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Abstract

The initial oxidation behavior of Cu0.5Au0.5 (001) thin film was investigated by in situ ultrahigh vacuum transmission electron micros-
copy to model nano-oxidation of alloys with one active component and one noble component. The formation of irregular-shaped octa-
hedron Cu2O islands with cube-on-cube crystallographic orientation to the substrate film was observed at all temperature studied. The
energetics of Cu2O nucleation for Cu and Cu0.5Au0.5 oxidation was compared. Cu0.5Au0.5 oxidation has lower nucleation activation
energy due to the reduced mismatch strain between Cu2O and Cu0.5Au0.5 films. On the other hand, the reaction kinetics for Cu0.5Au0.5

alloy oxidation is slower due to the higher diffusion activation energy of Cu.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Classic investigations of the oxidation behavior of pure
metals are mostly based on thermogravimetric analysis
(TGA), which measures weight changes but not structural
changes. Classic models of oxidation usually assume uni-
form oxide film growth. However it is well known that
many metals form oxide islands (e.g., Ni [1,2], Pd [3], Fe
[4–6] and Ti [7]) at the early stage of oxidation, and that
later the oxide islands coalesce into an oxide scale. The
nucleation and growth processes of oxides are particularly
important due to their impact on understanding diverse
materials problems, from passivation properties [8,9], to
the synthesis of self-assembled nano-oxide structures for
optical [4], magnetic [5] or catalytic performance [10,11].
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Many elegant surface science studies have been per-
formed to reveal the interaction of oxygen gas with a bare
metal surface [3,12–14], but these studies only extend to a
few monolayers. Most bulk oxidation studies focus on
the growth of the thermodynamically stable oxide, that
are a few microns and thicker. By using in situ ultrahigh
vacuum (UHV) transmission electron microscopy (TEM),
information inaccessible to both surface science study
and traditional oxidation methods can be ascertained.
The previous work of Yang et al. [15–18] and Zhou et al.
[7,16,18], using Cu as a model system, clearly demonstrated
that heteroepitaxial concepts, used for film growth, also de-
scribes surprisingly well the nano-oxidation of metals and a
vast range of information is yielded regarding dynamics of
oxide formation, size and shape evolution of nano-oxides,
temperature, pressure and crystal orientation effects, as
well as the environmental stability of the oxide.

However, most engineered materials are alloys that they
serve under harsh environment where oxidation and corro-
sion are among the major mechanisms causing device
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Fig. 1. (a) BF TEM image of the Cu0.5Au0.5 (001) film at 550 �C, (b)
diffraction pattern from the film at room temperature which shows
ordered L10 structure, (c) diffraction pattern of the film at 550 �C with
disordered FCC structure.
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failure. Hence, it is critical to understand how the nucle-
ation and growth processes of the oxides during oxidation
of an alloy are affected by the presence of secondary ele-
ments, such as preferred nucleation position in multiphase
system, composition of the nucleus of a system with more
than one active alloying elements, and the redistribution
of alloy elements during oxide growth. In this paper, we
report in situ studies of the oxidation behavior of a
copper-based alloy and try to resolve the effect of inert
atom species on oxidizing species. We use Cu50 at%Au
(Cu0.5Au0.5) as a model system because of the in-depth
understanding of Cu oxidation dynamics and that both
the clean and the oxygen modified surface structures of
Cu–Au alloys have been widely investigated by low-energy
ion scattering [19], computer simulation [20], X-ray scatter-
ing [21], Auger electron spectroscopy [22], low-energy elec-
tron diffraction [23], etc. Since Au is stable and miscible to
Cu at the composition and temperature range which we
investigated, only Cu2O is expected to form on the Cu–
Au alloy. Nevertheless, many differences exist between
Cu and Cu–Au that are pivotal to surface processes and,
hence, will impact nano-oxidation dramatically. These dif-
ferences include: (1) lattice constant (thus lattice mismatch
and strain energy); (2) surface energy; (3) segregation of Au
to surface; (4) diffusion of Au and Cu during oxidation that
affects kinetics of oxidation of Cu; (5) limited supply of Cu
that may lead to self-limited growth of oxide; and (6) dilute
effect of Au on Cu activity.

