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Abstract

Previous studies of the initial stage of oxidation on clean single crystal of Cu(1 00) have been extended to the case of
the Cu(1 10) surface. The dynamic observation of the nucleation and growth of Cu oxide by means of in situ ultra high
vacuum transmission electron microscopy (UHV-TEM) shows a highly enhanced oxidation rate on Cu(1 10) surface as
compared to Cu(1 00). The kinetic data on the nucleation and growth of the three-dimensional oxide islands agree well
with our heteroepitaxial model of surface diffusion of oxygen.

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

Classical theories of oxidation, such as Cab-
rera—Mott, [1] have proved to be highly successful
in predicting oxidation behavior of metals, but
these models are focused on the growth of an oxide
layer, and assumes uniform film growth. Due to
the development of well-controlled experiments
and the increased experimental capabilities in res-
olution and cleanliness, it is known that early
stages of oxidation involve nucleation and growth
of metal oxide islands [2-6]. However, there is still
a wide gap between information provided by sur-
face science methods (adsorption of up to ~1 ML
of oxygen) and that provided by bulk oxidation
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studies (oxide layer of ~few microns or thicker).
The initial state of a metal surface, such as surface
impurities and surface morphology, may greatly
influence the oxide nucleation, growth and hence
the oxide film structure. Hence, we have chosen
to study the initial stage of oxidation by in situ
ultra high vacuum transmission electron micro-
scopy (UHV-TEM), which can bridge the gap be-
tween monolayer and bulk growth and where the
UHV environment provides excellent control of
surface conditions. By means of in situ UHV-TEM
we can study quantitatively the dynamic aspect of
the initial stage of oxidation, for example the oxide
nucleation and growth.

Oxygen reaction with Cu surfaces is consid-
ered to be a model system for the oxidation of
metal surfaces and has consequently been studied
extensively [7-11]. We had previously reported
our investigations of the kinetics of initial stages
of Cu(100) oxidation using in situ UHV-TEM [3,
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12-15]. We have demonstrated that oxygen surface
diffusion is the dominant mechanism for the oxide
formation during the initial oxidation in dry oxy-
gen atmosphere and shown that heteroepitaxial
concepts describe surprisingly well the nucleation,
and growth to coalescence of Cu,O island on
Cu(001). This paper focuses on the oxidation
of Cu(110). Although the rate of oxidation
on Cu(110) is faster than Cu(100), the same
models of oxygen surface diffusion agree excep-
tionally with the experimental data.

Gwathmey and co-workers [8,16] have demon-
strated that the oxidation phenomena observed on
copper vary with crystal orientation. Investigations
by Benard and co-workers [17,18] showed that the
rates of oxidation were different for different crystal
orientations. In the present work we present a
systematic investigation of the kinetics of the initial
oxidation on Cu(l10) surface by in situ UHV-
TEM. Interestingly, the apparent discrepancy be-
tween Gwathmey et al.’s results of Cu(1 10) having
oxidation rate and the results presented here can be
explained by heteroepitaxial concepts coalescence.
We have examined the dependence of island den-
sity on oxidation time, saturation island density
on oxidation temperature, and island growth as a
function of oxidation time. The results presented
here for the Cu(l10) surface reveal the similari-
ties and differences observed for Cu(100) and
Cu(110), and demonstrate the generality of the
oxygen surface diffusion model originally devel-
oped to describe the results observed on the
Cu(100) surface. Before presenting the results for
Cu(110) surface, we will briefly discuss the oxygen
surface diffusion model for oxide nucleation and
growth in the following section.

2. Oxygen surface diffusion model
2.1. Nucleation

Oxygen gas molecules impinge on the metal
surface and dissociate. The chemisorbed oxygen
creates a Cu—O surface reconstruction. It is prob-
able that the further impinging oxygen molecules
dissociate into oxygen atoms, and then diffuse
across the O-chemisorbed surface, where they may

be lost to re-evaporation, form new oxide nuclei, or
be captured by an existing nuclei. Regardless of the
details of the intermediate steps, the density of
these stable nuclei is expected to increase with time,
reaches a saturation level, NV, and then decreases as
the discrete nuclei impinge on each other and co-
alesce. One consequence of oxygen surface diffu-
sion being the mechanism for nucleation is there is
a saturation island density, 1/L3, where L3 is the
area of the “zone of oxygen capture” around each
Cu,0 islands. An oxygen concentration gradient
exists across this zone such that oxygen that lands
within this zone shall diffuse to the Cu,O islands;
hence, the oxide islands act as oxygen sinks.

