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In situ environmental transmission electron microscopy is employed to study the effect of Au

composition in Cu-Au alloys on the orientations of oxide islands during the initial-stage oxidation of

Cu-Au(100) alloys. An orientation transition from nucleating epitaxial Cu2O islands to randomly

oriented oxide islands is observed upon increasing the oxygen gas pressure. By increasing the Au

composition in the Cu-Au alloys, both the oxide nucleation time and saturation density of oxide

islands increase, but the critical oxygen pressure leading to nucleating randomly oriented Cu2O

islands decreases. It is shown by a kinetic model that such a dependence of the critical oxygen

pressure on the alloy composition is related to its effect on two competing processes, the oxide-alloy

structure match and the effective collision of oxygen atoms, in determining the overall nucleation

rate of oxide islands during the oxidation. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4707929]

I. INTRODUCTION

Fundamental understanding of the early stages of oxi-

dation of metals and alloys is of great importance for many

technologically important processes including corrosion,

catalysis, microelectronic packaging, and synthesis of self-

assembled nanostructures of metal oxide. For instance, Cu

and Cu alloy are widely used as conducting and packaging

materials for tracks on printed wiring board (PWB), lead

frames, interconnection wires, foils for flexible circuits, and

heat sinks in microelectronic packaging. The environmental

stability of Cu and Cu alloys and their resistance to oxida-

tion are highly desired for these applications,1–3 and it

becomes a more crucial problem when the dimensions of

fabricated semiconductor devices shrink to the nanoscale.

The interest in fundamental understanding of early stage

oxidation of metals is not only because of its relevance to

controlling metal oxidation but is also motivated by the

numerous applications where surface oxides play a critical

role. Metal and metal oxides are widely used as heterogene-

ous catalysts in industry, and their catalytic properties are

intimately related to the oxidation states of metal atoms and

surface morphology of the oxide film formed on metal

surfaces. It has been increasingly apparent that the catalytic

active phase for some transitional metals is in fact their

oxides rather than the pure metals.4,5

Generally, the oxidation of metals and alloys involves

hierarchical multiple length scales and proceeds from oxy-

gen surface chemisorption to oxide nucleation and growth

and then to the formation of a continuous, macroscopically

thick oxide layer. Over the past decades, surface science

studies on the oxidation of metal surfaces under idealized

conditions, i.e., ultrahigh vacuum (UHV), have provided a

wealth of knowledge on the microscopic processes of oxygen

chemisorption including oxygen adsorption induced surface

restructuring, adsorption sites, and reaction pathways.6 In the

traditional studies of oxidation, much attention has been

devoted to the kinetics of growing continuous oxide films by

measuring the weight gain and oxygen consumption using

thermogravimetric analysis (TGA), thereby identifying the

dominant migrating species (i.e., cations, anions, or vacan-

cies) controlling the oxidation rate.7 Therefore, a still poorly

understood regime in metal oxidation is its transient early

stages, i.e., oxide nucleation and growth at the nanoscale.

Investigation of the nanoscale oxidation of metals and alloys

is, therefore, highly desired for bridging the information gap

between the knowledge obtained from the surface science

methods which mainly focus on the oxygen adsorption of up

to one monolayer and that of the traditional oxidation studies

of bulk oxide growth.

A key challenge in understanding these early stages of

the oxidation of metals and alloys has been the scarcity of

structural information obtained in situ during oxidation, due,

in large part, to the inability of traditional experimental tech-

niques to perform in situ measurements of the structures and

kinetics at the nanoscale as the reaction progresses. In situ
environmental transmission electron microscopy (TEM) tech-

niques solve this limitation by introducing reactive gases to

specimens at the nanoscale and therefore significantly broaden

the conditions of observation.8,9 The unique aspect of in situ
TEM experiments is to provide dynamic information from

nucleation to growth and coalescence of oxide islands at the

nanometer scale under the controlled oxidation conditions,
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which is inaccessible by both surface science and traditional

bulk oxidation methods but is essential for understanding the

atomistic initial-stage oxidation kinetics. Using in situ TEM

techniques, the oxidation of pure copper has been extensively

investigated, and it has been shown that the early stage oxida-

tion of copper typically involves nucleation and growth of

oxide islands in which the oxygen surface diffusion plays

a dominant role in determining the initial oxidation

kinetics.10–14 These observations represent a departure from

the classic theories of metal oxidation which assume uniform,

layer-by-layer growth of continuous oxide films.15,16

Compared to the extensive research on the oxidation of

pure metals, the studies on the initial oxidation of alloys

have been significantly fewer. This is largely due to the com-

plexities associated with the oxidation of alloys, which

include different oxygen affinities of the alloying elements,

redistribution and segregation of the alloying elements, the

formation of multiple oxide phases and the solid solubility

between them, various mobilities of metal ions in the oxide

phase, and different diffusivities of metals in the alloy.

