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The homoepitaxial growth of Cu nanocraters induced by thermal reduction of Cu,0 nanoislands on Cu(100)
surfaces is simulated using a three-dimensional (3D) kinetic Monte Carlo (KMC) model by incorporating
surface diffusion, attachment and detachment Cu adatoms dislodged from reducing Cu,O0 islands. The craters
are observed to grow continuously in rim height and rim slopes while remaining relatively constant in rim
width in the course of the oxide decomposition. Such a growth behavior is attributed to the climbing uphill of
Cu adatoms released from the perimeter of the reducing Cu,0 island at the crater bottom. The observed decay
of the rim height and slopes after completion of the reduction of oxide islands suggests that these surface
craters are thermodynamically unstable at high temperatures.
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1. Introduction

The reduction of metal oxides plays a crucial role for many
practical applications. In heterogeneous catalysis, metal oxides are
used as active catalysts, metal supports, and promoter additives.
Pretreatment and regeneration of the catalytic systems and actual
catalytic reactions can take place in a reducing environment. Pure
stoichiometric oxides usually do not exhibit high catalytic activity and
oxide reduction is frequently employed to modify their adsorption
properties [1-7]. Oxide reduction is also frequently involved in
hydrometallurgical processes for recovering pure metals from their
native oxides [8]. Other processes of oxide reduction include
fabrication of electronic devices, magnetic memory components and
active/passive solar materials systems [9-14].

Traditionally, the reduction process of metal oxides has been
described using phenomenological kinetic models. e.g., “nucleation
and growth model” and “interface model” [4,6,7,15,16]. As schemat-
ically shown in Fig. 1(a), in the “nucleation and growth model”,
generation of small nuclei of the reduced phase occurs on the oxide
surface and the reaction interface increases until growing nuclei
coalesce and then decreases. In the second case the entire surface of
the oxide particle is covered with a thin layer of the solid product very
soon after contacting the reducing gas (Fig. 1b). The reaction boundary
advances inward uniformly as the reaction proceeds, resulting in a
spherical core of the oxide that shrinks with time. This is known as the
interface-controlled model. The interface-controlled model is an
extreme case of the nucleation-controlled model in that it can be
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assumed that the number density of small grains of reduced oxide is so
large that boundaries of the grains overlap soon after the reaction.

Although these phenomenological kinetic models are found useful
in the description of the reduction process of oxide single crystals and
oxide powders [5-7,17-19], recent studies showed that they are not
applicable to the reduction process of oxide nanoislands on metal
surfaces. Using in situ transmission electron microscopy and atomic
force microscopy techniques, it was shown recently that the thermal
reduction of Cu,O islands on Cu(100) surfaces results in the
dislodgement of Cu atoms from reducing oxide islands, leading to
the homoepitaxial growth of the reduced phase (e.g. Cu) on the
substrate surface surrounding the oxide islands rather than on the
parent oxide (Fig. 1c) [20,21]. This reduction phenomenon is
fundamentally different from the assumption by the phenomenolog-
ical kinetic models as shown in Fig. 1(a, b). In this work we develop a
three-dimensional (3D) kinetic Monte Carlo method by incorporating
surface diffusion and attachment/detachment of adatoms to study the
growth of Cu craters during reduction of Cu,0 nanoislands on Cu(100)
surfaces. Besides reproducing the experimentally observed crater
morphologies, our simulations also reveal that these surface craters
are thermodynamically unstable at the high temperatures and the
detachment of Cu atoms from the crater rim can lead to the decay of
the crater rim after the completion of the oxide reduction.

2. Model and method

Our simulation system is Cu,0 nanoislands on a Cu(100) surface.
The thermal reduction of Cu,0 is described by Cu,0(s)—2Cu+10(g),
where the oxygen gas is considered to desorb completely from the Cu
surface due to the high reduction temperatures (~800 °C) and the
small solubility of oxygen in bulk copper [22,23]. As shown in Fig. 1c,
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Fig. 1. Comparison of the previously proposed oxide reduction models - (a) “nucleation
and growth” model; (b) “interface” model - to (c) our proposed “perimeter” model for
the reduction of oxide nanoislands on a metal surface, where the perimeter is the
contact line (marked by the red line) of the island bottom with the metal substrate, and
oxide dissociation occurs preferentially along this perimeter.

