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The orientations of oxide nuclei during the oxidation of Cu(100), (110) and (111) surfaces have been exam-
ined by in situ transmission electron microscopy. Our results indicate that the epitaxial nucleation of oxide
islands on these surfaces cannot be maintained for a whole range of oxygen gas pressure varying from 10> Torr
to 750 Torr. The critical oxygen gas pressure, pO,, leading to the transition from nucleating epitaxial to
non-epitaxial oxide nuclei shows a dependence on the crystallographic orientations of the Cu substrates with
p05199 > po§1 > pos110), By fitting the experimentally determined critical oxygen pressures to a kinetic model,
we find that such dependence can be attributed to the effect of surface orientations of the Cu substrates on the
oxygen surface adsorption and diffusion, which dominate the kinetic processes of oxide nucleation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The interaction of clean metal surface and oxygen gas is of signif-
icant interests in surface science and also dominates a number of
physical and chemical processes including the initial stages of oxida-
tion of metals, gas sensing, and gate oxides [1]. Furthermore, surface
oxides play a critical role in heterogeneous catalysis, where the cata-
lytic properties are intimately related to oxidation states of metal
atoms and surface morphology of the oxide film formed on the
metal surfaces. It has been increasingly apparent that the catalytic ac-
tive phase for some transitional metals is in fact their oxides rather
than the pure metals [2,3].

The oxidation of metals involves hierarchical multiple length
scales and proceeds generally from oxygen chemisorption and sur-
face reconstruction to oxide nucleation and growth and then to the
formation of a continuous, macroscopically thick oxide layer. Initial
stages of metal oxidation refer to the processes before the growth of
oxide scales, especially oxygen chemisorption induced surface recon-
struction resulting in intermediate sub-oxides or ‘pseudo-oxide’ [1]
and nucleation and growth of stable oxides. Surface reconstructions
by the incorporation of gas atoms into metal surface or sub-surface
layer have long been investigated by UV-photoelectron spectroscopy
(UPS) [4], X-ray photoelectron spectroscopy (XPS) [5], low-energy
electron diffraction (LEED) [6,7], and surface X-ray diffraction [8],
and have gained tremendous interest after scanning tunneling mi-
croscopy (STM) is available for directly imaging surface atoms and
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structures under ultra-high vacuum (UHV) conditions [9-11]. Cu
has been studied as a prototype of transition metals for its surface
interaction with oxygen gas [12,13] and a variety of reconstructed
structures on the low-index Cu surfaces have been observed,
e.g. c(2x2) and (NZ x \/i) RA45° on Cu(100) [14-18]; (2x1) and

(6x2) on Cu(110) [19-21]; and ‘29- <\/ﬁR46.1° x 7R21.8°) and
‘44’-(\/ﬁR5.8° X \/2_1R—10.9°) structures on Cu(111) [22,23]. Anum-

ber of mechanisms for the formation of these chemisorption phases on
the Cu surfaces are proposed [24-28]. Using these surface science ap-
proaches, a wealth of knowledge has been gathered regarding the effect
of surface orientations on the oxygen chemisorption induced surface re-
constructions. However, little has been reported on the effect of surface
orientations on the oxide nucleation and growth such as nucleation ki-
netics and epitaxial relationship between metal surface and oxide nuclei.

In situ electron microscopy technique is one of the unique ap-
proaches for obtaining kinetic data from the initial stages of metal oxida-
tion [29-32]. Real time observation of the nucleation and growth of
oxide islands on metal surfaces by in situ environmental transmission
electron microscopy (TEM) overcomes the instrumental limitations of
traditional experimental techniques. By introducing reactive gas to spec-
imens under elevated temperatures, in situ TEM experiments provide
dynamic information from nucleation to growth and coalescence of
oxide islands in nanometer scale under the controlled oxidation condi-
tions, which is inaccessible by both surface science and traditional bulk
oxidation study methods, but is essential for understanding the atomis-
tic initial-stage oxidation kinetics. On the other hand, most of the studies
of initial stages of metal oxidation have been performed under high
vacuum conditions while technological applications such as catalytic
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reactions or oxidation-induced failures in microelectronic devices occur
typically under ambient or near atmospheric condition. Therefore, de-
tailed study of the oxidation behavior under practical gas conditions is
highly desired and some recent studies revealed that the reaction mech-
anisms can be indeed significantly different between UHV conditions
and ambient gas pressures [3,33-36].