Choosing Cu-Au as model system, we studied the effect of

alloying on the growth morphologies of oxide nanoislands,

and a square-to-dendritic transition has been observed.17 In

this work, we perform a detailed in situ TEM study of the

early stage oxidation kinetics of Cu-Au alloys containing a

noble metal and an oxidizable metal and seek the effects of

alloying on nucleation orientations of oxide nanoislands. The

Cu-Au system is selected since it allows for some of the fea-

tures of alloy oxidation to be examined without the compli-

cation of the simultaneous formation of multiple oxides.

Also, at temperatures >400 �C, where the oxidation behavior

is of most interest, Cu and Au are fully miscible (the Cu-Au

system is single phase face-centered cubic above 400 �C for

all composition and only one of the components oxidizes).

On the other hand, most of the studies of initial stages of

metal and alloy oxidation have been performed under high

vacuum conditions while technological applications such as

catalytic reactions or oxidation-induced failures in micro-

electronic devices occur typically under ambient or near

atmospheric condition. Therefore, detailed study of the oxi-

dation behavior under practical gas conditions is highly

desired, and some recent studies revealed the reaction mech-

anisms can be indeed significantly different between UHV

conditions and ambient gas pressures.5,18–28 In this work, we

study the oxidation of Cu-Au(100) alloys under the realistic

conditions of the oxygen gas pressure varying from 5� 10–5

to 760 Torr by investigating the effect of alloying Cu with

Au on the nucleation orientations of oxide islands. Our study

reveals a transition from nucleating epitaxial Cu2O nanois-

lands to non-epitaxial oxide islands upon increasing the oxy-

gen gas pressure, and this pressure depends sensitively on

the Au mole fraction in the Cu-Au alloys. By varying Au

concentration from 5% to 50% (atomic percentage) in the

Cu-Au(100) alloys, we observe that the critical oxygen pres-

sure leading to nucleating randomly oriented oxide islands

decreases with the increased Au composition for the same

oxidation temperature. Our kinetic model reveals that this

behavior is related to the dependence of the oxide nucleation

barrier on the alloy compositions that modify the critical

oxygen gas pressure leading to the orientation transitions of

oxide nuclei.

II. EXPERIMENTAL

Single crystal �700 Å thick Cu-Au(100) alloy thin films

of different compositions were epitaxially grown on

NaCl(100) substrates in an electron-beam evaporator by co-

deposition at 400 �C. The thickness of 700 Å of free standing

Cu-Au films was chosen so that the alloy films were thin

enough to be examined by the TEM but thick enough for the

oxidation behavior as close as to that of bulk metal. The

composition of the thin film was controlled by adjusting the

evaporation rates of the Cu and Au sources. The alloy thin

films were removed from NaCl substrates by floating in

deionized water, washed and mounted on a specially

designed TEM holder that allows for resistive heating up to

�1000 �C. The film compositions were calibrated by TEM

x-ray energy dispersive spectroscopy (EDS) analysis, and

the single-crystallinity and orientations of the alloy films

were checked by TEM electron diffraction. Our in situ oxi-

dation experiments were carried out in a modified JEOL

200CX TEM. This microscope is equipped with an UHV

chamber with a base pressure at �10�8 Torr. A leak valve

attached to the column permits introduction of gases directly

into the TEM with a controlled oxygen gas pressure (pO2)

ranging from 5� 10�5 Torr to 760 Torr, which can be moni-

tored by a full range vacuum gauge. Before the oxidation

experiments, any native oxide was removed by annealing in

the TEM chamber at 750 �C under vacuum condition29,30 or

in situ annealing under H2 gas at pressure �10�5 Torr and

350 �C, resulting in a clean surface. The sample cleanliness

was checked by EDS analysis and electron diffraction. Oxy-

gen gas of 99.999% purity was then admitted into the col-

umn of the microscope through the leak valve to oxidize

cleaned alloy films at 400 �C under a constant pO2 between

5� 10�5 Torr and 760 Torr. Real time TEM observations of

the oxidation can be made at pressures �8� 10�4 Torr. For

the higher pO2, the electron gun is isolated from the TEM

column during the oxidation, and TEM characterization was

made immediately after the oxidation by quickly pumping

the TEM column to vacuum. TEM techniques including

electron diffraction, bright and dark field imaging, high-

resolution TEM, and electron moiré fringe imaging were uti-

lized to determine the orientation relationships of oxide

islands with the Cu-Au alloy substrate.