2. Experiment

The microscope used for this experiment is a modified
JEOL 200CX TEM. These modifications permit the intro-
duction of gases directly into the microscope column
through a manually controlled leak valve and in situ resis-
tance heating up to 1000 �C. A UHV chamber is attached
to the middle of the column, where the base pressure is
<10�9 torr with liquid helium cryoshroud. For more details
about the experimental apparatus, see McDonald et al. [24].

Single crystal Cu0.5Au0.5 (001) film with thickness of
90 nm was grown on irradiated NaCl (001) in a co-sputter-
ing system, where the base pressure was 10�8 torr. Cu and
Au were deposited simultaneously with a substrate temper-
ature of 270 �C and an Ar pressure of 5 mtorr. After depo-
sition the film was annealed at the same temperature for
half an hour. The film composition and thickness were cal-
ibrated by Rutherford-back scattering. The film was then
cut into desired size and removed from the substrate by
floatation in deionized water, washed and mounted on a
specially prepared Si holder. The sample was annealed
in situ at �800 �C for 10 min to increase the homogeneity
of the film. Scientific grade O2 gas of 99.999% purity was
admitted into the column of the microscope with a partial
pressure in the range between 5 · 10�5 and 760 torr. Oxida-
tion was carried out at a temperature range from 550 �C to
750 �C with constant O2 partial pressure at 5 · 10�4 torr.
Ex situ nanobeam electron diffraction (NED) was per-
formed on a JEOL 2010F electron microscope (See Ref.
[25] for electron ray diagram for NED mode). Diffraction
patterns were recorded on imaging plates. The topology
of the oxide islands were analyzed by a Digital Instrument
dimension 3100 atomic force microscope (AFM) in tapping
mode. TEM negatives taken by JEOL 200CX microscope
were digitized with a LeafscanTM 45, and the software pack-
age NIH ImageJTM was used to determine the cross-section
area of the oxide islands.

3. Results and discussions

3.1. Structure of the film before oxidation

Below TC (�410 �C), Cu0.5Au0.5 film assumes an or-
dered L10 tetragonal structure. Because a = b 5 c, there
are two possible in-plane configurations–c axis normal to
or c axis in the film plane, which can be distinguished by
electron diffraction. Fig. 1(b) is an electron diffraction pat-
tern of the film at room temperature showing the single
crystal nature of the film. Both the four-fold symmetry
and the extinction of {100} spots indicate that the c axis
is normal to the film. Furthermore, no diffraction spot
from an oxide are visible in Fig. 1(b) indicating that the
film surface does not form a noticeable amount of native
oxide, as compared to bare Cu (001) [7]. Upon heating
to �410 �C, the {110} type superlattice spots gradually
disappear demonstrating an order to disorder transition
at this point. Fig. 1(a) is a bright field (BF) TEM image
of the film at 550 �C. Fig. 1(c) shows a diffraction pattern
of the disordered FCC structure along (001) zone axis at
550 �C. All oxidation reported in this paper were carried
out above the TC.

Cu–Au alloy surface has been studied extensively
both experimentally and theoretically. For clean (001)
Cu1�xAux thin film, the Au atoms segregate to the topmost
layer because of its lower surface energy (See Refs.
[20,26,27]), while Cu enriches the second layer to maximize