The oxidation of copper and many other metals is observed to pro-
ceed via nucleation of oxide islands [37-39]. While it is usually assumed
that orientations of oxide islands are controlled by thermodynamics, for
which the nucleation of epitaxial oxide islands is favored, we showed
recently by in-situ TEM that epitaxial nucleation of oxide islands during
the oxidation of Cu(100) surfaces cannot be maintained within the
whole range of oxygen pressure [40]. By increasing oxygen gas pres-
sure, there is a transition from nucleating epitaxial oxide islands to ran-
domly oriented oxide islands on Cu(100). In this work, we extend the
experiment to the oxidation of Cu(100), (110) and (111) surfaces by
comparatively studying the effect of surface orientations on the nucle-
ation orientations of oxide islands under the oxygen gas pressure vary-
ing from 5 x 10> to 760 Torr. Our study reveals that the transition from
nucleating epitaxial Cu,O nanoislands to non-epitaxial islands occurs
for all these three low-index surfaces upon increasing the oxygen gas
pressure, thereby demonstrating the broader universality of this phe-
nomenon. However, we also find that the critical oxygen pressure lead-
ing to such an orientation transition depends on the surface orientation
of the Cu surface. Such surface orientation dependence of the critical ox-
ygen gas pressure is ascribed to a number of kinetic parameters that
control the oxide nucleation including oxygen sticking coefficient, acti-
vation energy for oxygen desorption and activation energy for oxygen
surface diffusion.

2. Experimental

Single crystal Cu(100), (110) and (111) thin films were epitaxially
deposited on NaCl(100), (110), and (111) substrates, respectively, in
an electron-beam evaporator at 350 °C. The thickness of 700 A of Cu
films was chosen so that the metal films were thin enough to be exam-
ined by the TEM but thick enough for the oxidation behavior as close as
to that of bulk metal. The Cu thin films were removed from NaCl sub-
strates by floating in deionized water, washed and mounted on a spe-
cially designed TEM holder that allows for resistive heating up to
~1000 °C. Our in situ oxidation experiments were carried out in a mod-
ified JEOL 200CX TEM. This microscope is equipped with an ultrahigh
vacuum (UHV) chamber with a base pressure at ~10~8 Torr. A leak
valve attached to the column permits introduction of gasses directly
into the TEM sample region with a controlled oxygen gas pressure
(p0,) ranging from 5x 10~ Torr to 760 Torr, which can be monitored
by a full range vacuum gage. Before the oxidation experiments, any na-
tive oxide was removed by annealing in the TEM chamber at 750 °C
under vacuum condition [41] or in situ annealing under H, gas at
pressure ~10 7 Torr and 350 °C, resulting in a clean surface. The sample
cleanliness was checked by energy-dispersive X-ray spectroscopy (EDS)
analysis and electron diffraction. Oxygen gas of 99.999% purity was then
admitted into the column of the microscope through the leak valve to
oxidize clean Cu film at 350 °C under a constant pO, between 5x 107>
Torr and 760 Torr. Real-time TEM observations of the oxidation can be
made at pressures <8x 10~ Torr. For higher pO,, the electron gun is
isolated from the TEM column during the oxidation, and TEM character-
ization was made immediately after the oxidation by promptly pumping
the TEM column to vacuum. TEM techniques including electron diffrac-
tion and bright/dark field imaging were utilized to determine the orien-
tation relationships of oxide islands with the Cu substrates.

