ns

)
kT

)
. (5)

The Zeldovich factor � is to correct for the fact that some
islands that have reached the critical size still decay to smaller
sizes. For the formation of a cap-shaped nucleus at the given
chemical potential �μ, � is given by27

� = �μ2

8π	

√
kT σ 3

NOf (θ )
, (6)

where 	 is the volume of oxygen atoms in the oxide phase.
For the oxidation of Cu, 2Cu + 1

2 O2 = Cu2O, the chemical
potential �μ can be written as �μ = − 1

2NA
RT ln(pO2

pOe
2
), where

NA is the Avogadro constant, R is the gas constant, T is
the oxidation temperature, pO2 is the actual oxygen pressure
during the oxidation, andpOe

2 is the equilibrium oxygen
pressure as given by the Ellingham diagram for most metal
oxides.28 By substituting w∗, N∗, and � using the expressions
of (1)–(6) into Eq. (3), the oxide nucleation rate J is obtained
as

J

B
= J0 exp

⎛
⎜⎜⎜⎝−16π	2(2 + n)(1 − n)2

3(kT )3

[
ln

(
pO2

pOe
2

)]2 σ 3
NO

⎞
⎟⎟⎟⎠ , (7)

with

J0 =
[

4(1 + n)

(2 + n)(1 − n)

]1/2 (
pO2

pOe
2

)
ln

(
pO2

pOe
2

)

and

B = a0sN0pOe
2

4
√

2πmσNO
exp

(
Edes − Esd

kT

)
,

where J0 can be called the collisional prefactor.
Equation (7) indicates that the nucleation rate depends on

both the oxygen pressure pO2 and the metal-oxide structural
match through the interaction parameter n. In Fig. 6(b), the
nucleation rate J is plotted via n for different pO2 for oxidation
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of copper at 350 ◦C. As can be seen from the plots, the
oxidation is dominated by nucleating epitaxial islands (i.e.,
n = 1) for the low oxygen pressure. With increasing pO2,
the nucleation rate of nonepitaxial oxide islands (n → 0 and
–1) is promoted and the difference in the nucleation rates
of epitaxial and nonepitaxial oxide islands is significantly
reduced. Therefore, both epitaxial and nonepitaxial Cu2O is-
lands are nucleated simultaneously on the metal surface under
the high oxygen pressure. While the comparison between the
experiment and the model can not be made quantitatively by
Eq. (7) in terms of the island nucleation rate, due to the practical
limitation of the classic heterogeneous nucleation theory (no
accurate values for surface and interface energies as function
of oxygen pressure, surface diffusion values, etc., makes the
theory difficult to quantify), the real data of the experimental
oxygen pressure are used in the model to predict the effect
of oxygen pressure on the nucleation orientations of oxide
islands. This effect can be noted in Fig. 6 and the outcome
of the model provides a reasonable match with the ranges of
the oxygen pressures at which epitaxial or nonepitaxial oxide
islands are experimentally observed, as shown in Figs. 2–5,
where the oxidation of Cu(100) under low pO2 (<50 Torr)
is dominated by nucleating epitaxial Cu2O islands, while the
oxidation under the higher pressure of pO2 = 150 Torr results
in randomly oriented Cu2O islands. In addition, as shown in
Fig. 1, the nucleation density of oxide islands for oxidation at
pO2 = 10−4 and 150 Torr are comparable within four orders of
magnitude, which agrees with the plots in Fig. 6, which show
that J is comparable for both within a few orders of magnitude
for 10−4 Torr to have n = 1, and 150 Torr to have n ranging
from n = –1 to 1.

The above results indicate that the epitaxial nucleation
of oxide islands can not be maintained within the whole
range of oxygen pressures. The change in the nucleation
orientation under different oxygen pressures can be physically
understood as follows. At low oxygen pressure, the nucleation
barrier is very high, i.e., the nucleation rate is dominated
by the exponential term in Eq. (7). The top priority to
accelerate the nucleation kinetics is to lower the nucleation
barrier. Therefore, heterogeneous nucleation with the strong

interaction and good structural match (n → 1) between an
oxide island and the metal substrate will be kinetically favored.
Conversely, at high oxygen pressures, the nucleation barrier
is reduced and the exponential term becomes less important.
Instead, the issue of effective collisions, described by the
collisional prefactor J0 of Eq. (7), becomes important. The
nucleation of oxide islands with weak interaction and poor
structural match (n → 0 and –1) with the metal substrate is
enhanced. Kinetically speaking, to obtain the epitaxial oxide
film on the metal substrate by oxidation, the oxygen pressure
should be relatively low. If the oxygen pressure is too high, the
kinetics leads to a deviation of nucleating oxide islands from
the orientation of the metal substrate and the epitaxial relation
will be lost.

V. CONCLUSION

In conclusion, the effect of oxygen pressure on the nucle-
ation orientation of oxide islands during initial oxidation of
metals is examined both experimentally and theoretically. The
oxidation under the low oxygen pressures leads to epitaxial
oxide islands, while increasing oxygen pressure results in
randomly oriented oxide nuclei. It is shown that such a nu-
cleation orientation transition is caused by the opposite effect
(i.e., epitaxial versus nonepitaxial) of oxygen pressure on the
nucleation barrier and atom collision rates. While nucleation
takes place on the nanometer scale, its influence extends to
larger size scale in controlling the microstructure evolution
of the oxide film developed during metal oxidation. The
insight obtained from this study is expected to have broader
implications in understanding and manipulating the transient
oxidation of metals under ambient working atmosphere as
well as in the microstructure control of oxide films for many
technological applications.
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