III. EXPERIMENTAL RESULTS

After introducing oxygen gas to the TEM chamber, no

oxide islands emerge on the Cu-Au surface immediately. Af-

ter an incubation time, visible embryos (�10 nm) of Cu2O

islands can be observed, and the number density of oxide

islands increases and reaches a saturation density with the

continued oxidation. It is observed that the saturation time

(the time required for reaching the saturated density of oxide

islands) depends on both the oxygen partial pressure and Au

concentration in the Cu-Au alloys. The higher oxygen pres-

sure results in a faster oxide nucleation rate and therefore a

shorter saturation time for samples with the same Au
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composition, while for the same oxygen pressure, increasing

the Au content in the alloy leads to a longer saturation time.

As shown in Fig. 1, for instance, the saturation time is

�15 min for the oxidation of a Cu-5 at. % Au(100) alloy at

pO2¼ 5� 10�3 Torr and T¼ 400 �C while it is �5 min for

the oxidation at pO2¼ 5 Torr and T¼ 400 �C. Fig. 1(b)

shows the dependence of the saturation time on the Au com-

position, i.e., for the same oxygen gas pressure and oxidation

temperature, a larger Au composition leads to a slower

nucleation rate of oxide islands and thus a longer saturation

time.

In situ TEM imaging is also used to determine the num-

ber density of oxide islands during the oxidation of Cu-Au

alloys. The measurements indicate that the saturation density

of oxide islands depends on both the oxygen gas pressure

and Au composition. Fig. 2 shows the dependence of the sat-

uration density of oxide islands as a function of the Au com-

position varying from 5 at. % to 50 at. % in the Cu-Au(100)

alloys and the oxygen gas pressure ranging from

pO2¼ 5� 10�4 Torr to 500 Torr for the oxidation at 400 �C.

It can be noted that the saturation density of oxide islands

increases with the Au composition and the oxygen gas pres-

sure, i.e., oxidation of the alloy with a larger Au composition

results in a higher island density for the same oxygen pres-

sure; the oxidation by a higher oxygen pressure leads to

more dense oxide islands for the alloy with the same Au

composition.

The above observations suggest that the oxide nuclea-

tion processes can be strongly influenced by the oxygen gas

pressure and Au composition in the alloy. The observed

dependence of the saturation time and saturation density of

oxide islands on the oxygen gas pressure as shown in Figs. 1

and 2 suggests that the oxide nucleation processes are limited

by oxygen surface diffusion: The oxide nucleation results

from collisions of diffusing oxygen atoms greater than a

threshold. Upon formation, the critical nucleus begins to

grow by capturing diffusing oxygen in its neighborhood,

thus leading to a local decrease in the density of oxygen

atoms. The probability of nucleating a second island within

this oxygen-depleted region is correspondingly reduced

because of the locally released supersaturation conditions

required for island nucleation. Therefore, an active zone of

oxygen capture exists around individual oxide islands, and

the radius of this capture zone is proportional to the fraction

of available surface area outside these zones of oxygen cap-

ture. The increase in oxygen gas pressure can significantly

increase the oxygen impingement rate, thereby quickly

reaching the threshold of oxygen atom density for nucleating

oxide islands. Thus, the saturation time decreases while the

saturated island density increases with increasing the oxygen

gas pressure.

The observed increase in both the saturation time and

the density of oxide islands with increasing the Au composi-

tion suggests that the oxygen surface adsorption and surface

diffusion can be significantly influenced by the alloy compo-

sitions: Both the oxygen surface adsorption and surface dif-

fusion decrease with increasing the Au composition. This is

because Au does not show affinity with oxygen. Therefore, a

longer time is needed to reach the threshold of oxygen atom

density for nucleating oxide islands for the Cu-Au alloy with

FIG. 1. (a) Dependence of the saturation

time for reaching the saturated density of

oxide islands on the oxygen partial pres-

sure for the oxidation of Cu-5 at. %

Au(100) at 400 �C and (b) dependence of

the saturation time of oxide nucleation on

the Au composition during the oxidation

of Cu-Au(100) alloys at 400 �C and

pO2¼ 5� 10�4 Torr.

FIG. 2. (a) Dependence of the saturated

density of oxide islands on the oxygen

gas pressure for the oxidation of Cu-5 at.

% Au(100) at 400 �C and (b) depend-

ence of the saturated island density on

the Au composition during the oxidation

of Cu-Au(100) alloy at 400 �C and

pO2¼ 5� 10�4 Torr.
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a larger Au composition, which correspondingly results in a

longer saturation time for reaching the saturated island den-

sity. In addition, the reduced surface mobility of oxygen

atoms for increasing the Au composition leads to a smaller

capture zone of oxygen. Therefore, the attachment to an

existing oxide island is less favorable than the nucleation of

new nuclei, resulting in more dense oxide islands.