3. Results

Incubation period exists before the nucleation of oxide islands
under moderate temperature (~350 °C) oxidation. After introducing

oxygen gas to the TEM chamber, no oxide islands emerge on the Cu
surfaces immediately. After an incubation time, visible embryos of
Cu,0 islands can be observed and the number density of oxide islands
increases and reaches a saturation density with the continued oxida-
tion. 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 orientation of the Cu surface. In gen-
eral, for all the three surface orientations, a higher oxygen gas pressure
results in a faster oxide nucleation and thus a shorter saturation time.
However, for the same oxygen pressure, Cu(100) surface shows the lon-
gest saturation time, followed by Cu(111) and then by Cu(110). As
shown in Fig. 1, for the oxidation of Cu(100) at 350 °C, the saturation
time is ~15 min for pO,=5x10"3 Torr and it becomes ~5 min for
pO, =5 Torr. For the different surface orientations, the saturation
time is 15 min for (100), 10 min for (111) and 7 min for (110) surface,
respectively, for the oxidation at T=2350 °C and pO,=5x10"2 Torr.

In situ TEM imaging is used to determine the number density of
oxide islands during the oxidation of Cu films. The samples are oxi-
dized for different durations, and it is observed that the island density
increases initially and then saturates after a certain period of oxida-
tion time at which individual oxide islands are still clearly visible
(and thus the island density can be easily determined by statistically
averaging different surface areas). After the saturation density is
reached, there is only oxide growth without nucleating new oxide
islands, which results in the transition from the growth of discrete
islands to the formation of a coalesced oxide film. The measurements
indicate that the saturation density of oxide islands depends on both
the oxygen gas pressure and surface orientation of the Cu films. Fig. 2
shows the saturation density as a function of the oxygen gas pressure
ranging from pO, =5x 10~ Torr to 500 Torr for the oxidation of Cu
films with the different orientations at 350 °C. It can be noted that the
island saturation density increases with the oxygen gas pressure for
all the Cu surfaces and the saturation density of oxide islands on
Cu(100) surface is much lower than Cu(110) and (111) surfaces
while Cu(111) surface shows a larger island density than Cu(110)
surface for the whole range of the oxygen gas pressure.

The above TEM measurements indicate that the oxide nucleation
processes is strongly influenced by oxygen gas pressure and the orien-
tation of the Cu surfaces. The observed dependence of the saturation
time for oxide nucleation and saturation density of oxide islands on
the oxygen gas pressure (i.e., Figs. 1 and 2) suggests that the oxide nu-
cleation processes is limited by oxygen surface diffusion: the oxide nu-
cleation results from collisions of diffusing oxygen atoms greater than a
threshold of the surface density of oxygen atoms. Upon formation, the
critical oxide nucleus begins to grow by capturing neighboring oxygen
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Fig. 1. Dependence of saturation time for reaching the saturated density of oxide
islands on the oxygen partial pressure for the oxidation of Cu(100), Cu(110) and
Cu(111) at 350 °C.
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Fig. 2. Dependence of the saturated density of oxide islands on the oxygen gas pressure
for the oxidation of Cu(100), Cu(110) and Cu(111) at 350 °C.

atoms, thus leading to a local decrease in the density of oxygen atoms.
Due to the locally released supersaturation conditions in oxygen surface
density required for oxide island nucleation, the probability of nucleat-
ing a second island within this oxygen-depleted region is correspond-
ingly reduced. Therefore, there is an active zone of oxygen captured
around individual oxide islands, and the radius of this captured zone
is dependent on the surface density and mobility of oxygen atoms.
The increase in oxygen gas pressure can significantly increase the oxy-
gen impingement rate for quickly reaching the threshold of oxygen
atom density for nucleating oxide islands. Thus, the saturation time de-
creases while the saturated island density increases with increasing the
OXygen gas pressure.

The observed differences in both the saturation time and the density
of oxide islands among the three Cu surfaces suggest that the oxygen
surface adsorption can be influenced by the Cu surface orientations.
The sticking probability for O, on Cu surfaces shows a marked crystallo-
graphic face dependence. The oxygen surface sticking coefficient is ~0.2
for (110) surface [42], but it is ~0.001 for (100) and (111) surfaces [43],
about 2 orders of magnitude lower than Cu(110). Due to the larger
oxygen surface sticking coefficient, a faster nucleation rate is thus
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expected for Cu(110) surface, resulting from a shorter time needed to
reach the threshold of surface density of oxygen atoms for nucleating
an oxide island.