Assuming oxygen surface diffusion is the dom-
inant transport mechanism for the nucleation of
copper oxides, then the probability of an oxide
nucleation event is proportional to the fraction of
the available surface area outside these ““zones of
oxygen capture” and the oxide nucleus density can
be determined to be [13]

N:é(l—e“ﬁ’), (1)

d

where L7 is the area of the zone of oxygen capture,
l/Lfi is the saturation island density, Ly is much
larger than the diameter of the oxide island, % is
the initial nucleation rate, which depends on the
probability for Cu and O to form Cu,O, and ¢ is
the oxidation time.

Because of higher mobility of oxygen at higher
temperatures, the attachment to existing island is
more favorable than the nucleation of new nuclei.
Hence, it is reasonable to expect many small
islands are formed at low temperatures, whereas
for high temperatures less island density but larger
average island size is observed. Therefore, the
saturation island density dependence on tempera-
ture could follow an Arrhenius relationship,

Ns ~ eEa/kT’ (2)

where £ is the Boltzmann constant, 7 is the oxidation
temperature. This activation energy, E,, of the nu-
cleation depends on the energies of nucleation, ab-
sorption and/or desorption [19] and not necessarily
on the oxygen surface diffusion energy only. By
measuring the island density at different tempera-
tures, then the activation energy, E,, for this surface-
limited nucleation process can be determined.
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2.2. Growth

Orr, [20] followed by Holloway and Hudson [21],
has developed an oxidation model based on the
assumption that oxygen surface diffusion should
play a major role in the initial growth of the metal
oxide. They assumed that the oxide islands grew on
the metal surface, i.e. two-dimensional (2-D) and
obtained a parabolic growth rate law if oxygen
surface diffusion and impingement on the island’s
perimeter is the dominant transport mechanism.

The formation of oxide is accompanied the
conversion of copper atoms from the substrate to
Cu,O islands, therefore, the oxide islands should
grow three-dimensionally (3-D) into the substrate.
We have extended Orr’s model to incorporate the
3-D growth. Following the derivation of Orr, oxy-
gen surface diffusion to the perimeter of an oxide
island creates a growth rate [21],
dN (1)

dr

where N (¢) is the number of oxygen atoms in Cu,O
island at time ¢, r is the radius of the circular
profile of an island, Js is the actual flux of oxygen
incorporated into Cu,0 island. The concentration
of oxygen molecules at the edge of the Cu,O island
is C;, by assuming steady state growth of Cu,O
island, the C; can be obtained to be

DG @
KLq+D’

where Lq4 is the radius of oxygen capture zone of
Cu,Oislands, C, is surface concentration of oxygen
far away from Cu,O islands, D is the surface diffu-
sion coefficient of oxygen, K is the sticking coeffi-
cient of oxygen to in Cu,O island. For 2-D lateral
growth of a disk-shaped island, with thickness a,
then by solving the above differential equation, Eq.
(3), the cross-sectional area increases parabolically
with respect to time [21]. Following a similar ana-
lysis for 3-D growth of a spherical island, then the
cross-sectional area, 4, of the oxide island, is

EQKsDCO
A(t) =————(t — ¢, 5
(=5 =), (5)
where Q is the volume occupied by one O atom in

Cu,0. The power law dependence, #* for 2-D and ¢
for 3-D, is independent of the shape of the island.