We then examine the effect of oxygen gas pressure on

the nucleation orientations of oxide islands during the oxida-

tion of the Cu-Au(100) alloys. Fig. 3(a) shows dark-field

(using Cu2O(220) diffraction) and Figs. 3(b) and 3(c) show

bright-field TEM images of a Cu-5 at. % Au(100) surface oxi-

dized at 400 �C under the different oxygen pressures for

15 min. The saturation density of oxide islands increases with

the increase of oxygen partial pressure for the oxidation (note

that the bright-field TEM imaging is preferred for oxide

islands formed under the higher oxygen pressure for better

visibility of individual islands due to the increased island den-

sity). Selected area electron diffraction (SAED) patterns of

the oxidized Cu-5 at. % Au(100) surfaces confirm that the

oxide islands formed from the oxidation have a Cu2O

phase. The SAED patterns show a cube-on-cube epitaxial

relationship between the oxide islands and the alloy substrates

for the oxidation at lower oxygen pressures (pO2< 5 Torr),

i.e., the orientation relations of (011)Cu2O//(011)Cu-Au and

[001]Cu2O//[001]Cu-Au are maintained. However, for the ox-

idation under the oxygen pressure pO2� 150 Torr, SAED dif-

fraction ring patterns are obtained, as shown in the lower

panel of Fig. 3(c). The ring diffraction patterns imply that the

epitaxial nucleation of Cu2O islands is lost with the alloy sub-

strate. The relatively uniform intensity along the diffraction

rings suggests that these oxide islands are oriented randomly

without preferred orientations (note that individual oxide

islands are still visible for the oxidation at pO2¼ 150 Torr for

15 min). The appearance of additional diffraction spots or

rings surrounding the Cu-Au reflections in the electron dif-

fraction patterns shown in Fig. 3 is caused by the double dif-

fraction of Cu2O islands and the Cu-Au(100) substrates.

Similar behavior in the orientation transition from nucle-

ating epitaxial Cu2O islands to non-epitaxial oxide islands is

observed for the oxidation of other alloy compositions.

Fig. 4 shows TEM images and the corresponding SAED pat-

terns of a Cu-20 at. % Au(100) film oxidized at 400 �C with

the different oxygen pressures for 15 min. Compared to the

FIG. 3. (Upper panel) TEM images of

Cu2O islands formed on Cu-5 at. %

Au(100) oxidized at 400 �C and differ-

ent oxygen pressures for 15 min, (a)

pO2¼ 5� 10�4 Torr, (b) pO2¼ 0.5 Torr,

and (c) pO2¼ 150 Torr; (Lower panel)

SAED patterns from the corresponding

oxidized Cu-5 at. % Au(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 ran-

domly oriented Cu2O islands occurs

upon increasing the oxygen pressure, as

can be seen from the transition of the

electron diffraction from the spot pattern

to the ring pattern.

FIG. 4. (Upper panel) TEM images of

Cu2O islands formed on Cu-20 at. %

Au(100) oxidized at 400 �C and differ-

ent oxygen pressures for 15 min, (a)

pO2¼ 5� 10�4 Torr, (b) pO2¼ 0.5 Torr,

and (c) pO2¼ 100 Torr; (Lower panel)

SAED patterns from the corresponding

oxidized Cu-20 at. % Au(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 ran-

domly oriented Cu2O islands occurs

upon increasing the oxygen pressure, as

can be noted from the transition of the

electron diffraction from the spot pattern

to the ring pattern.
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Cu-5 at. % Au(100) sample, the island density increases but

the average island size decreases for the larger Au composi-

tion. Individual oxide islands are visible for the lower oxy-

gen gas pressures, but the oxidation at pO2¼ 100 Torr results

in a coalesced oxide film. A significant difference from the

oxidation of Cu-5 at. % Au(100) sample is that a lower oxy-

gen gas pressure is needed in order to nucleate non-epitaxial

Cu2O islands, as shown in Fig. 4(c). This trend can be further

confirmed from the oxidation of Cu-50 at. % Au(100), as

shown in Fig. 5. The density of oxide islands is further

increased, and the oxidation at pO2¼ 0.5 Torr already results

in a coalesced oxide film for the larger Au composition. The

transition to nucleating non-epitaxial Cu2O islands occurs at

pO2¼ 5 Torr, significantly lower than the Cu-Au(100) with

the smaller Au compositions. A series of Cu-Au samples

with different Au compositions (5 at. %, 10 at. %, 15 at. %,

20 at. %, 30 at. %, 40 at. %, and 50 at. %) has been examined

from our TEM experiments, and the oxygen gas pressure

required for nucleating non-epitaxial Cu2O islands is deter-

mined from the oxidation of these different Cu-Au(100)

alloys at 400 �C. Fig. 6 shows the determined dependence of

the oxygen gas pressure on the Au composition for nucleat-

ing non-epitaxial Cu2O islands on the Cu-Au(100) sub-

strates. A clear trend identified from these samples is that the

critical oxygen gas pressure leading to the orientation transi-

tion from nucleating epitaxial oxide islands to nucleating

randomly oriented Cu2O islands during the oxidation

decreases with increasing the Au composition in the alloys.