We then examine the effect of oxygen gas pressure on the nucle-
ation orientations of oxide islands during the oxidation of the Cu
films. Fig. 3(a—c) shows dark-field (using Cu,0 (220) diffraction spot)
TEM images of a Cu(110) surface oxidized at 350 °C under the different
oxygen pressures for 15 min. The saturation density of oxide islands in-
creases with increasing the oxygen partial pressure (note that the
dark-field TEM imaging is preferred for better visibility of individual
islands due to the large island density). Selected area electron diffrac-
tion (SAED) patterns of the oxidized Cu(110) surfaces confirm that
the oxide islands formed from the oxidation have a Cu,0O phase. The
SAED patterns show a cube-on-cube epitaxial relationship between
the oxide islands and the metal substrates for the oxidation at lower ox-
ygen pressures (pO,<5 Torr), i.e. the orientation relations of (111)
Cu,0//(111)Cu and [011]Cu,0//[011]Cu are maintained. However, for
oxidation under the oxygen pressure pO,>50 Torr, SAED diffraction
ring patterns are obtained, as shown in the lower panel of Fig. 3(c).
The ring diffraction patterns imply that the epitaxial nucleation of
Cu,0 islands is lost with the metal substrate. The relatively uniform in-
tensity along the diffraction rings suggests that these oxide islands are
oriented randomly without preferred orientations.

Similar behavior in the orientation transition from nucleating epitax-
ial Cu,0 islands to non-epitaxial oxide islands is observed for the oxida-
tion of the other two Cu surfaces, i.e. Cu(100) and Cu(111). Fig. 4 shows
bright-field TEM images and the corresponding SAED patterns of a
Cu(100) film oxidized at 350 °C with the different oxygen pressures
for 15 min. Compared to the Cu(110) surface, the island density dramat-
ically decreases but the average island size increases for the Cu(100)
surface. A significant difference from the oxidation of Cu(110) surface
is that a higher oxygen gas pressure is needed in order to nucleate
non-epitaxial Cu,0 islands on Cu(100) surface. As shown in Fig. 4c, indi-
vidual oxide islands are visible for the oxidation at pO, =150 Torr for
15 min while the diffraction ring pattern indicates that the nucleation
of randomly oriented oxide islands has occurred under this pressure.
The effect of the Cu crystallographic faces on the orientations of oxide
islands is further shown in Fig. 5. Bright-field TEM images and the
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Fig. 3. (Upper panel) TEM images of Cu,0 islands formed on Cu(110) oxidized at 350 °C and different oxygen pressures for 15 min, (a) pO,=5x10"* Torr, (b) pO,=0.5 Torr, and
(c) pO, =50 Torr; (lower panel) SAED patterns from the corresponding oxidized Cu(110) surfaces. A transition from nucleating epitaxial oxide islands to randomly oriented Cu,0
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.
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Fig. 4. (Upper panel) TEM images of Cu0 islands formed on Cu(100) oxidized at 350 °C and different oxygen pressures for 15 min, (a) pO,=5x 10~ Torr, (b) pO,=0.5 Torr, and
(c) pO, =150 Torr; (lower panel) SAED patterns from the corresponding oxidized Cu(100) surfaces, where the additional reflections are due to double diffraction of electron beams
by Cu and Cu,0. A transition from nucleating epitaxial oxide islands to randomly oriented Cu,0 islands occurs upon increasing the oxygen pressure, as can be seen from the tran-

sition of the electron diffraction from the spot pattern to the ring pattern.

corresponding SAED patterns of a Cu(111) film oxidized at 350 °C for
15 min with different oxygen pressures show a larger island density
and smaller average island size compared with Cu(110). The oxygen
pressure required for nucleating randomly oriented oxide islands on
Cu(111) surface is ~75 Torr. It is noted that the appearance of additional
diffraction spots or rings surrounding the Cu reflections in the electron
diffraction patterns shown in Figs. 4 and 5 is caused by the double dif-
fraction of Cu,0 islands and the Cu substrates.

