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a  b  s  t  r  a  c  t

Because  environmental  stability  is an essential  property  of  most  engineered  materials,  many  theories
exist  to explain  oxidation  mechanisms.  Yet,  nearly  all classical  oxidation  theories  assume  a uniform
growing  film,  where  structural  changes  were  not  considered  because  of  the  previous  lack  of  experimental
procedure  to visualize  this  non-uniform  growth  in  conditions  that  allowed  for  highly  controlled  surfaces
and  impurities.  With  the advent  of vacuum  technologies  and  advances  in  microcopy  techniques,  espe-
cially in situ,  one  can now  see  structural  changes  under  controlled  surface  conditions.  Here,  we present
EM
n situ
u
u–Ni
u–Au

a  review  of  our  systematic  studies  on  the  transient  oxidation  stages  of a model  metal  system,  Cu,  and
its  alloys,  Cu–Au  and  Cu–Ni,  by in  situ  ultra-high  vacuum  transmission  electron  microscopy  (UHV-TEM).
The  dependence  of  the  oxidation  behavior  on  the  crystal  orientation,  oxygen  pressure,  temperature  and
alloying  is  attributed  to the  structures  of the  oxygen-chemisorbed  layer,  oxygen  surface  diffusion,  sur-
face  energy  and  the  interfacial  strain  energy.  Heteroepitaxial  concepts,  developed  to  explain  thin film
formation  on  a dissimilar  substrate  material  (e.g.,  Ge on  Si),  described  well  these initial  oxidation  stages.
. Introduction

Oxygen in the Earth’s atmosphere reacts with metal surfaces
orming oxides that are brittle and spall off, leaving bare metal
urface for further deterioration. Addressing the problems of cor-
osion costs the US a few percent of its gross national product
GNP) per year. Fundamental understanding of metal oxidation
as therefore received extensive interest owning to its significant
echnical importance. The general sequence of metal oxidation is
xygen chemisorption, nucleation and growth of oxide, and bulk
xide growth. The oxygen surface chemisorption has been exten-
ively studied by surface science methods that mostly examine the
dsorption of up to ∼1 monolayer of oxygen with particular empha-
is on the structures of adsorbed phases (Besenbacher, 1993, 1996;
enkins, 2006; Qin et al., 2008; Yagyu et al., 2009; Zhukov et al.,
999). On the other hand, the growth of continuous oxide layer
ontrolled by parabolic, logarithmic, or other kinetic mechanisms
t the later stages of oxidation has been observed on many metals

ystems, and models based on the transport of ionic species through
he thicker and continuous oxide film has been proposed to explain
he observed trends (Birks and Meier, 1983). Hence, the least
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well-understood regime in metal oxidation is the transient oxida-
tion stage, i.e.,  from the nucleation to the growth of metal oxides.
Some simple pure metals such as Ni, Al, Cu, and Pb have been
selected as model systems to understand the reaction mecha-
nism in the early stages of oxidation by different techniques over
a wide range of pressures and temperatures (Brune et al., 1992;
Christensen et al., 1986; Holloway and Hudson, 1974; Jacobsen
et al., 1995; Kennett and Lee, 1975; Orr, 1962; Thurmer et al.,
2002; Vaquila et al., 1993; Yang et al., 1998a,b). The report from
these studies that the initial stages of metal oxidation typically
involve the nucleation and growth of oxide islands, rather than
the formation and thickening of a continuous film, represents
a critical departure from previously held assumptions in clas-
sic Cabrera–Mott and Wagner theories regarding metal oxidation
(Cabrera and Mott, 1948; Wagner, 1933).

To exemplify the structural changes of the initial stages of
oxidation and its sensitivity to the environment, we  studied the
initial oxidation stages of Cu and its alloys by in situ UHV-TEM.
We selected Cu as the model system, since it has a long history
of being studied as a model metal system for oxidation (Cabrera
and Mott, 1948; Lawless and Mitchell, 1965; Lawless, 1974; Milne
and Howie, 1984; Young et al., 1956). Our study of Cu thin film

oxidation was later extended to the cases of Cu–Au(1 0 0) and
Cu–Ni(1 0 0) surfaces in order to seek the effects of alloying on the
oxide formation (Bharadwaj and Yang, 2001; Luo et al., 2011; Yang
et al., 1998a,b,c, 1999,2009, 2002; Yang and Yeadon, 1997; Zhou,
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http://www.elsevier.com/locate/micron
mailto:judyyang@pitt.edu
mailto:yik3@pitt.edu
mailto:gzhou@binghamton.edu
dx.doi.org/10.1016/j.micron.2012.02.007


1 icron 4

2
2
t
a
s
C
d
o
d
g
g
S
t
e
o
t
b
f
p
t
o
k
t
d
f
o
p

2

fi
e
c
p
s
t
C
fi
N
w
i
s
b
t
t
i
t
o
g
o
u
i
p
i
o
t
n

s
o
b
3
e
Z

196 J.C. Yang, G. Zhou / M

009a,b,c, 2010; Zhou et al., 2005a,b, 2006,2008; Zhou and Yang,
002, 2003a,b, 2004, 2005). In this review paper, we first present
he oxidation kinetics and oxide morphology from Cu(1 0 0), (1 1 0)
nd (1 1 1) oxidation as function of temperature and oxidizing pres-
ures (including up to 1 atm), and then compare to the oxidation of
u–Au(1 0 0) and Cu–Ni(1 0 0). We  find these initial stages of oxi-
ation to be a very rich and elegant regime to study. Our studies
n the oxidation of Cu thin films demonstrate that oxygen surface
iffusion is the primary mechanism of transport, nucleation and
rowth, in contrast to, for example, bulk diffusion of Cu or oxy-
en diffusion into the Cu film and oxide nucleation within the film.
ince initial stage of oxidation is a surface process, factors that affect
he surface impact the oxidation rate and the oxide morphology
volution. A significant effect of temperature is to create different
xide nanostructures, due to temperature-dependent changes in
he interfacial strain and properties. This bears a striking resem-
lance to heteroepitaxy where interfacial strain is the influential
actor in thin film growth and nano-shapes. Increasing oxidation
ressure shows increased oxidation kinetics, as well as a transi-
ion from epitaxial to polycrystalline oxide formation at a critical
xidizing pressure. Alloying dramatically affects both the oxidation
inetics and the morphology of the oxide islands. For Cu–Au oxida-
ion, the oxidation mechanisms change where the Cu2O reveals a
endritic growth. For Cu–Ni oxidation, the addition of Ni causes the
ormation Cu2O and/or NiO where the oxide type(s) and its relative
rientation with the film depend on the Ni concentration, oxygen
artial pressure and temperature.

. Materials and methods

Our in situ oxidation experiments were carried out in a modi-
ed JEOL 200CX TEM (McDonald et al., 1989). This microscope is
quipped with a UHV chamber with base pressure ∼10−8 Torr. A
ontrolled leak valve attached to the column of the microscope
ermits introduction of gases directly into the microscope. Pres-
ure was monitored by an ion gauge mounted inside the column of
he microscope near the sample region. Single crystals of Cu(1 0 0),
u(1 1 0), Cu(1 1 1) as well as Cu–Au(1 0 0) and Cu–Ni(1 0 0) thin
lms with thickness of 600–1000 Å  were grown on single crystal
aCl by sputtering deposition or e-beam evaporation. The films
ere removed from the NaCl substrate by flotation in deion-

zed water, washed and mounted on a specially designed TEM
ample holder that allows for resistive heating at temperatures
etween room temperature and 1000 ◦C. The relationship between
he power input to the Si TEM sample holder and the tempera-
ure was calibrated using a pyrometer. Oxygen gas can be admitted
nto the column of the microscope through the leak valve at a par-
ial pressure (pO2) between 5 × 10−5 Torr and 760 Torr. Real time
bservations can be made at pressures ≤8 × 10−4 Torr. To investi-
ate the effects of the electron, the electron beam was  shut off, the
xidation reaction was carried out for a few minutes, the TEM col-
mn  was evacuated, and then the electron beam was  turned on for

maging. This process was repeated to create a sequential oxidation
rocedure in order to study the effect of the electron beam on the

n situ oxidation. The effect of the electron beam is to accelerate the
xidation process but not the morphological developments, thus
he mechanisms developed from in situ observations are valid and
ot an electron beam effect.