The oxidized Cu-Au(100) samples were also examined

by high-resolution TEM imaging, which provides better spa-

tial resolution for determining the dependence of the orienta-

tions of oxide islands on the oxygen gas pressure. Fig. 7(a)

shows a [001] zone-axis HRTEM image of Cu2O nuclei on

Cu-5 at. % Au(100) surface oxidized at pO2¼ 0.005 Torr

and T¼ 400 �C. Two-dimensional (2D) moiré fringe pattern

caused by the overlapping of Cu2O and Cu-Au alloy lattices

can be seen clearly in the HRTEM image. The size of the ox-

ide nuclei observed is about 10 nm, as can be determined

from the size of the regions with the moiré fringe contrast.

The moiré fringes running parallel to {110} lattice planes of

the Cu-Au(100) substrate suggest that the Cu2O nuclei have

the cube-on-cube epitaxy with the Cu-Au lattices, i.e., the

equivalent planes and directions of Cu2O islands and the Cu-

Au substrate are matched. This epitaxial relationship of ox-

ide nuclei with the Cu-Au(100) substrate is also confirmed

by the Fourier transform pattern of the HRTEM image as

shown in the inset, which shows the same feature as the

SAED pattern, as given in Fig. 3(a). Fig. 7(b) is an HRTEM

image from the oxidation of the Cu-5 at. % Au(100) sample

at pO2¼ 150 Torr and T¼ 400 �C. Individual Cu2O islands

are still visible despite the increased island density, and the

average size of oxide islands is about 4 nm. No moiré fringe

contrast is visible in the HRTEM image, indicating that

Cu2O islands and the substrate have no epitaxial relationship,

i.e., the oxide islands are oriented randomly with the Cu-Au

substrate. The Fourier transform pattern of the HRTEM

image is similar as the SAED pattern shown in Fig. 3(c),

confirming the nature of non-epitaxial orientations of oxide

islands with the Cu-Au(100) substrate. The small sizes of the

epitaxial and non-epitaxial oxide islands observed in these

FIG. 5. (Upper panel) TEM images of

Cu2O islands formed on Cu-50 at. %

Au(100) oxidized at 400 �C and the dif-

ferent oxygen pressures for 15 min, (a)

pO2¼ 5� 10�4 Torr, (b) pO2¼ 0.5 Torr,

and (c) pO2¼ 5 Torr; (Lower panel)

SAED patterns from the corresponding

oxidized Cu-50 at. % Au(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 ran-

domly oriented Cu2O islands occurs

upon increasing the oxygen pressure, as

can be noted from the transition of the

electron diffraction from the spot pattern

to the ring pattern.

FIG. 6. Dependence of the critical oxygen gas pressure for nucleating non-

epitaxial Cu2O islands on the Au composition during the oxidation of

Cu-Au(100) alloy at 400 �C.
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HRTEM images suggest that the orientations of the oxide

islands are already set up in the very early stage of the oxide

formation.

The above observations indicate that increasing the oxy-

gen gas pressure leads to the transitions from nucleating epi-

taxial oxide islands to nucleating non-epitaxial oxide islands,

and the oxygen pressure required for such a transition

decreases with increasing the amount of Au alloyed with Cu.

Nevertheless, it is crucial to confirm that the observed ran-

dom orientations of oxide nuclei on the Cu-Au surfaces

indeed result from the initial stage of oxide nucleation rather

than from the evolution of orientations of oxide islands

caused by oxide growth and coalescence. Therefore, we

examined the evolution of orientations of oxide islands as a

function of oxidation time. As an example, Fig. 8 shows

bright-field TEM images and the corresponding SAED pat-

terns obtained from the oxidation of Cu-20 at. % Au(100)

surfaces at 400 �C for 30 min with the oxygen gas pressures

of pO2¼ 0.5 Torr, 5 Torr, and 50 Torr, respectively (note that

the oxygen pressure required for forming non-epitaxial Cu2O

islands is �80 Torr for this alloy composition). As shown in

Figs. 8(a) and 8(b), oxide islands are still visible for

pO2¼ 0.5 Torr and 5 Torr, and the epitaxial relationship of

the oxide islands with the Cu-Au(100) substrates is main-

tained despite the longer oxidation time compared to Fig. 4,

where the Cu-20 at. % Au(100) sample was oxidized for

only 15 min. For the oxidation at pO2¼ 50 Torr, oxide

islands have already coalesced to form a continuous oxide

film, as shown in the Fig. 8(c), and the SAED pattern shows

that the oxide film is still epitaxial with the Cu-Au(100) sub-

strate. The observations suggest that oxide islands undergo

no significant change in crystallographic orientations during

the oxide growth. Similar experiments were performed on

Cu-Au(100) samples with other Au compositions, and it is

found that the epitaxial relation of oxide islands (and the

continuous oxide films after coalescence) with the Cu-Au

substrate is maintained during continued oxidation if the ox-

ygen gas pressure is below the critical oxygen pressure for

nucleating non-epitaxial oxide islands. These observations

indicate the orientations of oxide islands are largely deter-

mined in the stages of oxide nucleation rather than from later

stages of oxide growth.