= 27'(7‘.]5, (3)

G

3. Experiment

The microscope used in this work was a modi-
fied JEOL 200CX [22]. A UHV chamber was at-
tached to the middle of the column, where the base
pressure was less than 10~® Torr without the use of
the cryoshroud. The cryoshroud inside the micro-
scope column can reduce the base pressure to
approximately 10~ Torr when filled with liquid
helium. The microscope was operated at 100 keV in
order to minimize irradiated effects. A leak valve
attached to the column of the microscope permits
the introduction of gases directly into the micro-
scope. The specially designed sample holder allows
for resistive heating at temperatures between room
temperature and 1000 °C. A 5-pum objective aper-
ture was used in order to enhance the contrast
of the dark field images. Single crystal 99.999%
pure Cu(110) films were grown on irradiated
(110)NaCl in an UHV e-beam evaporator system,
where the base pressure was 107!° Torr. 700 A thick
Cu(1 10) films were examined so that the films were
thin enough to be examined by TEM. The copper
film was removed from the substrate by floatation
in deionized water, washed and mounted on a
specially prepared Si mount. 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 [23]. 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 10~ and 760 Torr.

4. Results
4.1. Nucleation of oxide islands

The in situ observation of the island nucleation
events as function of time provides significant in-
sights into the oxidation kinetics. Fig. 1(a) is a
dark field TEM image after the copper film has
been cleaned with methanol. No oxide islands are
visible in this region. Fig. 1(b) and (c) show the
corresponding dark field images at the same area
as shown in Fig. 1(a) of the copper film at suc-
cessive 10 min time increments after oxygen was
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Fig. 1. In situ bright field TEM images taken as a function of oxidation time: (a) 0 min, (b) 10 min, (c) 20 min at constant oxygen

partial pressure of 5 x 107 and temperature of 350 °C.

leaked into the column of the microscope. The
partial pressure of oxygen was 5 x 10~* Torr and
the temperature of the copper film was held at 350
°C. After the introduction of oxygen gas, the nu-
clei appear after an incubation period of several
minutes. After the oxidation of about 22 min, no
new islands formed, and the islands reached the
saturation density of the nuclei. The selected area
electron diffraction pattern of the Cu,0O island and
underlying Cu(l 10) substrate revealed that the
oxide island is epitaxial with the underlying Cu
film, i.e. (110) Cu//(110)Cu,O and (00 1)Cu/
(00 1)Cu,0. A similar epitaxial relationship was
noted for Cu(100), where (001)Cu//(001)Cu,O
and (010)Cu//(010)Cu,O [24].

To measure quantitatively the number density
and cross-sectional area of the oxide islands, the
negatives were digitized with a Leafscan™ 45. The
software packages Digital Micrograph™ and NIH
Image™ were used to determine the number den-
sity and the cross-section as a function of oxida-
tion time. Fig. 2 shows the experimental data and
theoretical fit to Eq. (1), where the ranges of the
error bars are based on the measured oxide island
density obtained from several experimental runs
and different regions on the Cu surface. A good
match is noted where the fit parameters, k =
1.7432, and Ly = 0.3331. Hence the initial nucle-
ation rate, k, is 1.7432 um 2> min~', and the satu-
ration island density, 1/L3, is 9.01159 pm=2. In
comparison, our previous work on Cu(1 00) at the
same oxidation conditions of 350 °C and oxygen

10

Density (um?)

T T
0 5 10 15 20 25 30
Oxidation time (min)

Fig. 2. Cu,O island density as a function of oxidation time at
constant oxygen partial pressure of 5 x 10~* and temperature of
350 °C.

pressure of 5 x 10~* Torr revealed that the oxide
islands reached saturation density of nuclei, 0.8
pum~2, after 25 min oxidation. The radius, L4, of
active zone of oxygen capture around each island
was determined to be 1.09 pm long before the
islands impinge on each other. The initial nucle-
ation rate, k, is 0.17 pm~2min~!.

We measured the saturation density of the nu-
clei as a function of oxidation temperature, from
300 to 450 °C, at constant oxygen pressure of
5x 10~* Torr. Fig. 3 shows the saturation density
of nuclei versus inverse oxidation temperature,
where the activation energy, E,, which is equal to
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Fig. 3. Cu,0 saturation island density versus inverse temper-
ature. The absolute value of the slope is the E, for the surface-
limited process.

the slope, was determined to be 1.1£0.2 eV.
In comparison, the activation energy, E,, for
Cu(100) was measured to be 1.4+0.2 eV [13].