Fig. 2. (a) Time-lapse BF TEM of an oxide island oxidized at 600 �C
showing the shape evolution, the facets of the oxide island are along h100i
directions before penetration through the film and along h110i directions
after penetration; (b) NED shows double diffraction from the film and
oxide due to the overlapping of each other. The inset is an enlarge view of
the satellite diffraction spots around a strong reflection from the film. (c)
NED from the penetrated part of the oxide island showing diffraction
pattern from only Cu2O.
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the short-range ordering [28], then Au-rich again, and so
forth. This configuration results in a layer-by-layer struc-
ture consisting of alternating Au-rich and Cu-rich (001)
layers. The depth of the oscillatory concentration profile
is highly temperature dependent [20]. Naturally, below
TC, this oscillatory concentration profile extends through-
out the film in Cu0.5Au0.5. Above TC, the depth decreases
as temperature increases, since the entropy contribution
to the free energy favors a random arrangement. Neverthe-
less, Au still has a higher concentration in the topmost
layer than the bulk even above TC. The significance of
the atom configuration to the oxide nucleation process will
be discussed next.

3.2. Oxide nucleation

After admitting oxygen gas, the nuclei appear after an
incubation time (s0) ranging from tens of seconds to several
minutes depending on the reaction temperature, oxygen
pressure and the film composition. During this incubation
time, O2 molecules striking the film dissociate and diffuse
on the surface. However, since we speculate that the clean
Cu–Au surface is rich in Au, it is relatively inert toward
oxygen adsorption and dissociation especially at low tem-
perature when Au concentration on the surface is higher
[29]. Previous studies [29–31] demonstrate that the oxygen
adsorption and dissociation is accomplished by the out-dif-
fusion of Cu atoms to the top layer to form Cu–O bonds
and Au in-diffusion driven by the greater affinity of O for
Cu than for Au. Further exposure of the film to O2 in-
creases O atom concentration on the metal surface. The
oxygen saturated overlayer subsequently facilitates nucle-
ation of Cu2O when the chemical potential of oxygen
reaches a critical point (as determined by temperature
and Cu concentration). Our experimental results show that
at the oxygen partial pressure of 5 · 10�4 torr, s0 decreases
as the reaction temperature increases, e.g., s0 = 4 min for
600 �C oxidation, s0 = 3 min for T = 650 �C, and s0 =
50 s when T = 700 �C. Compared with its Cu (001) coun-
terparts (where s0 = 1.5 min for 600 �C oxidation, s0 =
1 min for 650 �C oxidation, and s0 < 1 min for 700 �C),
Cu0.5Au0.5 (001) has a longer oxidation incubation time.
The longer incubation time is a result that oxygen chemi-
sorption requires much longer time on the Cu–Au surface
than on pure Cu because it involves both the out-diffusion
of Cu and in-diffusion of Au. As the temperature increases,
the higher mobility of the atoms allows more rapid adsorp-
tion of oxygen and thus the incubation time shortens with
increasing temperature.

After the first nucleus appears, the nuclei density in-
creases with time until a saturation density is reached and
then it will decrease as islands start to coalesce. Nucleation
processes can be characterized by an initial nucleation rate
(nucleation density change per unit time) [32]. For the
oxidation of Cu0.5Au0.5 film, the saturation density was
reached surprisingly fast. For example, at 550 �C and
P(O2) = 5 · 10�4 torr, the saturation density was reached
for only a 30 s after nucleation started. In Section 3.4 this
phenomenon will be addressed when we discuss the nucle-
ation energetics.

3.3. Morphology evolution

The primitive cell of Cu2O is cubic with space group Pn-
3 m (a = 0.422 nm), and contains two oxygen atoms and
four copper atoms [33]. The oxygen atoms form a body
centered cubic structure, while the copper atoms partially
occupy the interstitial positions in an alternating pattern.
Fig. 2(a) is a set of BF TEM images showing the growth
sequence of a Cu2O island at 600 �C. Actually, the same
shape evolution was observed for all the temperatures we
investigated. The cross-shaped pattern in the first three
images indicates that the Cu2O has a pyramidal-shape.
NED [Fig. 2(b)] was taken by parallel electron probe with
a beam size of �100 nm illuminating only the pyramid-
shaped oxide island. The strong diffraction spots in
Fig. 2(b) are those from the Cu–Au film. Associated with
each strong spot are satellite diffraction spots from the
oxide which is characteristic of double diffraction. One
major diffraction spot and its satellite spots are enlarged
in the inset of Fig. 2(b). The strong diffraction spot in the
center is the primary diffraction from Cu. The surrounding
spots are those of Cu2O generated by double diffraction.
The appearance of double diffraction demonstrates that
the oxide island has not yet penetrated through the film.
The cube-on-cube crystallographic orientation of Cu2O
(00 1)//Cu0.5Au0.5 (001) and Cu2O [100]//Cu0.5Au0.5