The above TEM observations indicate that increasing the oxygen
gas pressure results in the transition from forming epitaxial oxide
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islands to non-epitaxial islands for all the three Cu surfaces. Never-
theless, it is crucial to elucidate whether the observed transition in
the island orientations is related to the initial stage of oxide nucle-
ation or the subsequent stage of oxide growth and coalescence that
may cause deviation from the initial orientations of oxide islands.
We therefore examined the effect of growth and coalescence of
oxide islands on the orientations of the resulting oxide film by mon-
itoring the orientation evolution as a function of oxidation time.
Fig. 6 shows bright-field TEM images and the corresponding SAED pat-
terns obtained from the oxidation of Cu(110) surfaces at pO, =50 Torr
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Fig. 5. (Upper panel) TEM images of Cu,0 islands formed on Cu(111) oxidized at 350 °C and different oxygen pressures for 15 min, (a) pO,=5x10"* Torr, (b) pO,=0.5 Torr, and
(c) pO, =175 Torr; (lower panel) SAED patterns from the corresponding oxidized Cu(111) surfaces, where the additional reflections are due to double diffraction of electron beams
by Cu and Cu,0. A transition from nucleating epitaxial oxide islands to randomly oriented Cu,0 islands occurs upon increasing the oxygen pressure, as can be seen from the tran-

sition of the electron diffraction from the spot pattern to the ring pattern.
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Fig. 6. Upper panel: Bright-field TEM images of Cu,0 islands formed on Cu(110) oxidized at 350 °C and pO, =50 Torr for (a) 2 min, (b) 5 min. Lower panel: SAED patterns from the
corresponding oxidized Cu(110) surfaces. The observed ring patterns reveal that the cube-on-cube epitaxial orientation is lost in the initial stage of oxide nucleation under this

oxygen pressure.

and 350 °C for 2 and 5 min, respectively. As shown in Fig. 63, after the
oxidation of 2 min, visible oxide nuclei appear on the surface and elec-
tron diffraction from the oxidized surface already exhibits a diffraction
ring pattern, suggesting the formation of randomly oriented oxide
islands in the initial-stage oxidation of oxide nucleation. As the oxida-
tion proceeds to 5 min, oxide nuclei grow, coalesce, and develop into
a continuous film, which results in stronger intensity in the diffraction
ring pattern. The observation suggests that oxide islands nucleate
with random orientations with the metal substrate if the oxygen pres-
sure is higher than the critical oxygen pressure required for the orienta-
tion transition, where the term “critical nucleation pressure” is defined
experimentally as the oxygen pressure at which the diffraction ring pat-
tern is firstly observed.

We then check if the epitaxial to non-epitaxial transition occurs dur-
ing the oxide growth when the oxygen gas pressure is lower than the
critical pressure for the orientation transition. Fig. 7 shows bright-field
TEM images and the corresponding SAED patterns obtained from the
oxidation of Cu(111) surfaces at 350 °C for 30 min with the oxygen
gas pressures of pO, =5 Torr and 50 Torr, respectively (note that the
oxygen pressure required for forming non-epitaxial Cu,O islands on
Cu(111) surface is ~75 Torr). As shown in Fig. 7a, oxide islands are
still visible for pO, =5 Torr, and the epitaxial relationship of the oxide
islands with the Cu(111) substrates are still maintained despite the lon-
ger oxidation time compared to Fig. 5, where the Cu(111) sample was
oxidized for only 15 min. For the oxidation at pO,=>50 Torr, oxide
islands have already coalesced to form a continuous oxide film, as
shown in the Fig. 7b and the SAED pattern shows that the oxide film
is still epitaxial with the Cu(111) substrate. This observation suggests
that oxide islands undergo no significant change in crystallographic ori-
entations during the oxide island growth and coalescence. Similar ex-
periments were performed on Cu(100) and (110) samples and it is
found that the epitaxial relation of oxide islands (and the continuous
oxide films after coalescence) with the Cu substrates is maintained dur-
ing continued oxidation if the oxygen gas pressure is below the critical
oxygen pressure for nucleating non-epitaxial oxide islands. These

observations indicate that the orientations of oxide islands are largely
determined in the stages of oxide nucleation rather than from the sub-
sequent stages of oxide growth.