4.2. Growth

The evolution of cross-section area of the
islands is recorded in situ, and a sequence of im-
ages focusing on the growth of individual islands
is shown in Fig. 4, where the Cu(110) film was
oxidized at 5x 10~ Torr and 450 °C. About a
couple of minutes after the introduction of oxygen
gas, Cu,0 islands were observed to nucleate rap-
idly followed by growth of these islands. After the

400nm 8 2() min

initial nucleation of the oxide islands, ~5 min, the
saturation density of the island nuclei was reached
and no new nucleation event was observed, which
is much faster than the oxidation at 350 °C, where
the saturation is reached after 22 min oxidation.
Fig. 5 is the comparison of the experimental
data of the oxide volume to this surface diffusion
model by using 3-D growth of oxide island, Eq.
(5), where the ranges of the error bars are also
based on the measured oxide island cross-sectional
area obtained from several experimental runs and
different regions on the Cu surface. The kinetic
data on the evolution of cross-section area of the

Oxidation time (min)

Fig. 5. Comparison of the experimental data and the theoret-
ical function for the surface diffusion for the 3-D growth of
Cu,0 islands.

Fig. 4. In situ bright field TEM image showing the growth of Cu,O islands. Note that there is a saturation of the island nuclei.
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islands agree well with the model of surface diffu-
sion of oxygen. Therefore, the excellent agreement
of evolution of cross-section area of the islands
with the kinetic model validates that the growth of
the 3-D Cu,O islands occurs by oxygen surface
diffusion and impingement on the oxide perimeter.

5. Discussion

The comparison of the nucleation and growth
behavior of Cu(l 10) with that of Cu(100) at the
same oxidation temperature (350 °C) and oxygen
pressure (5 x 10~ Torr) revealed that the same
surface diffusion models, originally developed to
describe Cu(100) oxidation, explains the experi-
mental data on Cu(l10) quite well and demon-
strates a greater generality of this oxygen surface
diffusion model.

Since the initial oxidation stages are surface
processes, it is reasonable to expect that the crys-
tallographic orientation of the underlying metal
will have a major effect on the nucleation behavior,
growth rate and the orientation of the oxide film.
Table 1 summarizes the values of the fit parame-
ters for Cu(100) and Cu(l 10) oxidation. Differ-
ences in the rate, oxide island shapes, and fit
parameters to the surface models were noted be-
tween Cu(100) and Cu(l10). Specifically, The
initial nucleation rate on Cu(110) is much faster
than Cu(100). The saturation density on Cu(110)
surface is 11 times larger than that on Cu(100),
although the oxide islands reached their saturation
density after similar oxidation time for the two
orientations. Hence, the active zone of oxygen

Table 1
Comparison of fit parameters of Cu(110) and Cu(100) oxi-
dation

Parameters Cu(100) Cu(l110)

Initial oxidation rate 0.17 1.7432
(um~2 min~'), &

Saturation island density 0.83 9.01
(um™2), 1/13

Radius of oxygen capture zone 1.09 0.33
(um), Lg

Overall activation of nucleation 1.4+0.2 1.1£0.2
(eV), E,

capture around each island on Cu(l10) is much
smaller than that on Cu(100). The activation
energy, E,, for the nucleation process on Cu(110),
was measured to be 1.14+0.2 eV, which is also
smaller than that on Cu(100) surface, 1.4+
0.2 eV.

The oxygen surface model assumes homoge-
neous nucleation, not heterogeneous nucleation.
One particularly interesting question is the role of
defects, such as dislocation and steps in the initial
oxide nucleation. In the oxidation of Cu(100),
no preferential nucleation sites at dislocations or
surface steps were observed [13,25]. Similar as in
the oxidation of Cu(l 10), repeated oxidation, re-
duction, followed by oxidation experiments were
performed, but no nuclei appeared at the same
positions. Furthermore, the oxide island density
was observed to decrease with increasing temper-
ature, following as Arrhenius dependence, indi-
cates that nucleation was homogeneous. If the
nucleation mechanism was heterogeneous, then it
would be reasonable to expect similar island den-
sity at different temperatures, which was not ob-
served.