[10 0] could also be inferred from the diffraction pattern.
Since NED was done at room temperature, very weak
{110} superlattice reflections from the substrate also show
up. NED was utilized here instead of selected area electron



Fig. 3. (a) AFM image of one Cu2O island, (b) line scan across the center and (c) off center. Both (b) and (c) show the inclination angle of the bounding
plane is around 7�.
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diffraction to reveal weak diffraction from nanoarea oxide
islands that would have been otherwise overshadowed by
the strong diffraction from the metal film. In the last two
micrographs of Fig. 2(a), an area with bright contrast is
also observed to form at the center of the island. NED
from only this central area [Fig. 2(c)] has only the Cu2O
diffraction spots indicating the penetration of oxide
through the metallic film when the pyramid reaches the
critical size of �200 nm. Fig. 2 also reveals several other
distinct configurations of the island. The edges of Cu2O
pyramid before penetration are along h100i directions;
After penetration the oxide maintains square-shape but
the edges are now along h110i directions. The reason of
the shape transition is not clear now, however, it must be
related to the reduction in total energy of the system. As
the island penetrates through the film, an extra oxide sur-
face, thus extra surface energy, is created which increases
the total energy of the island. The system may change its
shape to accommodate the energy change. In order to ob-
tain information that is comparable to bulk material oxida-
tion, we discuss in this paper only the regime before oxide
penetration occurs.

In order to determine the shape of the Cu2O islands in
three dimensions, we first use AFM to ascertain the topol-
ogy of the Cu2O island. Fig. 3(a) shows a typical AFM
image of the island. Fig. 3(b) and (c) are height profiles
passing through the center (line scan #1) and off the center
(line scan #2) of the oxide island along the marked lines in
h100i direction. A triangular-shaped height profile through
the center plus trapezoid-shaped profile off the center re-
veal the pyramid shape topology of the island. Fig. 3(b)
and (c) also show that the four facets bounding the pyra-
Fig. 4. Three dimension structural model of the Cu2O islands. (a) two dimensi
the irregular octahedron pyramids structure.
mid inclines with �7� angle to (001) film surface. Since
these facets also intersect (001) plane at h100i direction,
we identified them as {108}.

The maximum size of the Cu2O pyramid before penetra-
tion is �200 nm [Fig. 2(a)]. As shown in the structure
model of Fig. 4(a), the four Cu2O/Cu–Au interfaces form
�42� angle to (001) and they intersect (001) at h001i type
directions. The only low index plane with these configura-
tions is {110}. The angle formed by {110} and {100}
planes are 45�; this angle is used in the following calcula-
tion. From above analyses we determine the island to be
an irregular-shaped octahedron [Fig. 4(b)]. The top of
the octahedron is enclosed by four {108} facets and the
Cu2O/Cu–Au interfaces are {110} type. The volume of
the island is V ¼ 9

48
l3 and the projected area is A = l2,

where l is the edge length. This structural model demon-
strates a 3D island growth mode.