The orientation of an island may vary with the island

size during thin film deposition, depending on the interfacial

interaction between the island and substrate in addition to

the kinetics. Such a size dependent orientation has been

FIG. 7. HRTEM images of Cu-5 at. %

Au(100) oxidized under different oxy-

gen pressures. (a) pO2¼ 5� 10�3 Torr

and (b) pO2¼ 150 Torr. The strong 2D

moiré fringe pattern in (a) implies the

epitaxial nucleation of Cu2O islands; the

absence of 2D moiré fringes in (b) sug-

gests the nonepitaxial nucleation of

Cu2O islands on the surface. The inset is

the Fourier transform of the HRTEM

images, which reveal the similar diffrac-

tion patterns as shown in Figure 3.

FIG. 8. Upper panel: Bright-field TEM

images of Cu2O islands formed on Cu-20

at. % Au(100) oxidized at 400 �C and the

different oxygen pressures for 30 min, (a)

pO2¼ 0.5 Torr, (b) pO2¼ 5 Torr, and (c)

pO2¼ 50 Torr. Lower panel: SAED pat-

terns from the corresponding oxidized

Cu-20 at. % Au(100) surfaces. The obser-

vations reveal that the cube-on-cube epi-

taxial orientation is still maintained

during the growth and coalescence proc-

esses of the oxide islands.

083533-6 Luo et al. J. Appl. Phys. 111, 083533 (2012)



observed in various epitaxial systems such as metal clusters

(Ag, Au, Pd, and Pt) supported on MgO(100)31 or Si(111)

substrates.32–34 However, such size dependent orientation is

not observed for oxide islanding during the oxidation of Cu

in our experiments. This is because the nucleation of an ox-

ide island requires reaction between surface oxygen and the

underlying metal substrate, this causes oxide nuclei embed-

ding into the metal substrate, as schematically shown in Fig.

9. Therefore, the orientation of an oxide island is largely

determined in the initial stages of oxide nucleation and is

less likely to adjust its orientation in the later stages of

growth due to the confinement by the substrate. This is con-

sistent with our observations, as shown in Fig. 8, which dem-

onstrates that the cube-on-cube epitaxy is maintained during

the growth and coalescence of oxide islands as a function of

oxidation time.

IV. DISCUSSION

The most striking observation from our experiments is

the transition from nucleating epitaxial oxide islands to non-

epitaxial oxide islands by increasing the oxygen gas pressure

and the dependence of the critical oxygen pressure required

for such an orientation transition on the Au composition in

the Cu-Au alloys. To understand this behavior, we first look

at the effect of Au composition on the thermodynamics of

oxide nucleation on Cu-Au surface. Considering a typical

three-dimensional nucleation on a plane Cu-Au surface, the

free energy change DG that drives the oxidation reaction can

be determined for the alloy oxidation reaction 2Cu1�xAux þ
1
2

O2 ! Cu2O by assuming Cu-Au as an ideal solution,

DG ¼ V� DG0 � 2RT lnð1� xAuÞ �
RT

2
lnðpO2Þ

� �
; (1)

where V is the volume of the oxide nucleus, DG0 is the

standard free energy change for the formation of Cu2O

which can be calculated by the equation DG0¼�130

930þ 94.5 T (J/mole),35 where R is the gas constant, T is the

oxidation temperature, xAu is the mole fraction of Au in the

Cu1�xAux alloy, and pO2 is the oxygen partial pressure. We

can obtain the dependence of the equilibrium oxygen pres-

sure, pOe
2, on the alloy composition by letting DG¼ 0,

pOe
2 ¼

1

ð1� xAuÞ4
exp

2DG0

RT

� �
: (2)

We then examine the kinetics of oxide nucleation and

determine how it depends on the alloy composition and oxy-

gen gas pressure. By assuming a double cap-shaped oxide

island with the metal substrate by considering the effect of

oxide island embedment into the metal substrate, as shown

in Fig. 9, the interfacial contact angles, h1 and h2, with the

substrate can be related by the energy equilibrium condition

rNO cosh1 þ rNS cosh2 � rSO ¼ 0, where rNO, rNS, and rSO

are the interface energies, respectively, for the interfaces

between the oxide nucleus and oxygen gas, nucleus and sub-

strate, and substrate and oxygen gas. Based on the classic

heterogeneous nucleation theory, the nucleation rate of oxide

islands, defined as the number of stable nuclei created per

area-time, can be obtained as36

J

B
¼ h0ðh1; h2ÞpO2 ln

pO2

pOe
2

� �

� exp � 64pX2r3
NOhðh1; h2Þ

3ðkTÞ3 ln
pO2

pOe
2

� �� �2

0
BBB@

1
CCCA; (3)

with h0ðh1;h2Þ¼ ðc�1Þsinh1þrNS

rNO
sinh2

h i
½ f ðh1Þ��1=2

, hðh1;h2Þ
¼ c

c�1
ðc�1

c þ
sinh2

csinh1

rNS

rNO
Þf ðh1Þ, and B¼ a0sN0

4
ffiffiffiffiffiffiffiffiffiffiffiffi
2pmrNO

p exp Edes�Esd

kT

� �
.