The Cu, Cu–Au and Cu–Ni films formed a native oxide on the
urface due to air exposure. Before oxidation in situ, the native
xide of the Cu and the Cu–Au films was reduced inside the TEM

y annealing in methanol vapor or Ar plus 2% H2 environment at
50 ◦C at a pressure of 5 × 10−4 Torr, as confirmed by selected area
lectron diffraction (SAD) (Wang et al., 2006; Yang et al., 1998a,b;
hou et al., 2007a).  The Cu–Ni film was reduced by annealing the
3 (2012) 1195–1210

Cu–Ni films at 750 ◦C within an Ar plus 2% H2 atmosphere at a pres-
sure of ∼1 × 10−3 Torr as was  confirmed by SAD (Yang et al., 2009).
To oxidize the Cu and Cu alloy films, scientific grade oxygen gas
(99.999% purity) was introduced into the TEM chamber.

The Cu–Ni oxidation study also used a controlled environment
system constructed for use at the synchrotron X-ray scattering
techniques that provide complementary information over a wide
range of pO2 and temperature. Oxidizing and reducing environ-
ments are created by mixing purified gases Ar, O2, CO, CO2, H2
and the temperature can achieve up to 1000 ◦C (Eastman et al.,
2005). Epitaxial (0 0 1)CuxNi1−x thin film samples with thicknesses
of 110–200 nm were grown by electron-beam evaporation onto
SrTiO3 single crystal (0 0 1) substrates. The samples were annealed
typically for 1 h at 840 ◦C in 5 × 10−4 Torr of Ar–2% H2 and then were
cooled to the desired temperature for oxidation studies in situ.

3. Results and discussion

3.1. Oxidation of Cu

3.1.1. Nucleation and growth of Cu2O islands on Cu(1 0 0)
Our studies of Cu(1 0 0) oxidation reveal an oxygen surface dif-

fusion as opposed to a Cu or oxygen bulk diffusion mechanism for
transport, nucleation and growth of the oxide island. Fig. 1a is a
sequence of TEM dark-field (DF) images taken from Cu2O(1 1 0)
reflection, showing the nucleation events of Cu2O islands in the
oxidation of Cu(1 0 0) surfaces at 350 ◦C and the oxygen pressure of
5 × 10−4 Torr (see Supplemental information for the corresponding
in situ video). It should be noted that Cu2O, not CuO, was  observed
to form under all oxidation conditions studied in this work. Ther-
modynamically, CuO could only form after a continuous Cu2O is
created, i.e.,  CuO cannot form directly on Cu; since our focus is on the
initial oxidation prior to the oxide scale formation, only Cu2O was
observed in agreement with thermodynamics. After the introduc-
tion of oxygen gas, no oxide islands appear within the first couple
of minutes; the smallest oxide nuclei observable was  ∼1 nm. The
oxide islands then nucleate rapidly, reach a saturation number den-
sity and followed by the island growth. The observation that the
number density of oxide nuclei saturates suggests that the nucle-
ation process is limited by oxygen surface diffusion (Yang et al.,
1998b), i.e.,  an active zone of oxygen capture exists around each
island, and the radius of this capture zone is proportional to the
oxygen surface diffusion rate. The probability of a nucleation event
is proportional to the fraction of available surface area outside these
zones of oxygen capture. The saturation island density is reached
when the zones of oxygen capture of neighboring islands impinge
on each other. The equation describing this oxygen surface diffusion
behavior for the nucleation of copper oxides:

N = 1

L2
d

(1 − e−kL2
d

t) (1)

The initial nucleation rate is equal to k, and the saturation island
density is 1/L2

d
. Fig. 1b shows the number density of the oxide

islands with respect to the oxidation time, where the solid line
corresponds to the fitting to the oxygen surface diffusion limited
nucleation processes.

Due to larger surface mobility of oxygen at higher temperatures,
the radius of oxygen capture zone increases with temperature and
the attachment of oxygen to existing islands is more favorable than
nucleation of new nuclei. Therefore, the dependence of the satura-

tion island density, NS, on oxidation temperature should also follow
an Arrhenius relationship (Yang et al., 1998b):

Ns∼eEN /kT (2)
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Fig. 1. (a) Cu(2 0 0) dark field image after oxygen is introduced into the microscope at 5 × 10−4 Torr oxygen and 350 ◦C, (b) nucleation density as function of oxidation time
and  the solid line is the theoretical fit to an oxygen surface diffusion model, and (c) cross-sectional area of oxide islands which fits a t0.33 growth rate where the solid line
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orresponds to the oxygen surface diffusion/direct impingement model.

here k is Boltzmann constant, T is the temperature, and EN is the
ctivation energy for the nucleation of oxide islands. It should be
oted that this is a homogeneous nucleation model that assumes
andom selection of nucleation sites. Nearly all of the in situ Cu
xidation experiments seem to agree with this assumption, where
urface steps (Yang et al., 1999) and dislocations (Zhou et al.,
005b) were not clearly preferential nucleation sites. However if
he defects were significant, such as surface faceting, grain bound-
ries or edge of a hole, then the oxides formed along the defects.
or example, Cu(1 1 0) forms surface facets above T � 750 ◦C, where
he oxide grew as nanorods along the valleys of the facets (Zhou
t al., 2005b).

The evolution of individual islands during growth can also be
ollowed in situ. Fig. 1c shows the quantitatively measured island
reas as a function of oxidation time when Cu(1 0 0) is exposed to
n oxygen pressure of 5 × 10−4 Torr at 350 ◦C. The best power law
t to the island growth is t1.3, which is slightly higher than t—the
redicted power law dependence for 3D growth by oxygen surface
iffusion (Yang et al., 1997). To account for the slight deviation from
he linear growth, we included the direct impingement or bulk dif-
usion of oxygen that contributes to the island growth, which fits
ith the experimental data (Yang et al., 1997), as shown in Fig. 1c.
ence, these in situ studies of Cu oxidation revealed that oxygen
urface diffusion is the primary mechanism of transport, nucleation
nd growth during the initial oxidation stage; as the oxide islands
row larger, the oxygen atoms that land on the surface of the oxide
sland also contribute to its growth.
3.1.2. Effect of surface orientation on the oxide formation:
oxidation of Cu(1 1 0) and Cu(1 1 1)

Previous investigators have elegantly demonstrated that
Cu(1 0 0) and (1 1 0) surfaces are unreconstructed, and then trans-
form into “missing-row” or “adding-row” reconstruction when
exposed to oxygen (Jacobsen and Norskov, 1990; Jensen et al.,
1990; Robinson et al., 1990). After reconstruction, oxygen diffuses
on the reconstructed surface, and nucleation occurs on the recon-
structed Cu–O surface. Further arriving oxygen can either nucleate
new oxide islands by reacting with copper atoms or attach to an
existing island, causing growth. Therefore, the surface diffusion
coefficient of oxygen may  determine the outcome of the com-
petition between nucleation and growth, and, hence, determines
the number density of stable islands. Qualitatively a larger diffu-
sion 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
nucleation behaviors of Cu2O islands is therefore expected for dif-
ferent orientations of the Cu. The Cu(1 0 0) has a more close-packed
structure, and is smoother than the corrugated Cu(1 1 0) surface.
Similarly, the reconstructed (

√
2 × 2

√
2)R45◦ O–Cu(1 0 0) surface

has a more compact oxygen chemisorption than (2 × 1)O–Cu(1 1 0)
surface which has a corrugated structure. Therefore, it is expected

the activation barrier of surface diffusion of the dissociated oxy-
gen be higher on the Cu(1 1 0) surface, and thus have a shorter
path length. The shorter diffusion path length leads to a smaller
zone of oxygen capture. If an adatom lands within the zone of
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Table 1
Comparison of the nucleation kinetics in the oxidation of Cu(1 0 0) and Cu(1 1 0) at 350 ◦C and oxygen pressure of 5 × 10−4 Torr.