(e)

the adjacent Cu substrate provides a perfect template for homo-
epitaxial growth of released Cu adatoms (i.e., Cu atoms are more
strongly bound to the Cu substrate than the Cu,0 island under the
reduction environments). Because the perimeter of the oxide island is
the conjunction line between the oxide phase and metal substrate, Cu
atoms in the oxide phase are released preferentially along the island
perimeter and then diffuse over the Cu substrate. Since the rate of the
oxide reduction is fast at a high temperature (~800 °C), Cu adatoms
build up and form three-dimensional mounds (i.e., crater) surround-
ing the reducing Cu,0 island. On the other hand, Cu atoms may also
detach from the growing Cu craters at high temperatures. Therefore,
the size evolution of the Cu crater would be determined by the
difference between how fast copper adatoms are added onto the
growing crater and how fast the Cu crater thermally smoothes via
atom detachment from the growing crater rim.

The kinetic Monte Carlo model used in our simulations is a full-
diffusion bond-counting model including the nearest-neighbor interac-
tions. The mobility of Cu adatoms released from the reducing oxide island
obeys an Arrhenius law and the surface migration can be modeled as a
nearest-neighbor hopping process at the rate, k(E,T) =voexp(—E/k gT),
where E is the coordination-number dependent hopping barrier for
surface diffusion, T is the reduction temperature, and kg is Boltzmann's
constant. The attempt frequency v is vo=ksgT/h=42x10'T, with
h Plank’s constant, and T given in degrees Kelvin. The hopping barrier E
depends on the local environment of an atom. A common assumption is
that the barrier for motion in any direction is proportional to the current
number of nearest-neighbor bonds while taking into account the
difference between adatom-substrate bonds and adatom-adatom
bonds [24-27]. Therefore, E is composed of a substrate term Es, a
contribution Ey from each in-plane nearest neighbor, and the step-edge
barrier Eg if a step is present, i.e., E=Es+ nEy + (m; — m¢)Eg, where n is
the number of in-plane nearest neighbors before the hop, m; and mg are
the number of the next-nearest neighbors in the planes beneath and
above the hopping atom before (m;) and after (my) a hop, respectively.
The binding energy of an adatom at the surface can be described by the
first two terms (i.e. Es + nEy, which depends only on n. This implies that
the detailed balance is satisfied and the thermodynamic equilibrium can
be established. The step-edge barrier Eg has a nonzero value only if m;>m;.

The presence of the step-edge barrier Ez depends on a hop direction, and
the effect of this energy barrier is to make the motion of an adatom down a
step edge less favorable than motion on the terrace [28,29]. The number of
the next-nearest neighbors both before and after the hop has to be
considered in order to detect a step.

The effect of surface sublimation is neglected in our model. This is
because we have observed experimentally Cu crater formation under
a wide range of temperature and vacuum conditions (i.e., T>650 °C
and the vacuum from~4x107%Torr to~2x 108 Torr), some of
which have negligible Cu sublimation. This suggests that Cu
sublimation is not a vital process in the formation of surface craters.
Another process neglected in our simulations is the effect of vacancy
diffusion. Vacancy diffusion was shown to have a significant effect on
surface evolution if vacancies and adatoms have comparable
formation energies and diffusion constants [30]. In our case, Cu crater
growth happens as a result of the spontaneous decomposition of Cu,O
islands, through which Cu adatoms are supplied without additional
formation energy. Such a process of Cu crater growth is similar to
deposition, where the Cu adatoms are supplied from a confined
surface (i.e. a Cu,0 island) at the substrate surface. The decomposition
of a Cu,0 island leads to a locally high concentration of Cu adatoms
(above the equilibrium concentration of surface atoms) for nucleation
and growth of the Cu hill surrounding the reducing oxide island. In
contrast, vacancy transport will require generation of a large amount
of vacancies on the surface and this would be not kinetically favorable
in comparison to the adatom process. The effect of vacancy diffusion is
therefore not included in the simulations. Our simulations were
carried on a 250 x 250 x 40 matrix. The oxide reduction is initiated by
random dislodgement of Cu atoms from the perimeter of a Cu,0
pyramid. The model parameters used are Es=0.49eV [31],
En=0.24 eV [31], and Eg=0.27 eV [32,33] and given in Table 1, as
obtained from the self-diffusion of Cu adatoms on terraces and at
edges and steps.