While the density, lateral size, and orientations of oxide islands
vary significantly with increasing the oxygen pressure, the thickness
(height) of the oxide islands formed under the different oxygen pres-
sures is similar for similar oxidation duration, as revealed by ex situ
atomic force microscopy of the Cu surfaces oxidized under the differ-
ent oxygen pressure. This is because the thickening of oxide islands
requires bulk diffusion of reactants, which is much slower than sur-
face diffusion. Thus, the oxide growth is dominated by lateral growth
prior to the coalescence of oxide islands that switches off routes for
surface diffusion.

4. Discussion

The in situ TEM results described above demonstrate that the nu-
cleation of epitaxial oxide islands cannot be maintained for the
whole range of the oxygen gas pressure. The critical oxygen gas pres-
sure pO, leading to nucleating non-epitaxial oxide islands depends
on the crystallographic orientations of the Cu substrates with
P05 > pos > pos19. To understand such dependence, we have
to elucidate the effect of surface orientations on the oxide nucleation pro-
cess. Considering the nucleation of a three-dimensional oxide island on a
plane metal surface, the oxide nucleation rate, which is defined as the
number of stable nuclei created per area-time, ], can be expressed as [40]

_16n02(2+n)(1—n)203
sk [m()” )

(1)

J
B = JplgS X exp

- [ aa+n) 1Y2  (po PO Eges—E -
with  J, = [m} X pog) X ln(l,og exp(~—¢) and B’ =
Nop0§

—02 __ where J, can be called the collisional pre-factor, Eges is
4,/2mmoy,

the activation energy for desorption, Es, is the activation energy
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Fig. 7. Upper panel: Bright-field TEM images of Cu,0 islands formed on Cu(111) surface oxidized at 350 °C and the different oxygen pressures for 30 min: (a) pO,=>5 Torr, (b) pO,=
50 Torr (note the oxygen pressure required for nucleating non-epitaxial oxide islands for Cu(111) surface is 75 Torr). Lower panel: SAED patterns from the corresponding oxidized
Cu(111) surfaces. The observations reveal that the cube-on-cube epitaxial orientation is still maintained during the growth and coalescence processes of the oxide islands.

for surface diffusion, Q is the volume of oxygen atoms in the oxide
phase, m is the molecular mass of oxygen, k is the Boltzmann's con-
stant, T is the oxidation temperature, pO, is the oxygen gas pres-
sure, and pOs is the equilibrium oxygen pressure as given by the
Ellingham diagram for most metal oxides [44]. n depends on the in-
teraction and structural match between the oxide nucleus and the
metal substrate, and is related to the interfacial tension between
the oxide and metal substrate by,

n = (050—0Ns)/Onos (2)

where Oyo, Ons and Osp are the interfacial free energies between
the oxide nucleus and oxygen gas, the oxide nucleus and metal
substrate, and the metal substrate and oxygen gas, respectively.
For a given system, the strong interaction and ideal structural match
(i.e., epitaxial nucleation) leads to n— 1; on the other hand, the weak
interaction and poor structural match (i.e., nonepitaxial nucleation)
leads ton— — 1 [45].

In this model, the distance of diffusion jump ao, the oxygen stick-
ing coefficient s, the activation energy Ey, for O surface diffusion and
the oxygen desorption energy E,s are all face sensitive parameters.
Cu(111) has the most close-packed surface atoms, resulting in a
smaller jump distance of oxygen atoms than those of the more open
(100) and (111) surfaces, i.e. ap=1.8 A for (100) surface, ap=1.8 A
or 2.55 A for (110) surface and ag=0.73 A for (111) surface by as-
suming that oxygen atoms sit at the most stable FCC hollow sites
and diffuse to the nearest neighbor hollow sites for clean surfaces.
Eg4es can be approximately equated to the enthalpy of oxygen adsorp-
tion since the activation energy for adsorption is often very small [46].
The enthalpy of O adsorption AE,4 as well as O surface diffusion bar-
rier Es4 cannot be obtained by current experimental techniques but
have been reported on Cu surfaces through simulation methods
such as first principal calculation, i.e. AE,y and Eg4 are ~1.33 eV and
~0.4 eV for Cu(100) [47], ~4.18 eV and ~0.3 eV for Cu(110) [48],
and ~2.8 eV and ~0.25 eV [49] for Cu(111) surface, respectively.