Initial nucleation rate
(k: �m−2 min−1)

Radius of oxygen
capture zone (Ld: �m)

Saturation island
density (1/L2

d
: �m−2)

Island density
saturation time (min)

Nucleation activation
energy (Ea: eV)

0.83 

9.01 
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Cu(1 0 0) 0.17 1.09 

Cu(1  1 0) 1.743 0.33 

xygen capture, then adatom will diffuse on the surface and attach
o an existing island; an adatom landing outside this zone of oxy-
en capture could create its own nucleation site. The smaller zone of
xygen captures results in a higher number density of oxide nuclei.
his is confirmed by our results where the active zone of oxygen
apture around each island on Cu(1 1 0) is 0.3331 �m for the oxida-
ion at 350 ◦C, which is significantly smaller than that on Cu(1 0 0),
.09 �m,  as shown in Table 1.

Rather than following the process of nucleation and growth of
xide islands as described earlier for Cu(1 0 0) and Cu(1 1 1), the oxi-
ation of Cu(1 1 1) shows a very different behavior. As seen in Fig. 2,
he oxidation of Cu(1 1 1) surface is via the nucleation and growth of
discontinuous-branched” Cu2O overlayer under similar oxidation
ondition (T = 450 ◦C pO2 = 5 × 10−4 Torr). Further oxidation results
n growth of these Cu2O islands where they coalesce to create
rregularly connected oxide clusters. With use of a connectivity-
hecking algorithm, individual Cu2O clusters can be isolated for
tatistical analysis, as shown in Fig. 2a–c (Zhou et al., 2008). Under
he scaling hypothesis, the infinite cluster at the percolation thresh-
ld pc has the property of statistical self-similarity, which can be
hecked by measuring the mass M(L) of the infinite cluster and that
f the backbone with different length scale L. At the percolation
hreshold, p = pc, the mass of the spanning cluster scales with L as
Fender, 1988; Stauffer, 1979):

(L) = LDf
(

L

�

)
→

{
LD for L 	 �
LE for L 	 �

(3)

ere � is the correlation length defined as the average root mean
quare distance between occupied sites that belong to the same
luster, D is the fractal dimension of the cluster, and E is the
uclidean dimension where E = 2 for a two-dimension surface. As
hown in Fig. 2d, the mass densities for the infinite cluster are
cale dependent, follow the power law in Eq. (3) with the L 
 �,
nd have the fractal dimension of D = 1.71. The fractal dimension

 = 1.71 of the infinite oxide cluster is inconsistent with the pre-
iction by random percolation, which gives D = 1.9. We  speculate
uch a random site occupation mechanism does not apply to metal
xidation, where the oxide nuclei attract oxygen atoms for the
xide growth. This implies that the probability of site occupation
s neighbor dependent for surface oxidation, and sites adjacent to
he periphery of existing oxide have larger probability to be occu-
ied. We  use kinetic Monte-Carlo (KMC) simulations to verify the
bove speculation (Fig. 2e), where the probability for oxygen atoms
eing captured by existing oxide islands is larger than the nucle-
tion of new islands due to the smaller activation energy for an
xygen atom sticking to an existing oxide island. Our KMC  simula-
ions reveal a fractal dimension of D = 1.75 with L 
 � (Fig. 2f), which
s very close to the experimental fractal dimension (D = 1.71) of the
nfinite oxide cluster observed experimentally. Their agreement
upports our speculation that the percolating oxide film growth
uring Cu(1 1 1) oxidation is related to the processes of neighbor-
ependent site occupation of oxygen and supports our nucleation
odel of an oxygen capture zone around existing islands.
One might expect that the mechanism of neighbor-dependent
ite occupation is typical for oxide growth during metal oxidation.
his implies that percolating oxide film growth could be a gen-
ral phenomenon for metal oxidation. However, our in situ TEM
bservations of the oxidation of Cu(1 0 0), Cu(1 1 0) and Cu(1 1 1)
22 1.4 ± 0.2
17 1.1 ± 0.2

under similar oxidation conditions reveal that the oxidation
of Cu(1 0 0) and (1 1 0) leads to the formation of 3D compact
Cu2O islands (Zhou and Yang, 2002, 2003a,b, 2004; Zhou et al.,
2005a), which obviously deviates from the fashion of percolat-
ing oxide growth. These different oxidation behaviors can be
attributed to their different oxygen chemisorbed structures. The
O-chemisorption on Cu(1 1 1) results in ordered ‘29’ (

√
13R46.1◦ ×

7R21.8◦) and ‘44’ (
√

73R5.8◦ ×
√

21R − 10.9◦) lattice structures,
which comprise distorted hexagonal arrays of O atoms with unit
cell areas 29 and 44 times larger than that of the substrate Cu(1 1 1)
(Besenbacher and Norskov, 1993; Jensen et al., 1991, 1991, 1992;
Matsumoto et al., 2001). The oxygen atoms in the 29 and 44
structures have more than one well-defined height with corru-
gation up to ∼3.1 Å with respect to the Cu surface. Compared to
the chemisorbed structures of (

√
2 × 2

√
2) R45◦ O–Cu(1 0 0) and

(2 × 1)O–Cu(1 1 0), the oxygen-chemisorbed ‘29’ and ‘44’ structures
on Cu(1 1 1) surfaces have much larger surface corrugation, and
such enhanced surface roughness can greatly inhibit surface diffu-
sion of oxygen atoms. Efficient surface and edge diffusion usually
leads to compact island growth, while sluggish surface diffusion
causes ramified island morphologies. The percolating oxide growth
during Cu(1 1 1) oxidation can be attributed to the restricted surface
diffusion of oxygen due to the highly corrugated O–Cu(1 1 1) surface
structure, and the compact oxide island growth observed during
the oxidation of O–Cu(1 0 0) and O–Cu(1 1 0) surfaces is related to
the efficient oxygen surface diffusion due to their smooth surface
structures.

3.1.3. Effect of oxidizing temperature on the oxide morphology
We systematically investigated the role of oxidizing tempera-

ture and pressure, where we discovered an unusually wide variety
of oxide nanostructures, from nanorods to pyramids to a nearly
uniform oxide layer, by simply changing the oxidation temperature
(Fig. 3). These in situ studies also provide insights into nano-oxide
synthesis. Similar to heteroepitaxy, the lattice mismatch causes dif-
ferent nanostructures; different shapes are noted including thin
films, domes or nanorods where the common explanation is the
strain between the thin film and support material (Ross et al., 1998,
1999; Tersoff and Tromp, 1993; Tromp and Ross, 2000). We  find in
this case that strain does indeed play a critical role in defining these
shapes. The temperature impacts surface and interface energies as
well as mechanical properties, which affect the oxide morphology.
Two of the unusual shapes—the nanorod (Zhou and Yang, 2002) and
the hollow pyramid (Zhou et al., 2005a)—were of particular interest
and studied in detail.

3.1.3.1. Cu2O nanorods. Elongated Cu2O islands were observed to
form on Cu(1 0 0) surfaces from the in situ oxidation in a narrow
temperature regime near 600 ◦C (Zhou and Yang, 2002, 2003b).
The island initially has a square-in-cross-section shape and when
a critical size (∼110 nm), is reached, the island transitioned to an
elongated structure (Fig. 4a). These shapes bear a striking resem-

blance to nanorods observed in a few heteroepitaxial systems such
as Ge nanorods on Si. Tersoff and Tromp (1993) have proposed
an energetic model to describe square-elongation shape transition
of epitaxial islands. According to their model, the energy per unit



J.C. Yang, G. Zhou / Micron 43 (2012) 1195–1210 1199

Fig. 2. The Cu2O formed on the Cu(1 1 1) film at the percolation threshold: (a) identification of oxide clusters by a connectivity analysis of the discontinuous oxide film,
different clusters are shown by different colors, and the largest one (infinite cluster) has the brightest contrast and spans over the whole image; (b) the infinite cluster singled
o 2

 L for t
b length
f or-de
c is the 

v{

w
r
i
(

ut  from (a). (c) Scaling analysis of the infinite cluster, (d) log–log plot of M(L)/L vs.
e  1.71. Note that L is the number of pixels of the image and can be converted into 

ormed  at the percolation threshold from the KMC  simulations based on the neighb
luster, the fraction dimension D for the infinite cluster is determined to be 1.75 (L 

olume (E/V) of a strained epitaxial island is:

E

V
= 2�

(
1
s

+ 1
t

)
+ 1

h
(ri + rt − rs)

−2ch

[
1
s

ln

(
se3/2

h cot �

)
+ 1

t
ln

(
te3/2

h cot �

)]
,

}
(4)
here s, t, and h are the width, length, and height of the island,
espectively; � being the contact angle. � contains the surface and
nterface energies and contact angle, � = �e csc� − (� t + �s − � i)cot �
units J/m2); � t, �s, and �e are the surface energies (per unit area) of
he infinite cluster, the fraction dimension D for the infinite cluster is determined to
 scale by L(nm) = L(pixel number) × (image size(nm)/1024). (e) The infinite cluster

pendent site occupation mechanism; (f) log–log plot of M(L)/L2 vs. L for the infinite
number of pixels).

the island’s top, the substrate, and the island’s edge facet, respec-
tively; � i is the island-substrate interface energy. The first two
terms in Eq. (4) give the change in surface and interface ener-
gies when an island forms on the surface. The substrate-island
lattice mismatch causes the island to exert a force on the substrate,
which elastically distorts the substrate. The third term describes the
energy relaxation of the island by the cost of some strain in the sub-

strate, and this relaxation energy is related to c, c = �2

b
(1 − �)/2�G,

where � and G are the Poisson ratio and shear modulus of the sub-
strate, and �b is the island bulk stress (Tersoff and LeGoues, 1994;
Tersoff and Tromp, 1993).
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ig. 3. The morphology of Cu2O islands formed on Cu(1 0 0) surface as a function of
xygen pressure was  5 × 10−4 Torr.