Since we are interested in the initial oxidation
mechanisms, then it is essential to isolate the effect
of the electron bam on the oxidation kinetics. In
order to minimize the possible radiation damage,
the TEM was operated only at 100 keV. Careful
oxidation experiments with and without the elec-
tron beam irradiation were conducted. Qualita-
tively, the structural changes appeared similar as
with the electron beam on. However, the effect of
the electron beam was to reduce the reaction rate
slightly, but the saturation density of the oxide
islands was observed in both cases, indicative of a
surface diffusion limited nucleation mechanism.
This is again similar to the Cu(100) oxidation
[13,25].

Both Cu(100) and Cu(l10) oxidation were
well-described by the oxygen surface diffusion—
homogeneous nucleation model. The differences in
the fit parameters obtained from the oxygen sur-
face diffusion should be due to the crystallography
effects. To explain these differences, we consider
the effects of kinetics and energetics on both sur-
faces. The nucleation and growth of oxide islands
are nonequilibrium processes depending on both
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the energetics, such as surface energies of the sys-
tem, and the kinetics, in particular, on the diffu-
sion process.

5.1. Kinetics considerations

It should be noted that the diffusion of oxygen
is on the reconstructured Cu surface. Previous
investigators have elegantly demonstrated that
Cu(100) and Cu(110) surfaces are unrecon-
structed, and then transform into “missing-row” or
“adding-row” reconstruction when exposed to
oxygen [26-30]. Oxygen chemisorption on Cu sur-
face is the first step for the oxidation. We speculate
that the impinging oxygen molecules dissociate
into oxygen atoms, and the dissociated oxygen is
adsorbed at the Cu surface to form Cu-O bonds
and create a surface reconstruction. After recon-
struction, the oxygen atoms diffuse on this recon-
structed surface, and nucleation occurs on the
reconstructed Cu-O surface. Future arriving oxy-
gen can either nucleate new oxide islands by re-
acting with copper atoms or attach to an existing
islands, causing growth. Therefore, the surface
diffusion coefficient of oxygen determines the out-
come of the competition between nucleation and
growth, and, hence, determines the number density
of stable islands. Qualitatively a larger diffusion
coefficient for oxygen should yield a lower number
density of stable islands. Since the path length of
oxygen surface diffusion depends on the atomic
structure of the substrate plane, different nucle-
ation behavior of Cu,O islands is therefore ex-
pected for different orientations of the Cu. The
Cu(100) has a more close-packed structure, and is
smoother than the corrugated Cu(110) surface.
Similarly, the reconstructed (v/2 x 2v/2)R45°
O-Cu(100) surface has a more compact oxygen
chemisorption than (2 x 1)O-Cu(1 1 0) surface which
has a corrugated structure, as shown in Fig. 6.
Therefore, it is reasonable to expect the activation
barrier of surface diffusion of the dissociated oxy-
gen will be higher on the Cu(1 10) surface, and thus
have a shorter path length. The shorter diffusion
path length will give rise to a smaller capture zone
of oxygen and create a higher number density of
oxide nuclei. As a result, the nucleation process is
dominated in the oxidation of Cu(l10). This is

Cu(t) o Cu@
|

[001]

—[110)
(a) (b)

——[010]

Fig. 6. Schematic diagram of the reconstructed (v/2 x
2v/2)R45° O-Cu(1 00) surface (a), and (2 x 1)O-Cu(1 10) sur-
face (b) due to oxygen chemisorption. Filled circles: O atoms;
open circles: top layer Cu atoms; shaded circles: second layer
Cu atoms.

confirmed by our results where the active zone of
oxygen capture around each island on Cu(110) is
0.3331 um, which is significantly smaller than that
on Cu(100), 1.09 pm.

5.2. Energetics considerations

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. The number of critical nuclei per
unit area is

N, Noexp(Akl; >, (6)

where r* is the radius of the critical nucleus, N is
the number of adsorption sites per unit area of
substrate surface, AF* is the free energy of for-
mation of the critical nucleus, and k& and T have
their usual meaning. The main contributions to
AF* are volume energy, surface/interfacial energy,
and interfacial strain energy, due to elastic relax-
ations, during the formation and growth of the
oxide nuclei.