Note that these energies correspond to the surfaces with the maxi-
mum oxygen surface coverage reached by the oxygen chemisorption
induced surface restructuring before the onset of oxygen subsurface
adsorption due to the large oxygen exposure under the high oxygen
gas pressure. By substituting these values of ay, s, Eges and Eq for the
three Cu surfaces into Eq. (1), one can obtain the nucleation rate |
as a function of the interaction parameter n for different pO,. As an
example, Fig. 8a shows the oxidation of Cu(110) at 350 °C. As seen
in the plots, the oxidation of the Cu(110) is dominated by epitaxial
nucleation of oxide islands (e.g. n=1) for the low oxygen pressure.
With the increase in oxygen gas pressure, the non-epitaxial nucle-
ation (e.g. n=—1) of oxide islands is promoted and the difference
in nucleation rates between epitaxial and non-epitaxial nucleation
is dramatically reduced. Therefore, both epitaxial and non-epitaxial
oxide islands are nucleated simultaneously on the surface under the
high oxygen pressure. This can be evidenced from the electron dif-
fraction patterns as shown in Fig. 3(b), the diffraction spots start to
widen, indicating the emergence of non-epitaxial oxide nuclei under
the oxygen pressure pO,=>5 Torr. Therefore, the range of oxygen
pressure between 5 and 50 Torr corresponds to the transition regime
of nucleating partly epitaxial and non-epitaxial oxide islands. This ob-
servation is in accordance with the trend of the plot pO, =0.5 Torr in
Fig. 8a that shows a much larger nucleation rate when n approaches
0 or even — 1 where non-epitaxial nucleation is promoted.

The effect of the Cu surface orientation on the orientations of oxide
islands is illustrated in Fig. 8b. The nucleation rate J/B is plotted via n
for the oxidation of Cu(100), (110) and (111) at 350 °C under the
same oxygen pressure (pO2=100 Torr). As can be seen from the
plots, the oxidation of Cu(100) surface is dominated by epitaxial nucle-
ation of oxide islands while non-epitaxial nucleation of oxides is highly
promoted for Cu(110) and (111) surfaces for the same oxygen gas pres-
sure, i.e., both epitaxial and non-epitaxial oxide islands are nucleated si-
multaneously on the Cu(110) and (111) surfaces. It can be seen that the
Cu(100) surface requires higher critical oxygen pressure for nucleating
non-epitaxial oxide islands than Cu(110) and (111). The quantitative
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Fig. 8. (a). Plots of the relative steady-state nucleation rate J/B vs. the interaction parameter n at the different oxygen pressure pO, for oxidation of Cu(110) at 350 °C; (b). Plots of
the relative steady-state nucleation rate J/B vs the interaction parameter n for the oxidation of Cu(100), Cu(110) and Cu(111) at pO, =100 Torr and T=350 °C.

comparison between the nucleation rates of experimental data and the
model by Eq. (1) cannot be made due to the lack of the accurate values
of surface and interface energies and the surface diffusion rates as a
function of oxygen pressure. But the experimental data of the oxygen
gas pressures are utilized in the model to predict the effect of oxygen
gas pressure and surface orientation on the nucleation orientations of
oxide islands during the oxidation. The outcome of the model as
shown in Fig. 8 provides reasonable match with the ranges of the oxy-
gen pressure at which the orientation transitions of oxide islands from
epitaxial to nonepitaixal nucleation are experimentally observed for
the three surface orientations of Cu, where the oxygen pressure leading
to nucleation of randomly oriented oxide islands are ~150 Torr for
Cu(100), ~75 Torr for Cu(111) and ~50 Torr for Cu(110), respectively.
In addition, the model calculations show that the nucleation rate of
oxide islands on Cu(110) is slightly faster than that for Cu(111)
(Fig. 8b). This trend is in line with the experimental observations. As
shown in Figs. 1 and 2, while Cu(111) has a larger density of oxide
islands than Cu(110), the oxidation time leading to the island saturation
is also longer for Cu(111), which results in a slower overall oxide nucle-
ation rate for the oxidation of Cu(111).