The equilibrium shape of the epitaxial island is obtained through
inimizing the total energy of the island with respect to both s and

. This gives a square island with s = t = ˛0, where the optimal size
0 is given by:

0 = e	h exp
(

�

ch

)
(5)

here  ̊ = e−3/2 cot �, e is the usual mathematical constant. The
sland remains square in cross section before increasing its size up
o s = t = e˛0. Due to continued oxygen exposure, the island grows
eyond this critical size (e˛0), the square shape becomes unstable
nd a transition to rectangular in cross section shape takes place. As
he island grows further, the aspect ratio, t/s, increases, i.e.,  reduc-
ng its width back to the optimal size, ˛0, while rapidly increasing
ts length. In the evaluation of “c”, the standard values of Young’s

odulus of Cu2O (30 GPa) and shear modulus (G = 40 GPa) and Pois-
on ratio (� = 0.36) of the Cu were used (Frost and Ashby, 1982;
arkworth et al., 2001). The contact angle, � = 30◦, and height,

 = 20 nm,  were determined by the atomic force microscopy (AFM)
easurement (Fig. 4b). By fitting with the critical size, e˛0 = 114 nm,
e estimated � from Eq. (5).  Gamma  (� ) depends on the overall

urface energies and interfacial energy, which are not readily avail-
ble in the literature. These values were substituted into Eq. (4)
o determine the energy per unit volume as a function of width

 and length t. This agreement between the model and experi-
ental observation (Fig. 4c) suggest that the oxide islands formed

t this temperature have an equilibrium shape. Since the oxida-
ion temperature is relatively high (600 ◦C), and the Cu surface is
at and clean, so the oxide islands can easily achieve an equilib-
ium shape by fast oxygen surface diffusion. This surface diffusion
imited growth kinetics is also consistent with the experimentally

easured volume evolution of the oxide islands (Zhou and Yang,

002).

.1.3.2. Cu2O hollow pyramids. When we oxidized Cu(1 0 0) films
ith thickness of 700 Å at 800 ◦C and above, a peculiar hollow Cu2O
tion temperature: (a) 350 C, (b) 500 C, (c) 600 C, (d) 750 C, and (e) 900 C, where

pyramids formed. The evolution of the island size and shape was
followed within the UHV-TEM, as shown in Fig. 5a and b. The forma-
tion of terraces and empty space within the pyramid results from
the sliding of an oxide segment over one another on the slip sys-
tem of (1 1 1) [1 1̄ 0] caused by the compressive stress exerted on
the island due to the large volume change accompanied with oxi-
dation of Cu to Cu2O. The orientation of the oxide island relative
to the Cu(1 0 0) was  identified by selected area electron diffraction.
The proposed model explains quantitatively the size distribution
of the pyramid terraces. We  can calculate the strain energy of an
oxide island before the first slip as

Es = 1
3

× t ×
(

E

1 − �
ε2

)
× (3l2 − 3

√
2tl + 2t2), (6)

where E, � is Young’s modulus and Poisson ratio of Cu2O, respec-
tively, ε = (aCu2O − aCu)/aCu corresponds to the length constraint
caused by the lattice change from Cu to Cu2O, and l and t are the size
parameters of the pyramid as defined in Fig. 5c. The oxide growth
causes progressive accumulation of strain energy in the island, and
the strain energy is finally released by plastic slip at some critical
lateral size of the island. The work done by sliding process can be
calculated as:

W = 3� × l × [t2 − (t − h)2] −
√

2 × � × [t3 − (t − h)3] (7)

where � is the shear stress required for the plastic slip in the
pyramid, and the size parameters are same as defined in Fig. 5c.
The shear stress for the slip is estimated to be 2.5 GPa by equat-
ing Eqs. (6) and (7) and using experimentally determined width
(∼560 nm)  and height (∼55 nm)  of the first terrace and ledge. The
strain energy and work done by sliding for the formation of multiple
terraces can be calculated similarly to determine the terrace width.
Fig. 5d shows the calculated strain energy and the work done by

the slip, and their intersections correspond to the island lateral size
at which slips occur. The terrace widths measured from different
pyramids are given in Fig. 5d, where a good agreement is noted. The
above analysis suggests that the formation of the terraced hollow
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Fig. 4. (a) Cu2O islands formed by oxidation of Cu(1 0 0) at constant oxygen partial pressure of 8 × 10−4 and temperature of 600 ◦C. Square shaped islands are smaller or
near  to the critical size of ∼110 nm.  Elongated islands, which have undergone shape transition, are also observed. Inset is a selected electron diffraction pattern revealing
the  cube-on-cube epitaxial relationship between the oxide islands and the Cu(1 0 0) substrate. The elongation directions of the islands are always along the two orientation
pairs  of the four crystallographic orientations, i.e.,  〈1 1 0〉 and 〈0 1̄ 1̄〉 or 〈1 1̄ 0〉 and 〈1̄ 1̄ 0〉, and roughly equally distributed. (b) In situ TEM images of the four growth stages of
a  Cu2O island as a function of oxidation time at constant oxygen partial pressure of 1 × 10−4 and temperature of 600 ◦C. The island initially has a square shape and remains a
square  when increasing in size, a shape transition to rectangular islands at some critical size and the aspect ratio increases with continued oxidation. The relative orientation
of  the oxide island to the Cu(1 0 0) film was identified by selected area electron diffraction. (c) AFM image (0.6 �m by 0.6 �m;  z range, 0.3 �m) of an elongated Cu O island.
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d)  Dependence of both island length t (squares) and width s (circles) on the island s
haped  island undergoes a shape transition at the critical size s = t = e˛0 = 114 nm.  Th

yramids depends on the mechanical properties of the oxide and
he metal films, which is temperature dependent.

.1.4. Effect of oxygen pressure on the orientations of oxide nuclei
We have shown that copper and other investigators have shown

n many other metals, their oxidation proceeds via nucleation
f oxide islands (Hajcsar et al., 1995; Heinemann et al., 1975;
olloway and Hudson, 1974; Zhou, 2009a,b; Zhou and Yang, 2002,
003b), which is assumed to have thermodynamically controlled
rientations (Lawless, 1974). However, this is the case only if the
etal surface is oxidized under a relatively low oxygen pressure

pO2) as confirmed by our work presented above, and increasing
he oxygen pressure will lead to nucleation of randomly oriented
slands (Luo et al., 2011).

Fig. 6 shows bright-field TEM images of Cu(1 0 0) surfaces oxi-
ized at 350 ◦C and different pO2 (5 × 10−4 Torr, 0.5 Torr, and
50 Torr) for 10 min. Oxide islands are observed to form on the sur-
ace and the density of oxide nuclei increases with increasing pO2.
elected-area electron diffraction (SAED) patterns from the oxi-
ized surfaces reveal that Cu2O islands nucleated under the lower

O2 (i.e., <5 Torr) have the cube-on-cube epitaxy with the Cu(1 0 0)
ubstrate, i.e.,  (0 1 1)Cu2O//(0 1 1)Cu and [1 0 0]Cu2O//[1 0 0]Cu.
xidation at pO2 = 150 Torr and above results in the nucleation
f non epitaxial Cu2O islands, as revealed by the presence of the
2

 area. The solid lines represent a theoretical fit based on Eq. (2). The initially square
 a reduction of the width to its optimal width, ˛0.

