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Abstract

We examined the Cu,0 island formation on Cu(1 1 0) as a function of oxidation temperature in the range of 450-650 °C and
oxygen pressure of 0.1 Torr. Epitaxial three-dimensional trapezoid island formation was observed for oxidation at the all
temperatures and it was found that increasing oxidation temperature increased the thickening rate of the oxide islands. The
oxidation at 0.1 Torr was noted to have a smaller nucleation activation energy for the oxide formation as compared to lower

pressures.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

A complete understanding of oxidation processes
includes the investigation of the initial stages of
oxidation, i.e., the nucleation and initial growth of
the oxides which occur in the nanometer-size regime.
The initial state of a metal surface, such as surface
impurities and surface morphology, may greatly influ-
ence the oxide nucleation, growth and hence the oxide
film structure [1]. The improved experimental techni-
ques in ultra-high vacuum (UHV) now make it feasible
to investigate surfaces that are atomically clean at
the starting of the experiments, which is extremely
important for quantitative understanding of oxidation
kinetics. We are presently using a novel technique, in
situ UHV-transmission electron microscopy (TEM),
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which combines the correct range in spatial resolution
and provides the UHV environment necessary to con-
trol surface conditions.

Cu is considered to be a model system for the
oxidation of metal for the fundamental understanding
of oxidation mechanisms and has been studied exten-
sively [2-4]. We had previously reported our investi-
gations of the kinetics of Cu(100) and Cu(l 10)
oxidation using in situ UHV-TEM, and demonstrated
that oxygen surface diffusion is the dominant mechan-
ism for the oxide formation during the initial stages of
oxidation in dry oxygen atmosphere [5-7]. In this
work we investigate the effect of oxidation tempera-
ture on the oxide growth on Cu(l 1 0) surface during
the initial stages of oxidation and the effect of oxygen
pressure on the nucleation of oxide islands. The results
presented here reveal the differences observed for
Cu(100) and Cu(110) and the effects of surface
structure on the oxidation kinetics, thereby on oxide
morphology.
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Copper forms two thermodynamically stable oxi-
des, Cu,O and CuO. Cu,O is simple cubic lattice
(space group: pn3m) with 4Cu and 20 atoms in its
basis, and a lattice parameter of 4.22 A. The Cu atoms
form a FCC lattice and the O atoms form a 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 3.6 A. For the
temperatures and very low oxygen partial pressures
used in our experiments, only Cu,O is expected to
form [8].

2. Experimental

The microscope used in this work was a modified
JEOL 200CX [9]. A leak valve attached to the column
of the microscope permits the introduction of gases
directly into the microscope. In order to minimize the
contamination, a UHV chamber was attached to the
middle of the column, where the base pressure was
less than 10~® Torr without the use of the cryoshroud.
The microscope was operated at 100 keV to minimize
irradiation effects. Scientific grade oxygen gas of
99.999% purity can be admitted into the column of
the microscope through the leak valve at a partial
pressure between 5 x 107> and 760 Torr. The spe-
cially designed sample holder allows for resistive
heating at temperatures between room temperature
and 1000 °C. Single crystal 99.999% pure 700 A Cu
films were grown on NaClI(1 1 0) substrates in an UHV
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e-beam evaporation system, then removed from the
substrate by dissolving the NaCl in de-ionized water.
The Cu film was floated onto a Si piece that is
resistively heated in situ. The native Cu oxide was
removed inside the TEM by annealing the Cu films in
methanol vapor at a pressure of 5 x 107> Torr and
350 °C, which reduces the copper oxides to copper
[10]. After removal from the in situ TEM investiga-
tion, the samples were analyzed using a Digital Instru-
ments NanoScope Illa scanned probe microscope.
Contacting-mode atomic force microscope (AFM)
height images were employed to assess the sample
surface topology.