3. Results and discussion

In the simulations, the reduction stage is determined by the total
number of Cu atoms released from a reducing Cu,O island. We
monitor the morphological evolution of the reaction product at
different stages and surface cratering is observed from our 3D KMC
simulations. Fig. 2(a-c) shows snapshots of the crater morphology
during reduction of a square Cu,0 pyramid at T=3800 °C. As it can be
seen, reduction of the oxide island results in build-up of Cu adatoms
on the substrate surface adjacent to the reducing Cu,0 island, rather
than filling up on the oxide surface, which is consistent with our
experimental observation [20,21]. Complete reduction of the oxide
pyramid leads to formation of a crater on the Cu surfaces. The crater
base is observed to take a shape similar to the oxide pyramid prior to
its reduction. For comparison purpose, Fig. 2(d) shows an experi-
mental atomic force microscopy (AFM) image of the surface crater
obtained from thermal reduction of an oxide pyramid at 800 °C (the
AFM imaging was performed at room temperature). Fig. 2(e, f) are the
line profiles from the simulated crater and the experimental AFM
images, which reveal comparable surface morphology and slopes
between the simulation results and experimental observation.

Table 1
Energy barriers (E=Es+ nEy+ (m; - my) Eg) in eV used in the kMC simulations. The
details of the atomic processes are shown in Fig. 2.

eV
Terrace diffusion (Es) 0.49
Diffusion away from a step (Es+Ey) 0.73
Diffusion to a step edge (Es+ Eg) 0.76
Descent at a step edge (Es+En) 0.73
Ascent at a step (Es+ Ex+Eg) 1
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Fig. 2. Snapshots from our 3D KMC simulations of the reduction of a square Cu,0 pyramid on a Cu(100) surface: (a) the oxide island prior to its reduction; (b) 30,000 Cu atoms are
dislodged from the reducing island; (c) after the complete reduction of the oxide island (total 60,000 Cu atoms); (d) an experimental AFM image of the surface crater obtained by
thermal reduction of a Cu,0 pyramid at 800 °C under vacuum (4.5 x 4.5 um?, z range: 0.2 um); (e) line scan profile from the simulated crater in (c) and (f) line scan profile from the

AFM image in (d).

We then examine the morphological evolution of the surface
craters obtained from our 3D KMC simulations. Fig. 3 shows snapshots
of the cross-sectional view of the crater at its different growth stages.
Several distinct features can be noticed. First, the height of the crater
rim increases continuously in the course of the oxide reduction
(Fig. 4a), while the rim width remains relatively constant. Secondly,
both the inner and outer sidewalls of the crater rim show the growth
instability, as illustrated by the thickness dependence of the rim
slopes. Fig. 4b reveals that the inner slope is steeper than the outer
slope at each growth stage, which is consistent with the experimental
observation as shown in Fig. 2(f), where the inner slope is larger than
the outer slope by~11°. Fig. 4b also indicates that both the inner and
outer slopes grow with continued crater growth.