Cu2O diffraction ring pattern (Fig. 6c). The intensity distribution
over the diffraction rings is rather uniform, suggesting that the
oxide islands are oriented at random. The appearance of additional
diffraction spots or rings surrounding Cu reflections in the elec-
tron diffraction patterns shown in Fig. 6 is caused by the double
diffraction of Cu and Cu2O islands. These in situ TEM observations
indicate that the epitaxial nucleation of oxide islands cannot be
maintained within the whole range of oxygen pressures. To under-
stand this pressure-dependent orientation of oxide nuclei, we first
look at the effect of oxygen pressure on the nucleation barrier
for the nucleation of an oxide island on a metal surface. Accord-
ing to the classic heterogeneous nucleation theory, the nucleation
barrier for formation of a critical oxide embryo decreases with
increasing the oxygen pressure (Luo et al., 2011). At low oxygen
pressure, the nucleation barrier is very high. The top priority to
accelerate the nucleation kinetics is to lower the nucleation bar-
rier. Therefore, epitaxial nucleation of oxide islands is kinetically
favored. Conversely, at high oxygen pressures, the nucleation bar-
rier is reduced and the issue of effective collisions of oxygen atoms
becomes important. The nucleation of oxide islands with weak

interaction and poor structural match (i.e., non-epitaxial) with the
metal substrate is enhanced. Kinetically speaking, in order to obtain
the epitaxial oxide film on the metal substrate by oxidation, the
oxygen pressure should be relatively low. If the oxygen pressure
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Fig. 5. (a) Typical morphology of Cu2O terraced pyramids formed during oxidation of Cu(1 0 0) thin film at 900 ◦C in pO2 = 5 × 10−4 Torr, inset is a selected area electron
diffraction pattern from the Cu2O/Cu interface area (dashed white rectangle) revealing the orientations of the oxide pyramid edges with respect to the Cu(1 0 0) substrate.
(b)  In situ TEM observation of the growth of a Cu2O pyramid at 900 ◦C in pO2 = ∼3 × 10−4 Torr. The relative orientation was identified by selected area electron diffraction.
(c)  Structural parameters of the terraced pyramid; (d) plot of the strain energy and the work done by slip, where their intersections correspond to the island sizes at which
plastic  slips occur, the error bars represent the ranges of terrace widths obtained from experimental measurements of different pyramids.

Fig. 6. (Upper panel) Bright-field TEM images of Cu2O islands formed on Cu(1 0 0) oxidized at 350◦ and different oxygen pressures for 10 min, (a) pO2 = 5 × 10−4 Torr, (b)
pO2 = 0.5 Torr, and (c) pO2 = 150 Torr; (Lower panel) SAED patterns from the corresponding oxidized Cu(1 0 0) surfaces, where the additional reflections are due to double
diffraction of electron beams by Cu and Cu2O. A transition from nucleating epitaxial oxide islands to randomly oriented Cu2O islands occurs upon increasing the oxygen
pressure.
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s too high, the kinetics leads to a deviation of nucleating oxide
slands from the orientation of the metal substrate and the epitax-
al relation will be lost. The similarity to heteroepitaxial thin film
s similar to changing the deposition and temperature conditions.
or low fluxes of adatoms and high temperature, the adatoms have
ime to migrate on the surface to find their lower (epitaxial) energy
tate, whereas at high flux and low temperatures, the adatoms do
ot have energy for migration and tend to nucleate randomly on
he surface.

.2. Atmospheric oxidation: JMAK nucleation to coalescence
odel

To understand oxidation under real-world conditions requires
xamining oxidation behavior at atmospheric pressures. Since oxi-
ation has a long history of being investigated, classical theories of
etal oxidation exist. In their classic paper of 1948, Cabrera and
ott proposed an elegant theory to explain why metals form a

niform passivation layer at low temperatures. They noted that
irtually all metals show qualitatively similar behavior at low
emperatures. Metals show an initially very rapid oxide growth
ollowed by a remarkable slowing down, at some critical oxide
hickness of the order of 100 Å. Since the growth of the oxide is
ot a thermally activated diffusion reaction at low temperatures,
abrera and Mott proposed that the driving force is an induced
lectric field, which is created due to the potential difference
called the Mott Potential) of the metal/oxide work function and
he oxygen/oxide work function resulting from electron tunneling
etween the Fermi level of the parent metal substrate and acceptor

evels of chemisorbed oxygen at the oxide surface. This self-induced
lectric field causes an enhanced ionic transport that accelerates
nitial oxidation, but is rapidly attenuated with increasing thick-
ess. When the oxide film is thick, on the order of 100 Å, then
he field is no longer strong enough to induce the metal cations
o migrate. Their model predicted an inverse logarithmic growth
ate for metal oxides that formed due to cation diffusion outwards,
.e.

1
X

= A − B ln t (8)

here X is the “thickness” of the oxide film, t is time, and A and B are
t parameters, which contain information about the energy of for-
ation of a metal cation, the electric field and the energy barrier

or diffusion across the oxide. Cabrera and Mott presented cop-
er as one model system for passivation films formed by outward
ation diffusion. Young et al. (1956) confirmed the Cabrera–Mott
rediction for single crystal copper by measuring the increase of
he oxide film thickness during oxidation, although they noted
mperfect agreement.

A critical assumption in the Cabrera and Mott model is that the
xide film grows in a uniform layer-by-layer fashion. This cannot
e confirmed by thermogravimetric data, which provides only the
eight change of the material during oxidation but not structural

nformation. In contrast, oxide island formation has been observed
n several other metals and alloys. We  propose a phenomenologi-
al model based on nucleation and growth, where the initial rapid
xide formation is due to oxide nucleation. Once coalescence has
ccurred, then a sudden reduction in the growth rate of the oxide
s expected, due the change of oxidation of the surface to diffusion
hrough an oxide layer.

Using in situ UHV TEM, with the Cu surface prepared in
itu in ultrahigh vacuum, and subsequently exposed in place to

igh-pressure oxygen at low temperatures, we have performed
xperiments under identical conditions to Yang et al. (1998a, 2002)
ith the ability to observe microstructural details. We  observed

xide island formation after exposure to 760 Torr O2 at 70 ◦C for
3 (2012) 1195–1210 1203

6 min. To better visualize the oxide island nucleation and growth,
we performed oxidation experiments at lower pressures, such
that the kinetics were slow enough for island nucleation followed
by coalescence to be readily visible. Fig. 7a–c is a sequence of
dark field images when the Cu film was  oxidized at 0.1 Torr and
350 ◦C, where coalescence to a mosaic-grained oxide film can be
clearly seen. The fractional area coverage was  measured from
digitized micrographs using Digital MicrographTM. We  find that
fractional area coverage of the Cu oxide on the Cu film follows
the Johnson–Mehl–Avrami–Kolmogorov (JMAK) description of the
fractional coverage, X(t), which has an exponential dependency on
time (Avrami, 1939, 1940, 1941; Johnson and Mehl, 1939).

X(t) = 1 − exp(−ktn) (9)

where t is time, k and n are fit parameters that depend on the
surface mechanisms of transport, nucleation and growth. The
parameter, n, is usually an integer or half-integer. For three-
dimensional (3-D) growth, with a constant nucleation and radial
growth rate, the fit parameters are k = �/3 and n = 4. The blue line
in Fig. 7d is the best fit to the JMAK universal function of the
fractional coverage: X(t) = 1 − exp(−ktn) where n = 2 ± 0.005 and
k = 1.98 ± 2.2 × 10−4 s−2, and the goodness of fit is R = 0.99.