hðh1;h2Þ and h0ðh1;h2Þ are defined as the interfacial correla-

tion functions that govern the influence of surface oxidation

on the critical nucleation barrier, in which c¼Vox=Vm is

called Pilling-Bedworth ratio, where Vm and Vox are the

molar volume of the metal and the oxide, respectively, and

c¼ a3
Cu2O=a3

Cu�Au, where aCu2O and aCu-Au are the lattice con-

stants of Cu2O and Cu-Au alloys, respectively. The lattice

constant of an alloy depends on the alloy composition.

According to Vegard’s Law, the lattice constant of a

Cu1� xAux solution is determined as

aCu1�xAux
¼ aAu � xAu þ aCu � ð1� xAuÞ; (4)

where aCu and aAu are the lattice constants of copper

and gold (aCu¼ 3.615 Å, aAu¼ 4.08 Å), respectively. f ðh1Þ ¼
ð2þcos h1Þð1�cos h1Þ2

4
in Eq. (3) is the geometrical factor for a

plane surface, X is the volume of an oxygen atom in the ox-

ide phase, s the oxygen sticking coefficient, No the density of

available oxygen adsorption sites, m the molecular mass of

oxygen, Esd the activation energy for O surface diffusion,

Edes the activation energy for desorption, k the Boltzmann’s

constant, and T the oxidation temperature.

To obtain the effect of alloy composition on the nuclea-

tion orientations of oxide islands, we introduce a parameter

n¼ cos h1 for characterizing the degree of structure match at

FIG. 9. Heterogeneous nucleation of a double cap-shaped oxide island on

an alloy substrate, where the oxide nucleus embeds into the substrate due to

the incorporation of underlying substrate atoms into the oxide phase. The

contact angles for the upper and bottom caps are h1 and h2, respectively.

rNO, rNS, and rSO represent the energies of the interfaces between the nu-

cleus and oxygen gas, nucleus and substrate, and substrate and oxygen gas,

respectively.
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the interface between the oxide nucleus and the alloy sub-

strate. For a given system, the strong interaction and ideal

structural match (i.e., epitaxial nucleation) lead to the com-

plete wetting of the oxide phase with the substrate and result

in the contact angles h1þ h2¼ 0 and thus n!1; on the other

hand, the weak interaction and poor structural match (i.e.,

nonepitaxial nucleation) lead to nonwetting of the oxide

phase with the structure and thus result in the contact angles

of h1¼ 180�, h2¼ 0�, and correspondingly n ! �1. There-

fore, heterogeneous nucleation of oxide islands during the

oxidation occurs in the range between n¼ 1 and n¼�1. By

substituting n and Eqs. (2) and (4) into Eq. (3), we can obtain

the nucleation rate J/B as a function of the structure match

parameter n for different oxygen gas pressures and alloy

compositions. As an example shown in Fig. 10(a), the nucle-

ation rate J/B is plotted via n for different pO2 for the oxida-

tion of Cu-20 at. % Au(100) alloy at 400 �C. As seen in the

plots, the oxidation of the Cu-Au alloy is dominated by epi-

taxial nucleation of oxide islands (e.g., n¼ 1) for the low ox-

ygen pressure. With the increase in oxygen gas pressure, the

non-epitaxial nucleation (e.g., n¼�1) of oxide islands is

promoted, and the difference in nucleation rates between epi-

taxial and non-epitaxial nucleation is dramatically reduced.

Therefore, both epitaxial and non-epitaxial oxide islands are

nucleated simultaneously on the alloy surface under the high

oxygen pressure.

The effect of alloy composition on the nucleation orien-

tation transition of oxide islands is illustrated in Fig. 10(b).

The nucleation rate J/B is plotted via n for the several Au

compositions xAu for the oxidation of the Cu-Au alloys at

400 �C under the same oxygen pressure (pO2¼ 100 Torr). As

can be seen from the plots, the oxidation of alloy surface is

dominated by epitaxial nucleation of oxide islands for Cu-Au

alloy with Au composition xAu< 20% while non-epitaxial

nucleation of oxides is highly promoted for Cu-Au alloy with

Au composition xAu> 20%. Therefore, both epitaxial and

non-epitaxial oxide islands are nucleated simultaneously on

the Cu-Au alloy surface with a higher Au composition while

the oxygen pressure remains the same for the different alloys.