One of the most intriguing features is the formation of the crater
rim, which can be more than ten atomic layers thick. Formation of the
crater rims should be kinetic in nature in the present homoepitaxial
system involving attachment of adatoms from the reducing Cu,O
island and detachment of Cu atoms out of the growing Cu crater. The
large heights of the crater rim suggest that the rate of the attachment

of Cu adatoms released from the reducing Cu,0 island is much faster
than the rate of detachment of Cu atoms from the crater rim. Indeed,
the activation energy for an atom to leave a stable site (i.e., the site
with the low free-energy configuration) by breaking neighboring
bonds would be higher than to find a stable site via surface diffusion.

Besides the unequal rates of attachment and detachment of Cu
atoms, growth of the large crater rims also involves transfer of Cu
atoms from the reducing Cu,O0 island to the surrounding Cu crater. It
has been shown previously that the perimeter of an oxide pyramid, as
marked by the red line in Fig. 1(c), is the kinetically favorable sites for
oxide decomposition [20]. Therefore, homoepitaxial growth of the
crater rim (i.e., the rim thickening) must call for upward diffusion of
Cu adatoms from the crater bottom onto the top of the growing rim
along the inner wall. Such a process of adatom ascending is active
whenever steps are present [34,35], and it becomes more efficient as
increasing the substrate temperature (here T=2800 °C for the oxide
reduction). This temperature effect can also be inferred from KMC
simulations at different temperatures of the oxide reduction. Fig. 5
shows the rim slopes of the craters formed from the reduction of a
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Fig. 3. Snapshots of cross-sectional views of a crater at its different growth stages in the course of oxide reduction, from which the slopes of the inner and outer sidewalls of the crater

rim as well as the rim heights can be measured.

square Cu,O pyramid at the different temperatures. Both the inner
and outer slopes become steeper as increasing the reduction
temperature from 600 °C to 800 °C, suggesting an enhanced upward
diffusion of adatoms at the higher temperatures. However, it is noted
from Fig. 5 that there is a slight downward trend in the magnitude of
the rim slopes for the temperature at 900 °C. The slight decrease in the
slopes is caused by the enhanced detachment of Cu atoms from the
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Fig. 4. (a) Evolution of the crater rim height as a function of the number of Cu adatoms
dislodged in the course of the oxide reduction; (b) evolution of the slopes of the inner
and outer sidewalls of the crater rim as a function of Cu adatoms dislodged from the
reducing Cu,0 island.

growing crater at 900 °C, which causes thermal smoothing of the
crater rim (this effect is shown later).

Another striking feature observed from the simulations is the
asymmetrical slope evolution of the slopes of inner and outer walls of
the crater rim. The inner wall is steeper than the outer sidewall,
implying different kinetic processes along the two sidewalls. The cause
for the wall steepening as well as for the relatively constant rim width is
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pyramid (total 30,000 Cu atoms) at different temperatures; (b) Temperature

dependence of the slopes of the inner and outer sidewalls of the crater rim as
measured from the KMC simulations at the different temperatures.
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(d)

Fig. 6. KMC simulations of the growth of a rectangular crater (total 60,000 Cu atoms), (a) the island prior to its reduction, (b) 30,000 Cu atoms dislodged from the reducing island, and
(c) complete reduction of the oxide island; (d) experimental AFM image of a rectangular crater (5x 5 um?, z range: 0.15 um).

(d)

Fig. 7. KMC simulations of the growth of a round-shape crater (total 60,000 Cu atoms), (a) the island prior to its reduction, (b) 30,000 Cu atoms dislodged from the reducing island,
and (c) complete reduction of the oxide island; (d) experimental AFM image of a round-shape crater (5x 5 pm?, z range: 0.15 pm).
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Fig. 8. Surface profiles of the simulated craters using different activation energy values, where the activation energy set 1 is given in Table 1, and the activation energy set 2

corresponds to half the value of the energies in Table 1.

related to the step-edge barrier (Eg) that hinders the rim lateral growth
by preventing adatoms to diffuse over a step edge from an upper to a
lower terrace. The evolution of the outer wall is largely determined by
the adatom descending while the growth of the inner wall depends on
both adatom descending and ascending. The larger slope for the inner
sidewall is caused by the net uphill diffusion of Cu adatoms along the
inner wall.