To develop a physical model of nucleation to coalescence, we
derived the fractional coverage as a function of time, following
a simplified Johnson–Mehl–Avrami–Kolmogorov (JMAK) approach
(Avrami, 1939, 1940, 1941; Johnson and Mehl, 1939). Given an area
growth of A(t,T) where t is time and T is the nucleation time and
a nucleation dependency on time, N(T), then the product of the
derivatives, dA(t,T) and dN(T), will give the rate of change of the total
area for all of the oxide islands prior to coalescence with neighbor-
ing islands. Once the islands start to coalesce, some island areas will
be double counted. To avoid double-counting, we used the JMAK
assumption that the probability of uncovered area being converted
to oxide is directly proportional to the uncovered Cu surface area,
u(t). Then, the effective increase in the area of one island is:

d˚1 = dA(t, T)u(t) (10)

For the total increase in volume, the nucleation of new islands
needs to be considered. The number of islands formed in a short
time interval dT,  at time T is dN(T)/dT; multiplication of Eq. (10) by
dN(T)/dT gives the total increase in volume of all islands due to these
newly nucleated islands. Thus, the total effective 2-dimensional
growth of all the islands nucleated from time T = 0 to T = t is:

dX(t)
dt

= u(t) ×
∫ T=t

T=0

dA(T, t)
dt

× dN

dt
dT (11)

where X(t) is the fractional coverage. The fractional coverage, X(t),
is related to the uncovered area, u(t) by: X(t) = 1 − u(t), and, con-
sequently, dX(t)/dt = −du(t)/dt. Expressing Eq. (11) in terms of u(t)
and solving for u(t), we  find X(t):

X(t) = 1 − u(t) = − exp

{∫ [∫ T=t

T=0

dA(T, t)
dt

× dN

dt
dT

]
dt

}
(12)

We have previously modeled the nucleation and growth of copper
oxides. The equation for two-dimensional area growth for an island
that nucleated at time T (Yang et al., 1997):

A(t, T) = G(t − T)1.3 (13)

The number of islands nucleated during a time increment dT is
(Yang et al., 1998b):
dN(T)  = k × exp(−k × L2
d × T)dT (14)

We obtained the fit parameters from the analysis of the nucleation
and initial growth of the copper oxide islands before coalescence,
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Fig. 7. Dark field images from the Cu2O reflection showing Cu2O island nucleation (a), growth (b) and then coalescence (c), when Cu(0 0 1) was oxidized at 0.1 Torr at
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50 ◦C; (d) experimental data of the Cu2O fractional area coverage, X(t), versus tim
ormula, X(t) = 1 − exp(−ktn) (blue line), where k = 1.98 × 10−4 s−2, n = 2, and our der
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o calculate the saturation density, 1/L2
d

= 0.31209, initial nucle-
tion rate, k = 2.08 × 10−4, and the growth constant, G = 0.00849.
ubstituting the above expressions for dN(T) and dA(T) into Eq. (13),
esults in a double integral of a hypergeometric function, which was
raphically solved with MathematicaTM. The results of our analysis
re shown in Fig. 7d where an excellent fit is noted (red line) to the
xperimental data (circles) (Yang et al., 2002).

We have modeled the nucleation to coalescence of copper
xides, in the framework of the JMAK equations, and noted an
xcellent agreement between experiment and theory, where oxy-
en surface diffusion is dominant. Since surface diffusion is critical,
hen control of the surfaces is essential in controlling oxidation
roperties. Extension of this surface model and experiments to
tmospheric pressures and comparison to classic data could lead
o a new paradigm of oxidation and passivation, where structural
hanges are crucial. Our results are based on in situ TEM of the oxi-
ation of Cu thin films, but we suspect that these results can be
eneralized to other metal systems that form epitaxial oxides.

.3. Cu alloy oxidation

Alloying commonly leads to new materials whose properties are
ubstantially changed with respect to pure metals. For example, a
eneral strategy for the protection of bulk metals is alloying, which

eads to the formation of a uniform oxide scale layer which acts as

 diffusion barrier to further oxidation attack over the alloy surface
ue to the preferential (selective) oxidation of one component of
he alloy. The fundamental understanding of the complex atomistic
hen Cu(0 0 1) was oxidized at 0.1 Torr at 350 ◦C, and the comparison to the JMAK
urface model (red line) using A(t) = Gt1.3 and N(t) = (1/L2

d
) × [1 − exp(−kL2

d
t)]. (For

 web version of this article.)

mechanisms and the affects of surfaces, strain and dopants on the
early stages of binary alloy oxidation will lead to smarter designs of
coatings that resist oxidation as well as templates to create specific
oxide nanostructures.

Binary alloy oxidation is well-described by the Wagner theory
of oxidation, which predicts whether a continuous multi-layer or
oxide precipitates, known as internal oxidation, form as a function
of the relative amount of the added secondary element. However,
this is a macroscopic description of the oxide after it has devel-
oped into a thick scale. The earlier stages of oxidation, which clearly
impact the later stage oxide morphology and adhesion are not
described by these classical theories. Because of the authors exten-
sive past experience with Cu thin films, Cu–Au (Section 3.3.1) and
Cu–Ni (Section 3.3.2) alloy systems were studied next, where the Cu
oxidation provides a base-line for comparison. In addition to being
excellent model systems, understanding the oxidation behavior of
Cu-based alloys is also of practical interest. For example, Cu-based
alloys are presently used as an interconnect material in electron-
ics applications. Since materials dimensions in electronic devices
are already in the nanometer regime and continually shrinking,
understanding Cu alloy oxidation at the nanoscale is needed for the
improved designs of durable and corrosion-resistant interconnects.

3.3.1. Cu–Au(1 0 0) oxidation

As the next simplest model system to study, we selected Cu–Au,

since only Cu oxidizes. Cu and Au are 100% solid soluble at ele-
vated temperatures. For the case of Cu–Au, only one element
oxidizes (Cu). According to Vegard’s law, the lattice constant of
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u1−xAux solution is aCu1−xAux = aAu × xAu + aCu × (1 − xAu), where

Cu = 3.61 Å and aAu = = 4.02 Å, aC2O = 4.27 Å , and xAu is mole frac-
ion of Au in the alloy. The lattice constant of Cu–Au alloy increases
ith the increase of Au mole fraction and the lattice mismatch

etween the oxide and substrate is correspondingly reduced. The
train between the metal alloy and oxide should decrease as the Au
ontent is increased. We  noted in Section 3.1.3 that oxidation tem-
erature influences interfacial strain that results in different oxide
orphologies (e.g., nanorod, hollow pyramids); thus be altering the
u content, we can systematically study strain effects on oxidation.

We find that, similar as the oxidation of Cu(1 0 0), oxide nuclei
ecome visible on the Cu–Au surface after some incubation period,
nd their number increases with time and then saturates. The
ncubation time for the island nucleation depends on the alloy com-
osition, higher Au mole fraction leads to longer incubation time
Zhou et al., 2007b).  We  speculate that Cu–Au alloys are Au rich
n the surface under vacuum conditions which may  be a lead to a
onger incubation time as Cu diffuses to the surface when oxygen is
ntroduced (Wang, 2005). The nucleation rate (from appearance of
he first nuclei to saturation density) depends on the Au mole frac-
ion in the alloy as well, and alloys with higher Au mole fractions
xhibit faster nucleation rates (Zhou et al., 2007a).  Fig. 8a shows
ome examples of the oxide islands formed during Cu–Au(1 0 0)
xidation at 600 ◦C in pO2 = 5 × 10−4 Torr. Fig. 8b shows the oxide
slands formed during oxidation of (1 0 0) Cu–38 at.%Au at differ-
nt temperatures in pO2 = 5 × 10−4 Torr. Similar to the Cu(1 0 0),
he Cu2O islands are epitaxial with the underlying alloy substrate
Zhou et al., 2006, 2007b).  These measurements indicate that the
aturation density depends on the oxidation temperature, i.e.,  oxi-
ation at a higher temperature results in a smaller number density
f islands. Fig. 8a also reveals that the number density is related to
he Au mole fraction in the alloys, i.e.,  oxidation of alloys with higher
u mole fraction results in a larger saturation number density of the
xide nuclei. The activation energy for nucleation of oxide islands
n the Cu–Au alloy surfaces can be deduced from the Arrhenius
ependence of the saturation island density on the oxidation tem-
erature. Fig. 8c shows the EN values determined as a function of
omposition, which indicate that alloys with a larger Au mole frac-
ion have a smaller EN. This observation reveals that alloying Cu
ith Au enhances the nucleation of oxide islands. The nucleation

nergy of the oxide island is given by:

G  = �Gf V

V0
+ (�0A0 − �mAm + �m/oAm/o) + E

1 − �
ε2V (15)

here � are the surface and interface energies of the oxide and
etal, �Gf is the Gibbs free energy of the oxide formation, and ε is

he strain energy. With increasing Au content, the strain is reduced
hich may  lower the nucleation energy barrier (Wang, 2005).