3. Results

3.1. Effect of oxidation temperature on
oxide growth

We examined the Cu,O island formation as a
function of oxidation temperature in the range of
450-650 °C at 0.1 Torr of oxygen pressure. Three-
dimensional island formation was observed for all the
temperatures, and the selected area electron diffraction
pattern of the Cu,O island and the underlying Cu(1 1 0)
substrate revealed that the oxide island is epitaxial
with the Cu substrate, i.e. (011)Cull(011)Cu,0 and
(1 0 0)Cull(1 0 0)Cu,0, as shown in Fig. 1.

Fig. 2 shows the dark field TEM images of the oxide
islands formed at the different oxidation temperatures

4 Cu(022)

Fig. 1. The epitaxial growth of the oxide on Cu(l 1 0) surface: (a) before oxidation; (b) after oxidation.
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Fig. 2. The dark field images of oxide islands formed on Cu(l 1 0) at the different oxidation temperatures, the oxygen pressure is 0.1 Torr.

but constant oxygen pressure of 0.1 Torr and same
oxidation time of 10 min (~6 x 107 1), where the
Cu(1 1 1) reflection was used for imaging. The oxide
islands formed at the different oxidation temperatures
have the same trapezoid cross-sectional shape, but
different TEM thickness fringe contrast. Fig. 2(a)
shows that no thickness fringe contrast occurred in
the islands with the lateral size of ~250 nm at the low
temperature oxidation (~450 °C). Fig. 2(b) reveals
that the oxidation at the elevated temperature
(~500 °C) resulted in thickness fringe contrast in
the island at the lateral size of ~250 nm. The oxidation
at 650 °C caused the sharp thickness fringe contrast in
the island at the size of 200 nm.

From the Howie—Whelan equations, the intensity
from diffraction beam g is directly proportional to
sinz(m/ég) in Bragg condition, where ¢ is sample
thickness, and fg is the extinction distance. Therefore,
the sample thickness can be estimated by the periodi-
city of the thickness fringe and &, [11]. By applying
this relationship, we made a rough estimation of the
island thickness. Ecy(r 1 1) is 24 nm for the 100 kV
electron beam. In Fig. 2(a), since no thickness fringes
occur in the islands, the thickness variation of Cu
substrate along Cu/Cu,O0 interface is less than 24 nm.
In Fig. 2(c), two dark fringes occurred, the thickness
variation of the Cu film along the interface is close to
36 nm. The thickness variation of the Cu film in
Fig. 2(b) is in the range of 24-36 nm.

Fig. 3(a) shows the AFM image of the Cu,0O islands
obtained at 650 °C, which reveals the trapezoid cross-
sectional morphology of the island, similar as the
TEM observation. Fig. 3(b) shows the cross-sectional
profile along the marked line in Fig. 3(a). The surface

topology reveals that the oxide island has a flat top and
the island height is approximately equal to 23 nm. The
island thickness underneath the Cu film was estimated
to be ~40 nm by considering the conversion of the
displaced copper atoms that had occupied the region
of the Cu,O island. The AFM image analysis of the
islands obtained at the lower temperatures revealed the
similar features of the islands, i.e., contact angle,
island surface flatness, as Fig. 3, but different island
heights. The height of the islands formed at 550 °C is
~16 nm, and the island thickness underneath the Cu
film was estimated to be ~25 nm, similarly, the pene-
tration thickness of the islands formed at 450 °C was
calculated to be ~22 nm. By measuring the contact
angles between the island side-facets and the Cu
substrate and combining the epitaxial relationship
between Cu and Cu,O (Fig. 3c), we determined the
island structural geometry as shown in Fig. 3(d).

3.2. Effect of oxygen pressure on oxide nucleation

One consequence of oxygen surface diffusion being
the mechanism for nucleation is that there is a satura-
tion density of oxide islands [12]. This is due to the
existence of an active zone of oxygen capture around
each oxide island, where the radius of this zone is
dependent of oxygen pressure and oxidation tempera-
ture. For a constant oxygen pressure, the saturation
island density dependence on temperature follows an
Arrhenius relationship, Ny ~ e %/ where k is
Boltzmann constant, 7T is the oxidation temperature,
E, is the activation energy for the oxide nucleation
which depends on the energies of nucleation, oxygen
surface diffusion, absorption and/or desorption [13].