Our 3D KMC simulations of crater growth are based on the
homoepitaxial growth of Cu adatoms dislodged from the perimeter of
a decomposing Cu,O island at the cater bottom. Homoepitaxy has
conventionally been modeled as the processes of adatoms “raining”
down onto a growing surface and pyramid-like mound morphologies
are usually observed. As deposition continues, the mounds grow bigger
and steeper (i.e., unstable), and may ultimately reach a steady state
characterized by an approximately constant mound angle caused either
by the balance between an uphill diffusion flux of adatoms formed by
the edge-step barrier [28,29,36,37] and a downbhill flux caused by the
“downward funneling” effect [38-40] or by the formation of some
specific side facets that favor upward diffusion of adatoms [32,34,41,42].
However, growth of the crater rims by Cu homoepitaxy during the
reduction of Cu,0 islands in our system does not involve deposition of
adatoms “raining” down onto the entire growing surface; alternatively,
the adatoms are supplied from a confined Cu source at the substrate

(a)

surface. Therefore, in spite of the larger activation energy required for
adatom ascending, there is still a net uphill current of Cu adatoms
climbing along the inner wall, leading to the thickening of the crater rim.
These unusual kinetic processes lead to the observed growth features
such as the asymmetrical evolution of the slopes of the inner and outer
sidewalls of the crater rims. Such asymmetrical growth kinetics would
not be expected for conventional “raining-down” deposition processes
[26,27,43-45].

It can be noted from Fig. 2 that the crater shape is correlated with
the morphology of the oxide island. To examine if this is the case for
other island shapes, we simulated the growth of craters from
reduction of rectangular and round-shaped Cu,O pyramids. As
shown in Fig. 6(a-c), reduction of a rectangular oxide pyramid results
in formation of a crater with a rectangular base. For comparison, an
experimental AFM image of the surface crater obtained by reduction
of rectangular Cu,0 pyramids is given in Fig. 6(d). Fig. 7(a-c) shows
snapshots of the reduction of an oxide pyramid with a round base and
Fig. 7(d) is an experimental AFM image of the surface crater obtained
from the reduction of a round Cu,0 pyramid. The excellent agreement
in the crater morphologies between the simulations and experiments
further suggests that our model has captured correctly the basic
atomic processes governing the crater growth, i.e., Cu atoms are
released along the perimeter of the oxide island, where they start to
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Fig. 9. (a) Cross-sectional view of the morphological evolution of a crater annealed at 800 °C, where t, corresponds to the time required for complete reduction of an oxide island
with 60,000 Cu atoms; %tg and 2ty are the annealing time followed after the completion of reduction of the oxide island; (b) comparison of surface profiles of the crater at the
different annealing times, the crater decay can be seen from the shrinking rim height and slopes.
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bind pure Cu and form 3D mounds via adatom ascending. Since the
shape of oxide islands can be controlled by adjusting the oxidation
conditions (i.e., oxidation temperature, substrate orientation, etc.) of
the Cu substrates [46-48], such a correlation allows for the control of
the crater shape via manipulating the oxidation/reduction conditions.

Although the results of our simulations agree well with the
experimental observations of crater morphologies, a pertinent
question is whether the phenomena revealed by the simulations
depend on the details of the model, i.e., how general the observed
phenomena might be. Therefore, we simulated the crater growth
using different activation energies for adatom surface diffusion and
attachment/detachment. Fig. 8 shows simulated craters with the use
of two different sets of the activation energies, where the energies of
set [ are the same given in Table 1, and set II corresponds to half the
value of the energies in Table 1. It can be seen that the crater formed
with the activation energy set I has smaller rim heights and slopes but
a larger rim width. By comparing the crater structure (e.g., rim height
and slopes) between the simulations and experimental AFM images,
we note that the simulations using the activation energies of set I give
a better match with the experiments. The observation suggests that
cratering may be a general phenomenon accompanying with
decomposition of oxide nanoislands, but the cater structure would
depend on the particular materials properties (bonding strength,
diffusion barrier, etc.). Craters formed from different metal/oxide
systems may have different topological features such as ratios of rim
height/width and outer/inner slopes.