It can be seen that the higher Au composition is in the Cu-Au

alloy, the lower the critical oxygen pressure becomes for

nucleating non-epitaxial oxide islands. Although quantitative

comparison between the nucleation rates of experimental

data and the model by Eq. (3) cannot be made due to practical

limitations of the classic heterogeneous nucleation theory

including the lack of the accurate values of surface and inter-

face energies and the surface diffusion rates as a function of

oxygen pressure, which makes the theory difficult to quantify,

the real data of the experimental oxygen gas pressures and

Cu-Au alloy compositions are used in the model to predict

the effect of oxygen gas pressure and alloy compositions on

the nucleation orientations of oxide islands during the oxida-

tion. The outcome of the model as shown in Fig. 10 provides

reasonable match with the ranges of the oxygen pressure and

alloy compositions at which the orientation transitions of ox-

ide islands from epitaxial to nonepitaxial nucleation are

experimentally observed, where the oxygen pressure leading

to nucleation of randomly oriented oxide islands decreases

from 150 Torr to 5 Torr when the Au composition increases

from 5 at. % to 50 at. %.

As the above discussion illustrates, the epitaxial nuclea-

tion of oxide islands cannot be maintained throughout the

whole range of oxygen pressure, and increasing Au composi-

tion in the Cu-Au alloy results in a decrease in the critical

oxygen pressure leading to the orientation transition to

nucleating non-epitaxial oxide islands. The physical under-

standing of such an effect of the alloy composition on the

orientations of oxide nuclei can be understood as follows.

The rate of forming critical oxide nuclei is determined by

two competing factors, i.e., nucleation barrier and the effec-

tive atom collision rate factors. At the low oxygen pressure,

the nucleation barrier is high and the nucleation rate is domi-

nated by the exponential term in Eq. (3). Therefore, oxide

islands with a lower nucleation barrier show a faster nuclea-

tion rate. Thus, the nucleation of oxide islands with the

strong interaction and good structural match (n¼ 1) between

oxide nuclei and substrate is kinetically favorable. Con-

versely, at high oxygen pressures, the nucleation barrier is

reduced and the issue of effective collisions, described by

the collisional pre-factor of Eq. (4), becomes more impor-

tant. The nucleation of oxide islands with weak interaction

and poor structural match (n! 0, and �1) with the substrate

is enhanced. The critical oxygen gas pressure leading to such

an orientation transition of oxide nuclei can be modified by

the alloy composition via its effect on the nucleation barrier.

By adding more Au into the Cu-Au alloy, the lattice mis-

match between the oxide and the alloy substrate is reduced,

thereby lowering the nucleation barrier for their better struc-

ture match. Therefore, increasing Au mole fraction in the

alloy leads to a decrease in the nucleation barrier, as meas-

ured in our previous work.37 The reduced nucleation barrier

FIG. 10. (a) Plots of the relative steady-state nucleation rate J/B vs. the

interaction parameter n at the different oxygen pressures pO2 for oxidation

of Cu-20 at. % Au(100) at 400 �C; (b) Plots of the relative steady-state

nucleation rate J/B vs the interaction parameter n for the oxidation of Cu-

Au(100) with the different Au compositions at pO2¼ 100 Torr and

T¼ 400 �C.
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correspondingly results in a lower critical oxygen gas pres-

sure for nucleating non-epitaxial oxide islands. It is noted

that the equilibrium oxygen pressure, pOe
2, given in Eq. (2),

for the formation of Cu2O oxide on the Cu-Au alloy surface

is also changed by the alloy composition but has a relatively

minor effect on the nucleation rate of oxide islands, espe-

cially under the very high supersaturation,
pO2

pOe
2
, of the oxygen

pressure.

V. CONCLUSION

In conclusion, an orientation transition from nucleating

epitaxial to non-epitaxial Cu2O islands is observed by

increasing the oxygen gas pressure during the initial stages of

oxidation of Cu-Au(100). The effect of Au composition on

the critical oxygen gas pressure required for such an orienta-

tion transition of oxide nuclei is monitored by in situ environ-

mental TEM. It is found that the critical oxygen pressure for

this transition decreases with the increase of Au composition

in the Cu-Au alloys. Such a dependence of the critical oxygen

gas pressure on the alloy composition is ascribed to its effect

on the oxide nucleation barrier that alters the relative impor-

tance of two competing factors, i.e., the oxide-alloy structure

match and the effective collision of atoms, in determining the

oxide nucleation rate. This result is expected to provide better

perception into bridging the pressure gap in the still-limited

understanding of the initial-stage oxidation of alloys as well

as designing alloys for controlling the orientations of oxide

film coating under ambient conditions.
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