360

0.60
040 E
)
L
=
0.20
0
0 0.20 0.40 0.60

Cu,0(002)
l.

-95

=

(b)

G. Zhou, J.C. Yang/Applied Surface Science 222 (2004) 357-364

1 1
200 400 600

Length [nm]

Fig. 3. (a) AFM image of Cu,O islands formed on Cu(l 10) at 650 °C; (b) cross-sectional profile drawn along the marked lines
indicated in (a); (c) the epitaxial relationship of the islands with substrate; (d) structure model of the island based on the AFM and TEM

measurements.

We measured the saturation density of the oxide
islands at the temperatures from 450 to 650 °C at the
oxygen pressure. Fig. 4 shows the saturation density of
islands versus inverse oxidation temperature. This
Arrhenius dependence of the saturation island density
on temperature demonstrates the oxygen surface diffu-
sion dominated nucleation processes of the oxide
islands. The activation energy, E,, which is equal to
the slope in Fig. 4, was determined to be 0.4 £ 0.04 eV.
In comparison, the activation energy, E,, for Cu(1 1 0)
at the temperatures between 300 and 450 °C at constant
oxygen pressure of 5 x 10~ Torr was measured to be
1.1+0.2eV [7].

The oxygen surface model assumes homogeneous
nucleation, not heterogeneous nucleation [12]. One
particularly interesting question is the role of surface
defects, such as dislocation and steps in the initial
stages of oxidation. In the oxidation of Cu(1l 0 0), no
preferential nucleation sites at dislocations or surface
steps were observed [12,14]. Similar as in the oxida-
tion of Cu(l 0 0), repeated oxidation, reduction, fol-
lowed by oxidation experiments were performed, the
new oxide islands were not necessary nucleated at the
same positions, and the islands still had a random
distribution [15]. Also, the oxide island density was
observed to decrease with increasing temperature,



G. Zhou, J.C. Yang/Applied Surface Science 222 (2004) 357-364

361

14.0 T I

138
13.6 J
13.4
132 4 e
13.0

12.8 4

-In(saturation density) nm?

12.6 4
12.4 4
12.2 4

13.0

I I = L)
125 135 140

1 I
145 150 155 16.0

1/KT

16.5

Fig. 4. Cu,0 saturation island density vs. inverse temperature. The absolute value of the slope is the E, for the surface-limited process.

following as Arrhenius dependence, indicates that
nucleation was homogeneous. If the nucleation
mechanism was heterogeneous, then it would be
reasonable to expect similar island density at different
temperatures, which was not observed.

4. Discussion

4.1. Effects of temperature on the kinetics/energetics
of oxide formation

During the initial stages of the oxidation, the growth
of the oxide islands is accompanied by the conversion
of copper atoms to Cu,O islands along the Cu/Cu,O
edge. Fig. 2 indicates that the oxidation temperature
had a large effect on the island thickness growth, i.e.,
the oxidation at high temperature tends to cause a deep
penetration into the Cu substrate. The penetration
of the islands into the Cu substrate creates inclined
Cu/Cu,0 interface which causes the TEM thickness

fringe contrast. Fig. 5 is the schematics of the islands
formed at the different temperatures. At the low
temperature, 450 °C, the islands have a shallow pene-
tration into the substrate, and a small thickness varia-
tion as shown in Fig. 5(a). The oxidation at the high
temperature results in formation of the islands with
deeper penetration, and a large thickness variation
along the inclined interface as shown in Fig. 5(b)
and (c).