The observed crater growth shown above is from simulations
which are terminated once a Cu,0 island is completely decomposed.
This is consistent with our experiment observation, where the AFM
imaging was performed with the thermally reduced Cu surface which
was cooled down quickly to room temperature after the oxide is
completely decomposed at the high temperatures (the size evolution
of oxide islands can be monitored by in situ TEM during the oxide
reduction [20]). However, if the effect of surface energy on surface
morphology evolution is considered, formation of the crater rim with
large sidewall slopes (i.e., the formation of high-index facets or rough
surface) is thermodynamically unfavorable due to the higher surface
energies. Therefore, craters would evolve to lower surface energies if
given enough annealing time at the high temperature. To test this
speculation, we run the simulations continuously after the oxide
reduction is completed. Fig. 9 shows the morphological evolution of a
crater annealed at 800 °C, the thermal smoothing of the crater rim can
be observed from continued shrinkage of the rim height and slopes.
The decay of the crater rim is caused by the net detachment of Cu
atoms from the crater rim after the complete reduction of the Cu,0
island (i.e., the crater growth would stop since there are no new Cu
adatoms available to sustain the growth).

Our model is a full-diffusion bond-counting model which includes
the nearest-neighbor atom interactions. Surface energy is a property
depending on the number of dangling bonds at the surface, and this
effect is taken into account in our model from the NN dependent
diffusion barrier. For instance, in the absence of an external flux (in
our case, the external flux is the flux of Cu adatoms released from a
reducing Cu,O island), this nearest-neighbor dependent barrier
would drive the system to its lowest free-energy configuration. This
effect is seen from the decay of Cu craters after the oxide islands are
completely reduced.

The above observations suggest that the morphological evolution
of Cu craters would depend on the annealing time and the initial Cu,0
island size. We examined the formation of craters during the
reduction of Cu,0 islands with different island sizes on the same Cu
surface, and the simulation result is shown in Fig. 10(a-b). With the
continued annealing the small crater grown from reduction of a small
Cu,0 island has changed from growing to decay whereas the large
ones are still growing because of the longer time needed for
completely decomposing the large Cu,O islands. Crater coalescence

Fig. 10. KMC simulations of the morphological evolution of craters during the reduction
of Cu,0 pyramids with different island sizes: (a) the reaction stage corresponding to the
complete reduction of the small Cu,0 island; (b) with continued annealing, the small
crater is shrinking while the large craters associated with large Cu,0 islands are still
growing; and (c) an experimental AFM image (6.5x 6.5 um?, z range: 0.4 um) of the
surface craters obtained by the complete reduction of Cu,O pyramids with different
island sizes.

is also observed between the two large islands due to their small
island spacing. Such a size-dependent crater growth/decay behavior is
expected to lead to a relatively uniform size distribution of survived
craters after the complete reduction of all the oxide islands. For
comparison, an experimental AFM image obtained from the complete
reduction of Cu,O islands with different island sizes is given in
Fig. 10c, where only larger craters are visible.

4. Conclusions

We have developed a 3D KMC approach to simulate surface
cratering during the reduction of Cu,0 islands on Cu(100) surfaces.
Both the rim height and the slopes are observed to grow while the rim
width remaining relatively constant in the course of the oxide
reduction. These growth features can be attributed the net uphill
diffusion of Cu adatom along the inner wall of the crater rim at the
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high temperatures. The observed crater decay after the completion of
the oxide decomposition suggests that these surface craters are
thermodynamically unstable structures at the high temperatures. The
size-dependent cater growth and decay is observed, resulting in a
relatively uniform size distribution of survived Cu craters. We expect
such a process of crater growth can be further exploited for creating
novel structures at metal surfaces via the mass reorganization during
reduction of oxide nanoislands.
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