We also monitored the growth of oxide islands during the oxi-
ation of CuAu(1 0 0) alloy (with 5, 10 and 15 at.% Au) at 600 ◦C in
O2 = 5 × 10−4 Torr. The average individual island size (area) was
bserved to show a linear dependence on oxidation time, as shown
n Fig. 8d, indicating that the growth depends on oxygen surface dif-
usion (Yang et al., 1997). This growth behavior is different from the
xidation of Cu(1 0 0) at 350 ◦C, where a slight deviation from the
inear growth is noted and the non-linear oxide growth is ascribed
o the oxygen surface diffusion plus oxygen direct impingement.
ince the oxidation of the Cu–Au alloys is at higher temperatures,
he oxygen surface diffusion can be therefore greatly enhanced. This

ay  explain why the oxygen direct impingement is not significant
n the oxide growth during the oxidation of the Cu–Au alloys at the

igher temperatures. The rate constants for oxide growth, obtained

rom the slope of the area vs. time curves in Fig. 8d, decrease with
ncreasing Au content. It is noted that alloy with a higher Au mole
raction has a smaller rate constant for oxide growth for oxidation
3 (2012) 1195–1210 1205

at  the same temperature, which may  be due to the smaller amount
of Cu available near the island.

We noted that the addition also changes the oxide morphology.
Fig. 9a–c shows an in situ TEM observation of the growth of an oxide
island formed during oxidation of Cu–5 at.%Au(1 0 0) at 600 ◦C and
a gradual transition occurs from initially compact island shapes to a
dendritic morphology as the islands grow. The oxide island nucle-
ates with a square in cross section shape and retains this shape
during the initial growth. The island then exhibit a gradual transi-
tion to a dendritic shape as growth slows along the normal to the
island edges, i.e.,  along Cu2O 〈1 1 0〉 directions, while maintaining
a faster growth rate along the directions of the island corners, i.e.,
along Cu2O 〈1 0 0〉 directions. In contrast, the oxide islands formed
during oxidation of pure Cu(0 0 1) under the same conditions have
an initially square shape that transforms to a rectangular morphol-
ogy as growth proceeds (Fig. 4).

As seen from Fig. 9, a non-uniform dark contrast develops
around the island with the island growth, and the energy dispersive
X-ray spectroscopy (EDS) analysis reveals that the Au mole fraction
is highly enhanced in the region with dark contrast (Zhou et al.,
2007a). The contrast features in Fig. 9a–c reveal that the alloy film
regions adjacent to the island edges become Au-rich, while there
is almost no excess Au accumulation in the alloy film adjacent to
the island corners, as confirmed by the EDS analysis (Zhou et al.,
2007b). Fig. 9 clearly reveals that the change in the local growth
rate of the island boundary is closely related to this non-uniform
partition of Au atoms in the alloy film during the island growth,
i.e., the growth rate of the boundary adjacent to the Au-rich zone
gradually slows as the local Au concentration increases.

In the initial stages of metal oxidation under low oxygen pres-
sures and high temperatures, the reaction rate is usually dominated
by the capture of oxygen. Our analysis of the growth of Cu2O
islands prior to the dendrite formation during oxidation of the
Cu–Au alloys demonstrate that the rate-limiting factor controlling
the oxide growth is oxygen surface diffusion. Growth of the com-
pact shape is due to efficient diffusion of adatoms on the metal
surface and along island edges (Hwang et al., 1991; Li and Evans,
2004). As oxidation progresses, a non-uniform partition of Au atoms
develops in the alloy, and the local growth rate of the boundary
adjacent to the Au-rich regions is slowed due to depletion of Cu
atoms. As a result, the rate-limiting factor in these regions becomes
Cu diffusion through the Au-rich zone, similar to reported behavior
for oxidation of bulk Cu–Au alloys (Wagner, 1952). However, the
growth of the dendritic tips is still controlled by fast oxygen sur-
face diffusion because of the low Au accumulation in front of the
tips. Therefore, boundary growth along the island perimeter has
different rate-limiting factors that depend on the local concentra-
tion of Au in the alloy. Fig. 9d is the schematic diagram showing
our proposed model of Au segregation induced dendritic growth.
According to this picture, increasingly ramified morphologies are
predicted as the oxidation proceeds and are also experimentally
observed (Zhou et al., 2006). In comparison to Cu(0 0 1) oxidation,
the addition of Au caused more rapid nucleation due to the reduced
strain between the metal and the oxide but slower growth kinetics
due to the Au build-up around the oxide island. The Au build up
around the island also lead to a dendritic oxide growth limiting the
alloy’s ability to form a uniform protective oxide.

3.3.2. Cu–Ni(1 0 0) oxidation
Similar to Cu, oxidation studies of Cu–Ni alloys have a long his-

tory. Pilling and Bedworth investigated Cu–Ni oxidation by thermal
gravimetric analysis to quantify the parabolic rate as function of

relative concentration (Pilling and Bedworth, 1925), but these clas-
sic investigations did not provide structural information. Surface
science methods, including in situ, examined oxygen interaction
and strain induced NiO nucleation of CuNi, but focused on the
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Fig. 8. (a) Bright field TEM images of oxide islands formed during oxidation of Cu1−xAux(1 0 0) alloys (x = 0.05, 0.10, 0.2, 0.38) at 600 ◦C and pO2 = 5 × 10−4 Torr; (b) bright field
TEM  images of oxide islands formed during the oxidation of Cu–38 at.%Au at pO = 5 × 10−4 Torr, but with different temperatures; (c) nucleation activation energy determined
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rom  the oxidation of the Cu–Au alloys with different Au mole fractions; (d) the ave
ehavior is noted for the different alloys. The value of the slope corresponds to the 

ery early stages (Brizuela et al., 2006; Bruekner and Baunack,
999; Hono et al., 1991). An ex situ TEM study of Cu–Ni alloy oxi-
ation revealed that both copper oxides and nickel oxides form
Heinemann et al., 1975), but lacked temporal information needed
o understand nucleation kinetics. Hence, limited literature exists
or Cu–Ni oxidation studies, yet fundamental understanding of
inary alloy oxidation is the critical first step to controlling selective
xidation processes.

It is reasonable to expect that the Cu–Ni alloys will show
ore complex behavior, since the two components are 100% solid-

oluble down to ∼300 ◦C but Cu2O and NiO show very limited
olubility. Nickel oxide, which has the cubic NaCl crystal structure,
as a more negative standard free energy of formation than Cu2O,
hich is simple cubic, and is expected to form more readily. In this

ase, depending on pO2, either one or both components of the alloy
ill oxidize, thus enabling systematic determination of the effects

f compositional and phase development during oxidation.
Irregular shaped oxide islands were observed to appear on
u–24 at.%Ni(0 0 1) tens of seconds to several minutes after
he introduction of oxygen gas into the TEM. This incubation
ime (to) depended on the oxidation temperature, i.e. T = 500 ◦C
o = 5 min, T = 600 ◦C to = 2 min, and T = 700 ◦C to = 40 s, which is
sland area vs. oxidation time during oxidation of the Cu–Au alloys, a linear growth
onstant for the oxide growth.

reasonable to expect since at higher temperatures, the barrier to
nucleation can be more easily overcome due to its temperature-
dependency through the corresponding Boltzmann factor. In
comparison to Cu and Cu–Au oxidation, the incubation time
between Cu and Cu–24 at.%Ni is quite similar, e.g. at T = 600 ◦C
and pO2 = 5 × 10−4 Torr, to(Cu–Ni) = 2 min, to(Cu) = 1.5 min  and
to(Cu–Au) = 4 min  (Wang et al., 2006). We  speculate that the longer
incubation time before the onset of oxide nucleation for Cu–Au is
due to the higher Au concentration on the surface of Cu–Au, which
does not oxidize (Wang et al., 2006). The Au must migrate away
from the surface as Cu migrates toward the surface as thermo-
dynamically driven to oxidize. For Cu and Cu–Ni, the surface is
already composed of elements that are thermodynamically driven
to oxidize, and, hence, the oxide nucleation will occur faster in
comparison to Cu–Au.