It is clear from the above discussion that epitaxial nucleation of
oxide islands can be lost with increasing the oxygen partial pressure
and the oxidation of the Cu(100), (110), and (111) surfaces results
in the different critical oxygen pressures leading to this orientation
transition of oxide islands. Such an effect of the surface orientation
on the epitaxial relation of oxide nuclei can be understood as follows.
The nucleation rate of oxide nuclei is determined by two competing
factors, i.e., nucleation barrier and the effective atom collision rate.
At the low oxygen pressure, the nucleation barrier is high, i.e., the nu-
cleation rate is dominated by the exponential term in Eq. (1). The top
priority to accelerate the nucleation kinetics is to lower the nucle-
ation barrier. Therefore, heterogeneous nucleation with the strong in-
teraction and good structural match (n— 1) between an oxide island
and the metal substrate will be kinetically favored. Conversely, at
high oxygen pressures, the nucleation barrier is reduced and the
issue of effective collisions of oxygen atoms, described by the colli-
sional pre-factor, J,, becomes more important. The nucleation of
oxide islands with weak interaction and poor structural match
(n—0, and — 1) with the substrate is enhanced. Therefore, the nucle-
ation barrier term favors epitaxial nucleation while the effective col-
lision term Jo prefers the nucleation of randomly oriented oxide
islands.

The orientations of the substrate surfaces can affect the critical ox-
ygen pressure for the transition to nucleating non-epitaxial oxide nu-
clei via modification of the effective collision rate term, through its
effect on the oxygen sticking coefficient and the oxygen surface diffu-
sion. The oxygen surface sticking coefficients for Cu(100) and (111)
are two orders of magnitude smaller than Cu(110) [42,43], which is
consistent with the trend by DFT calculations of the oxygen adsorp-
tion energies, i.e., 1.33 eV for Cu(100) [47], 4.18 eV for Cu(110) [48]

and 2.8 eV for Cu(111) [49]. Therefore, a larger oxygen partial pres-
sure is expected for Cu(100) and (111) in order to reach the critical
coverage of oxygen atoms leading to oxide nucleation. We then com-
pare the surface mobility of oxygen on Cu(100) and (111). The sur-
face diffusion barriers for oxygen on Cu(100) and (111) are ~0.4 eV
and 0.25 eV, respectively [47,49]. Therefore, Cu(111) surface shows
more efficient collision of oxygen atoms for oxide nucleation and a
smaller oxygen gas pressure is needed to nucleate non-epitaxial
oxide islands. Thus, the observed trend of the difference in magnitude
of the critical oxygen pressures, p05'°? > p05'"V > p0§'®, for nucle-
ating non-epitaxial oxide islands on the three low-index Cu surfaces
can be reasonably ascribed to the interplay among the oxygen surface
sticking probability, oxygen adsorption, and effective atom collision
in dominating the kinetic processes of oxide nucleation.

5. Conclusion

In conclusion, an orientation transition from nucleating epitaxial
to non-epitaxial Cu,0 islands is observed by increasing the oxygen
pressure during the initial stages of oxidation of Cu(100), (110) and
(111) surfaces. The effect of the surface orientations on the critical ox-
ygen pressure required for such an orientation transition of oxide nu-
clei is monitored by in situ environmental TEM. It is found that the
critical oxygen pressures nucleating non-epitaxial oxide nuclei vary
with the surface orientation, e.g. 150 Torr for Cu(100), 50 Torr for
Cu(110) and 75 Torr for Cu(111). Such a crystal face dependence of
the critical oxygen gas pressure is attributed to the effect of the Cu
surface orientation on the oxygen sticking adsorption and oxygen
surface mobility that dominate the effective collision rates of oxygen
atoms during the oxide nucleation.
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