3.4. Energetics of nucleation

The overall free energy (DG) for oxidation is determined
by molar Gibbs free energy of formation of Cu2O (DGf),
surface energy changes, interfacial energy change, and
strain energy in the oxide as

DG ¼ DGf V
V o

þ ðcoAo � cmAm þ co=mAo=mÞ þ
E

1� m
e2V ð1Þ

where V and Vo are the volume and molar volume of
Cu2O, respectively. co, cm, and co/m are the surface energy
of oxide, metal and interaction contribution to the interfa-
cial energy [34]. At present, the experimental values of sur-
face and interface energy of metal-oxide are usually not
on projected view from [100] direction, (b) three dimension view showing
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available, but to a good approximation cm is assumed to
equal to cCu because in both cases oxide nucleates on oxy-
gen saturated Cu rich surface (see 3.2. for details). co/m is
also assumed to equal to its Cu (001) counterpart given
that there is no significant segregation of Au to the inter-
face. Ao, Am, and Ao/m correspond to the area of oxide,
metal and interface. From the structure model of the
islands we know that Ao = l2/cos7�, Am = l2 and Ao/m =
l2/cos45�. The last term in Eq. (1) is the elastic strain energy
stored in the oxide. E, e and m are Young’s modulus, strain
and Poisson’s ratio, respectively.

From classic nucleation theory we know that the critical
nucleus size, l*, and the nucleation barrier, DG*, are

l� / � C
DGf

V o
þ E

1�m e
2

and DG� / C3

DGf

V o
þ E

1�m e
2

� �2
ð2Þ

where C = co/cos7� � cm + co/m/cos45�. Standard thermo-
dynamic data [35] shows that

DGf ¼ �166500 þ ð122:2� 16:63 ln½Cu�ÞT ð3Þ

where [Cu] is the activity of copper, T is reaction temperature
in K. The activity of Cu is 1 in pure state and 0.5 in
Cu0.5Au0.5 under ideal solution assumption. DGf is then cal-
culated to be �53.7 KJ/mol for pure Cu oxidation and
�43.1 KJ/mol for Cu0.5Au0.5 oxidation. The lattice mis-
match strain, e, in pure Cu is 16.8%, while in Cu0.5Au0.5

e = 10.5% [since a(Cu2O) = 4.22 Å, a(Cu) = 3.61 Å,
a(Au) = 4.02 Å and by Vegard’s law a(Cu0.5Au0.5) =
3.82 Å]. Plug in the value of E (=30 GPa) and m (=0.455)
[36], we have l�Cu–Au ¼ 0:64 � l�Cu and DG�Cu–Au ¼ 0:40 � DG�Cu.
Hence, nucleation of Cu2O on Cu0.5Au0.5 surface requires
smaller critical nuclei size and lower activation energy
(reduced by 60%] than on bare Cu surface. In Section 3.2
we mentioned that Cu0.5Au0.5 oxidation shows a surpris-
ingly fast nucleation rate as compared to that of Cu oxida-
tion. Our energetics argument predicts the exact behavior
that we observed. Since nucleation rate is proportional to
exp(�DG*/kT), 60% decreases in DG* dramatically increase
Fig. 5. Typical BF TEM images of Cu0.5Au0.5 (001) oxidation at 6
the nucleation rate so that no nucleation event could be re-
corded during the experiment.

Actually the Gibbs free energy of formation term (DGf/
Vo) and the strain energy term E

1�m e
2

� �
make opposite con-

tribution to the overall Gibbs free energy change when Au
is added to the system. Activity of Cu reduces because of
Au dilution effect, so from Eq. (3) we know that DGf in
Cu0.5Au0.5 is less negative and thus the overall Gibbs free
energy for oxidation increases. But since e for Cu2O/
Cu0.5Au0.5 is smaller, the strain energy contribution de-
creases overall Gibbs free energy for nucleation. The posi-
tive contribution from E

1�m e
2

� �
term exceeds the negative

contribution from (DGf/Vo) term and a smaller activation
free energy of nucleation (DG*) results.