The volume energy should be same for the
oxide islands formed on Cu(100) and Cu(l10)
surfaces since only Cu,O was observed to form.
The differences in surface energies of substrates
play an important role in the nucleation behavior.
The surface with higher surface energy will be
easier for island nucleation. The surface energy of
Cu(100) is 1280 mJ/m?, which is lower than the
Cu(110), 1400 mJ/m? [31]. If all other interface
and surface energies were equal, then, it would be
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expected that Cu(l 10) surface will be less stable
under the oxidizing atmosphere and the nucleation
of oxide islands will be facilitated, leading a higher
nuclei density of oxide and smaller overall activa-
tion energy for the nucleation of the oxide islands
as determined by our measurements. As yet, the
surface energies of Cu,O and the interfacial ener-
gies between Cu,O/Cu(100) and Cu,O/Cu(110)
are unreported. The interfacial strain energy could
depend on orientation since it is a function of the
Poisson ratio (v) and shear modulus (u) of the
substrate, as well as oxide island bulk stress (o)
[15,32], and is also not known in Cu,O/Cu system.
Hence, determination of the surface energies and
metal-oxide interfacial energies, such as by theo-
retical modeling, are critical to fundamentally
quantitative understanding of oxidation.

5.3. Comparison to previous research on Cu oxida-
tion

Previous research by Lawless and Gwathmey [7]
in the oxidation of a spherical single crystal of Cu
with its multitude of surface orientation demon-
strated the anisotropy of the oxidation rate on
different faces. Fig. 7 is a reproduction of their
experimental data on Cu(100) and Cu(110) in
which Cu(100) has a much faster oxidation rate
than Cu(110). Our early work on Cu(100) and
present Cu(l 1 0) work have demonstrated that the

1000

800

600

400

film thickness, A

200

time, min

Fig. 7. Oxidation kinetics of copper single crystals at 523 K and
1 atm of oxygen from [7].

oxide film nucleates and grows as oxide islands,
not as a uniform layer, even at atmospheric pres-
sure [3]. During the progressive exposure of the Cu
surface to oxygen, several stages are identifiable.
The first stage is the dissociation and chemisorp-
tion of oxygen on the Cu surface. With the further
exposure to oxygen, the epitaxial nuclei of oxide
islands appear on the reconstructed surface after
an incubation period. The islands will grow and
coalesce with the continued exposure to oxygen.
In these stages oxygen transport is dominated by
surface and interface diffusion. Once coalescence
has completed, then there should be a sudden re-
duction in the growth rate of the oxide, due the
change of oxidation of the surface to diffusion
through an oxide layer. Therefore, the self-limiting
oxidation is due to the coalescence of islands,
which switches off the surface diffusion route and
requires much slower bulk diffusion for further
oxidation.

As discussed in the preceding, Cu(1 10) shows a
faster nucleation rate of oxide than Cu(100) in the
initial stage of oxidation, and the oxidation on
Cu(110) surface results in a higher number density
of oxide nuclei under the same oxidation condi-
tions. Therefore, there is a faster coalescence of
oxide islands on Cu(1 1 0) than that on Cu(100). In
the oxidation of Cu(100), it takes a longer oxida-
tion time for the coalescence of oxide islands due to
less number density of oxide nuclei. As a result,
Cu(100) shows a faster oxidation rate than
Cu(110) at the later stage of oxidation as con-
firmed by Lawless and Gwathmey’s work [7]. Sur-
prisingly, orientations that form a higher density
oxide nuclei and have a faster initial oxidation rate,
may have a slower long-term growth rate due to the
rapid coalescence of the oxide which switches the
oxide growth mechanism from surface diffusion to
the slower diffusion through an oxide scale.

6. Conclusions

Cu(110) surface shows a highly enhanced oxi-
dation rate than Cu(100) in the initial stage of
oxidation. The oxide islands grow three-dimen-
sionally, and surface diffusion of oxygen is the
dominant transport mechanism for the oxide nu-
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cleation and growth. The faster oxidation rate is
explained by the smaller path length of surface
diffusion of oxygen on Cu(110) and larger surface
energy of Cu(110).
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