The oxide island structure is controlled by thermo-
dynamic and/or kinetic factors during the oxidation
reaction. The free energy change for the formation of
oxide islands can be expressed as

AG =) Ap + > A,
+ AGu1(Cuy0) = Y~ Acuicy (0

where ) Agy, is the island surface energy, > A;y; is
the interfacial strain energy, AG,q(Cuy0O) is the
volume energy for the formation of Cu,0O, and
>~ AcuYcy 18 the surface energy of Cu before the oxide

(a) (o)
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Fig. 5. Schematics of the oxide islands formed at the different oxidation temperatures: (a) 450 °C; (b) 550 °C; (c) 650 °C.
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formation. It is known that Cu,O has a thermal expan-
sion coefficient of 1.9 x 107°°C~!, and Cu has a
thermal expansion coefficient of 17 x 107¢°C™".
With temperature increasing, the lattice mismatch
(~17%) between Cu and Cu,O becomes smaller
and this lattice mismatch induced interfacial strain
is reduced. Therefore, the islands tend to prefer the
structure with large interface area which has a deeper
penetration at high temperature, such that a thicker
oxide island (and more compact) formed at high
temperature is more energetically favorable than an
island with larger surface area.

We have considered the energetics, but the island
growth depends also upon the kinetics. The formation
of Cu,0 islands on Cu creates Cu,O/Cu interface.
Their large lattice mismatch causes an interfacial
strain field on the Cu/Cu,O interface. It has been
reported that strain fields around islands have an effect
on the island growth kinetics in thin film growth
processes, i.e., creating additional activation barriers
for the incorporation of adatoms to islands [16].
Similarly, in the initial stages of oxidation, the oxide
island growth involves the incorporation of oxygen
atoms and the strain field concentrated on Cu/Cu,O
interface would inhibit the interface diffusion of oxy-
gen. The oxygen diffusion coefficient D follows an
Arrhenius relationship, D ~ e /¥ where E, is the
activation energy for diffusion. Different oxidation
mechanisms have different E, values. It is well known
that activation energy for surface diffusion is typically
smaller than the other diffusion mechanisms and it has
been previously demonstrated the oxide growth is
dominated by the surface diffusion of oxygen to the
perimeter of the oxide islands when the temperature is
lower than 450 °C in the oxidation of Cu(1 1 0) [7].
However, with the oxidation temperature increasing,
the Cu and Cu,O lattice mismatch is reduced and the
interface strain is decreased. This reduced strain field
near the interface permits diffusion to occur more
readily. As a result, there is an enhanced kinetics of
oxygen interfacial diffusion which contributes signif-
icantly to the thickening growth of the oxide island.

4.2. Effect of oxygen pressure on the activation
energy for the oxide nucleation

The initial stages of oxidation proceed through a
similar sequence of steps as that typical of condensed

vapors to a first approximation. The stages involve
oxygen surface adsorption, surface mobility, rearran-
gements in the adsorbed layer and trapping of the
mobile oxygen to form relatively stable and usually
ordered structures. On the other hand, rigorous for-
mulation of the nucleation and growth process for
oxide formation is more complex than simple vapor
condensation. The thermodynamic parameters char-
acteristic to the reaction species are more difficult to
evaluate, and the reaction path is more complex.
However, it is possible to formulate a simple model
which is helpful and to make qualitative predictions
from it for experiments where conditions are carefully
controlled. In order to form oxide islands on the
surface, the system should overcome an activation
barrier whose height is given by the work of formation
of the critical nuclei. We consider the heterogeneous
nucleation of the oxide islands, this activation energy
was easily obtained to be

1
* 3
AG' =100 e @)
where f(0) is the geometric factor of the surface
energy, ¢ the oxide surface energy, AGy the free-
energy change which drives the oxidation reaction,
and AGg is the strain energy due to the lattice mis-
match between the oxide and the metal substrate. AGy
can be determined through the oxidation reaction,
2Cu + (3)0; = Cu,0