3.5. Oxide growth kinetics

The oxide growth kinetics is characterized by the cross-
section area change as a function of exposure time. It is
phenomenologically described in classical mean-field the-
ory that the growth of surface features follow scaling law
such that [17,37,38]

AðtÞ ¼ C � ðt � t0Þn ð4Þ
where C is the area growth factor, t0 is the time at which is-
land nucleates, t is the lapse of time from oxygen exposure,
and n is the power law dependence. Fig. 5(a)–(c) are three
TEM micrographs showing islands growth at 650 �C. The
images were acquired at 5 min, 10 min and 17 min. In
Fig. 5c, island 3 already penetrated through the film re-
vealed by the characteristic white contrast in the center.
Fig. 6 is a plot of the average A(t) versus t. Discrete symbols
are the experimental data and solid line correspond to the-
oretical fitting to Eq. (4). By taking logarithm to Eq. (4)
and making a linear fit to the data, n could be determined
to be 0.99 ± 0.02. Thus, it is reasonable to believe the islands
grow linearly with reaction time, and C could then be calcu-
lated to be 0.0025 ± 0.0001 lm2/min. The oxidation kinetics
of Cu0.5Au0.5 film at other investigated temperatures have
the same linear power law dependence but with different C
50 �C for times (a) t = 5 min, (b) t = 10 min and (c) t = 17 min.



Fig. 6. Plot of average Cu2O islands cross-section area as a function of
oxidation time. The experimental data was fitted by linear growth law with
area growth factor C and incubation time t0 showing in the plot.
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(e.g., C = 0.11 ± 0.01 and 0.0005 ± 0.0002 lm2/min for
700 �C and 600 �C oxidation, respectively). Generally, as
the temperature increases, C also increases. The area growth
factor C for Cu0.5Au0.5 oxidation at 600 �C could be con-
verted to volume growth factor as C 0 = 2.1 · 103 nm3/min.
The volume growth factor for Cu (001) oxidation at
600 �C [16] is 1.2 · 105 nm3/min which is almost two magni-
tudes larger than the Cu0.5Au0.5 case. The reason for the
much slower growth kinetics is because in Cu (001) oxida-
tion there is no need for Cu transportation, and the only
rate-limiting step is oxygen surface diffusion. While in Cu–
Au oxidation, diffusion of Cu in Cu–Au alloy has an activa-
tion energy of�1.6 eV [39,40] and may slow the reaction. In
fact in the case of Cu–Au alloy oxidation, since there is only
finite amount of Cu and there will be many Cu2O particles
drawing Cu atoms from the matrix, as the islands grow big-
ger the area from which they absorb Cu will overlap. When
this happens, the matrix could not provide sufficient supply
of Cu then a self-limiting growth law results. Experimen-
tally, the self-limiting growth occurs at a later stage of oxi-
dation and is beyond the scope of this paper.

4. Conclusion

Cu0.5Au0.5 (001) thin film was used as a model system
for the characterization of alloy nano-oxidation by in situ
UHV–TEM. The addition of inert Au into Cu greatly
modified the oxidation kinetics and energetics of Cu. Au
reduces the oxidation kinetics of Cu. Oxidation of
Cu0.5Au0.5 surface requires a longer incubation time, since
longer time is needed to establish an oxygen chemisorbed
overlayer on clean Cu–Au surface with inert Au-rich layer
on top. The volume growth rate of Cu2O islands on
Cu0.5Au0.5 (001) is two magnitudes slower than on Cu
(001) surface at the same temperature, because diffusion
of Cu in Cu–Au alloy is slow and probably is the rate-con-
trolling step. However, addition of Au to the film decreases
lattice mismatch between Cu2O and the substrate film and
hence lowers the oxide nucleation activation energy. The
shape of the Cu2O islands is deduced to be irregular octa-
hedron based on AFM and TEM observations. Our results
indicate that even for the simplest alloy system, such as
Cu–Au, with one oxidizing component and one noble com-
ponent, the oxidation behavior can be significantly differ-
ent from that of the pure component. Further study of
alloys oxidation with two or even more active species
should consider all the factors that may alter the reaction
kinetics/energetics such as surface structure, lattice mis-
match strain, alloying effects on activity, surface structure
and energy, interfacial strain energies, etc.
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