Fig. 10 are bright-field images taken in situ at T = 600 ◦C where
the oxygen pressure is 5 × 10−4 Torr. We  noted irregular-shaped
elongated islands to nucleate initially, but after 15 min  a second

rapid nucleation stage of compact oxide islands with higher island
density was observed. A similar behavior was noted at T = 700 ◦C
where irregular shaped square-in-cross-section islands nucleated
first, but after a couple of minutes a second nucleation of a high
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Fig. 9. (a) In situ TEM observation of the growth of a Cu2O island on a Cu–5 at.%Au(1 0 0) sample at 600 ◦C in pO2 = 5 × 10−4 Torr. A crossover from (a) an initially compact
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tructure to (b and c) dendritic growth is observed as time progresses. The total ox
xidation of Cu–Au alloys, the label A denotes a Au-rich zone, B a region where g
iffusion through a Au-rich zone.

ensity of rectangular oxide islands occurred. The rapid nucleation
ollowed by growth supports the oxide surface diffusion model
here the oxidation process can be characterized by an initial
ucleation rate (Yang et al., 1998b). The two-step nucleation pro-
ess could be due to NiO forming first and then after the depletion of
i, Cu2O nucleates. The nucleation rates are 1.41 �m−2 min−1 and
.49 �m−2 min−1 for oxidation at 600 ◦C and 700 ◦C, respectively.
n comparison, the initial nucleation rates for Cu (1 0 0) at 350 ◦C
s 0.17 �m−2 min−1 (Yang et al., 1998b)  and Cu–50 at.%Au (1 0 0)
xidation at 550 ◦C is 7.3 �m−2 min−1 (Wang et al., 2006).
The insets in Fig. 10 are the diffraction patterns of Cu–24 at.%Ni
0 0 1) film before and after oxidation at P(O2) = 5 × 10−4 Torr and

 = 600 ◦C. In significant contrast to our previous results of Cu(0 0 1)
Zhou and Yang, 2005) and Cu–50 at.%Au (0 0 1) (Wang et al., 2006)

ig. 10. Bright-field images of the in situ oxidation of Cu–24 at.%Ni (0 0 1) at T = 600 ◦C
ntroduced. Insets: Selected area electron diffraction pattern of Cu–24 at.%Ni (0 0 1) film
1  1 1) indicates both Cu2O(1 1 1) and NiO(1 1 1), similarly for (2 0 0) and (2 2 0).
n time is noted on each image. (b) Schematics of the dendritic oxide growth in the
 is limited by oxygen surface diffusion, C a region where growth is limited by Cu

where Cu2O islands form epitaxially with a cube-on-cube orienta-
tion with respect to the underlying metal surface, these diffraction
patterns reveal that polycrystalline Cu2O and NiO oxide formed
with some preferred orientations. Diffraction spots that could only
be due to Cu2O (e.g. Cu2O (1 1 0)) and NiO (e.g. (4 0 0)NiO) were
observed, demonstrating that both NiO and Cu2O formed during
in situ oxidation. The oxidation experiments at 500 ◦C and 700 ◦C
showed similar polycrystalline oxide formation.

Polycrystalline NiO and Cu2O formations were also noted by
in situ synchrotron X-ray diffraction studies. In situ synchrotron

X-ray diffraction of the initial oxidation stages of Cu–12.5 at.%Ni
at T = 450 ◦C was monitored as a function of oxygen pressure,
where the partial pressure of oxygen was increased from less than
10−10 Torr to ∼1 × 10−5 Torr (Fig. 11a). Cube-on-cube oriented NiO

 and P(O2) = 5 × 10−4 Torr. (a) As-clean, (b) 10 min and (c) 24 min  after oxygen is
 before and after oxidation at P(O2) = 5 × 10−4 Torr and T = 600 ◦C, where the index
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ig. 11. (a) In situ synchrotron XRD patterns obtained from Cu–12.5 at.% Ni as a fun
iO  and then Cu2O. Evidence of surface reconstruction appears after Cu2O format
here  Ni surface segregation is correlated with the NiO nucleation, and Ni segregat

orms first at pO2 = 2.1 × 10−7 Torr. Increasing pO2 led to the nucle-
tion of other NiO epitaxial orientations, but the nucleation of NiO
ollowed a significant incubation period. For pO2 � 1 × 10−4 Torr,
hich is similar to the in situ TEM oxidizing conditions, multi-
le orientations of Cu2O also form. The distinct Cu2O and NiO
eaks are consistent with limited miscibility of Cu2O and NiO. At
O2 = 3.4 × 10−4 Torr, a (1 0 0) peak, which is possibly associated
ith c(2 × 2) surface structure, appeared only after Cu2O forms.

Also, the NiO(2 0 0) diffraction peak and the surface composi-
ion of Ni, as measured by synchrotron X-ray fluorescence, were
imultaneously monitored during the in situ oxidation and reduc-
ion of Cu–8.0 at.% Ni at T = 450 ◦C. The metal alloy was oxidized
t 1.0 × 10−6 Torr to induce NiO formation and then the partial
ressure of oxidation was gradually reduced to 1.5 × 10−7 Torr to
ause NiO reduction (Fig. 11b). The surface is initially Cu-rich under
acuum conditions. Increasing pO2 induces Ni surface segregation
nd NiO nucleation. Decreasing pO2 induces NiO reduction and
ecreases the amount of Ni on the alloy surface. The change in
he Ni surface composition is strongly correlated with NiO forma-
ion/reduction. Ongoing in situ investigations are being performed
n this system in order to clarify the intriguing effects of tempera-
ure, pressure, composition on the selective oxidation mechanisms
uring the initial stages of alloy oxidation.

. Summary

We systematically investigated the initial stages of oxidation
f Cu(1 0 0), (1 1 0), and (1 1 1), and Cu–Au alloys, with relative Au
ompositions of 5–50 at.%, and Cu–Ni by in situ UHV-TEM. The main
esearch findings for Cu oxidation is that heteroepitaxial concepts
re synergistic with the initial stages of oxidation, where strain and
urface structure are the critical parameters in determining oxide
orphologies, thereby demonstrating a greater universality of het-

roepitaxial concepts. We  discovered an unusually wide variety of

xide nanostructures, from nanorods to pyramids to a nearly uni-
orm oxide layer, by simply changing the oxidation temperature
r orientation. Addition of a secondary non-oxidizing element, Au,
evealed a self-limiting growth due to the depletion of Cu near the
f increasing oxidation partial pressure, revealing the appearance of polycrystalline
) the appearance of the NiO diffraction peak as a function Ni surface segregation,
ay from the surface is observed to occur during NiO reduction.

oxide island that significantly slows down the oxide growth as well
as lead to an unusual dendritic shape, limiting its ability to form a
uniform protective oxide. The addition of Ni altered the epitaxy
from cube-on-cube to polycrystalline.

In situ UHV TEM is an ideal method to bridge the materials and
(the nearly 13 orders of magnitude) pressure gap between sur-
face science studies and bulk high and low temperature oxidation
observations of real coating materials. The ability to dynamically
observe the affects of thermodynamic variables, such as temper-
ature and pressure, and materials variables, such as orientation
and alloying, provided critical information in the development of
a new paradigm of oxidation, where surfaces, strain and struc-
tural changes, are critical in the description of the initial oxidation
behavior. Understanding the initial stages of oxidation is neces-
sary for the predictive development of oxidation-resistant coating
materials since these early stages develop into the complex oxide
scale where the oxide strain determines when spallation and fail-
ure of these coating materials occur. Deeper understanding of these
initial stages of oxidation will be achieved through multi-scale
modeling, where recent efforts in Cu oxidation modeling have been
reported (Alatalo et al., 2004; Lee and McGaughey, 2009, 2010;
Liem et al., 1998, 2000). In situ methods are being developed rapidly
to examine materials under their various oxidizing environments,
including in situ XRD, scanning tunneling microscopy (STM), and
X-ray photoelectron spectroscopy (XPS) that will also provide key
insights into this critical regime of oxidation (Eastman et al., 2005;
Iddir et al., 2007; Kravchuk et al., 2005; Kravchuk and Hoffman,
2006; Lahtonen et al., 2008; Lampimaki et al., 2007; Okada et al.,
2007; Zhou et al., 2009). Oxidation exemplifies the fundamental
materials science significantly enabled by the recent advancements
with in situ characterization tools and theoretical simulations.
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