AGy = AG® — 1RTInPo, 3)

where R is the gas constant, T the oxidation tempera-
ture, Po, the oxygen pressure, and AG® is the standard
free change for the formation of Cu,O and in our
oxidation temperature range it is

AG® (J/mol) = —130,930 + 94.5T. )

By applying the above deviation, we consider the
effects of the oxygen pressure on the nucleation
thermodynamics. Because the sign of AG” is negative,
AGy will be more negative with the increase in the
oxygen pressure. While AGs is positive, the overall
energy barrier to nucleation, AG™, decreases with the
increase in the oxygen pressure. This analysis is
consistent with our measurements that activation
energy for the oxide formation at the oxygen pressure
of 0.1 Torr is 0.4 + 0.04 eV, which is smaller than the
oxidation at the oxygen pressure of 5 x 10~* Torr
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where the activation energy was measured to be
1.1£02eV [7].

4.3. Comparison to Cu(l 0 0) oxidation

It has been demonstrated that temperature has a
dramatic effect on the oxide morphology in the oxida-
tion of Cu(1 0 0) films, and it was found that the oxide
morphology can be either triangular shape (~350 °C),
square shape (400-550 °C), rod shape (~600 °C) or
pyramid shape (650-800 °C) depending only on the
oxidation temperature, and the oxide morphology is
controlled by kinetics or energetics factors [17,18].
However, in the oxidation of the Cu(1 1 0), the oxida-
tion at the different temperatures (150-650 °C) [7]
resulted in the same oxide structure (trapezoid shape).
The only difference is that the oxidation at higher
temperatures results in the oxide islands with thick
penetration into the substrate.

In the oxidation of Cu(l 0 0), no thickness fringe
contrast occurred in the TEM observation of the oxide
islands with lateral size up to ~650 nm obtained at the
different oxidation temperature up to 800 °C [17,18].
Therefore, the oxide islands on Cu(l 0 0) surface
show a much more rapid lateral growth rate than
the thickening, and the oxide island formation can
be considered as a surface process. Consequently, the
morphology of the oxide islands can be controlled by
the different mechanisms, i.e., surface energetics and/
or surface kinetics. The present result indicates that
the Cu(l 10) surface exhibits a faster thickening
growth of the oxide islands than Cu(1 0 0), especially
at the high temperature oxidation. It is known that
Cu(1 0 0) has a more compact O-chemisorbed surface
structure than Cu(1 1 0) surface (corrugated O-chemi-
sorbed structure) [19-22]. It is reasonable to expect
that the Cu(1 1 0) surface has a larger activation energy
for the oxygen surface diffusion than Cu(1l 00).
This O-chemisorbed roughness on Cu(l 1 0) surface
decreases the difference in the activation energies
between oxygen surface diffusion and interface diffu-
sion, especially at the high temperature, where the
interface diffusion of oxygen is greatly enhanced.
Therefore, with temperature increasing, the oxide
islands formed on Cu(1 1 0) have a deeper penetration
and a more compact structure. It is interesting to expect
from the present work that the surface structure has a
dramatic effect on the oxide growth mode, and a rough

surface will give rise to a fast thickening of oxide
islands.

5. Conclusion

Oxidation temperature has a large effect on the
kinetics/energetics of the oxide formation, thereby
on the oxide structure on Cu(l 10) surfaces. With
the oxidation temperature increasing, there is a
decrease in the lattice mismatch between Cu and
Cu,0 due to their different thermal expansion coeffi-
cients, and this reduced mismatch causes the enhanced
kinetics of oxygen interfacial diffusion which gives
rise to the faster oxide thickening rate, especially
when the oxidation temperature exceeds 600 °C.
The comparison to the lower oxygen pressure oxida-
tion indicates that the oxidation at higher oxygen
pressure will result in an easier oxide nucleation.
The comparison to the oxidation of Cu(1 0 0) surface
indicates that Cu(1 1 0) shows a faster three-dimen-
sional oxide island growth at the elevated oxidation
temperature.
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