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1. Introduction

The first stages of oxide growth at the low index
Al surfaces (100), (110), (111): clusters and stripes
vs. homogeneous growth

Claudio M. Lousada (2 *® and Pavel A. Korzhavyi®®

We performed a density functional theory (DFT) investigation of the mechanisms of oxide growth at
Al(100), Al(110) and Al(111) up to 1 monolayer (ML) coverage of O-atoms with 0.125 ML increments.
We found that the surface binding site preferences of O-atoms are largely affected by the presence of
neighboring O-atoms. Based on this we constructed two oxide growth models: the formation of
clusters that evolve to stripes with increasing coverage and the formation of a more homogeneous
distribution of O-atoms. While the former model is characterized by a lower symmetry of distribution of
O-atoms at the surfaces, the latter corresponds to higher symmetries. We found that the prevalence of
each oxide growth mode depends on the coverage of O-atoms and that this dependency is different for
each surface. For Al(100) and Al(110), up to coverages of 1 ML the oxide grows preferably via the
formation of clusters that evolve to stripes with increasing coverage, while for Al(111) the stripes and
clusters are the preferred growth mode for coverages up to 0.375 ML, beyond which the homogeneous
growth mode is energetically favored. The calculated Al-O pair distribution functions show that the
formation of clusters and stripes leads to shorter Al-O bond lengths when compared to the homo-
geneous growth. The oxides formed at Al(100) and Al(110) have Al-O bond lengths and geometries typical
of the shorter bonds of a-alumina while at Al(111) the bond lengths are typical of y-alumina and
B-alumina. These results suggest that for low coverages, the oxides formed at Al(100) and Al(110) are
resemblant of defective a-alumina while the oxide formed at Al(111) is similar to less disordered
v-alumina and B-alumina. For Al(111), the small energy difference between the growth of clusters and
stripes and homogeneous growth does not exclude the coexistence of both growth modes; this could
lead to the formation of a defective or amorphous oxide.

fine energetic balance that exists between forming surface-
adsorbate bonds and displacing the surface atoms from their

The first stages of the growth of oxides at metal surfaces are
often envisioned to follow mechanisms that involve the binding
of O-atoms with the surfaces in ways that lead to the higher
symmetries possible of disposition of O in the plane of the
surface. This largely empirical picture is based on the fact that
adsorbate distributions with higher symmetries minimize local
stresses induced by the adsorption process and result in
smaller local surface dipole moments than distributions with
lower symmetries.’ ™ Such views have emerged to a large extent
from the centenary Langmuir adsorption model.” However,
there are other factors that affect the disposition of adsorbates
at surfaces such as the interactions between adsorbates and the
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equilibrium positions via surface reconstruction and relaxation."™
All these parameters affect the geometries of disposition of
adsorbates at surfaces, including the growth of oxide layers.

Aluminum reacts readily with oxygen and there are plenty
of experimental®™® and computational'*™" data available on
these reactions especially at low Miller index surfaces such as
the (111) and (100). However, the mechanisms of the initial
stages of oxide growth remain fairly obscure and mechanistic
data is scarce. These two surfaces have been the main focus
due to their lower surface energies when compared to the
Al(110).>*** But for practical applications Al(110) can also
be of relevance because it appears in facets at surfaces of
polycrystals.>* Additionally, the Al(110) has a lower work-
function than the above mentioned two surfaces,> 2 and can
form strong bonds with O-atoms for low coverages, before a
large number of surface bound O-atoms starts to have a large
impact on the workfunction.?**°
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The experimental studies on the first-stages of oxide growth
at Al surfaces have been focused almost solely on Al(111). The
current knowledge is that right after dissociation of O,, the
O-atoms are “hot” and highly mobile, so that they can travel
distances of around 80 A on the surface.’**? Simultaneously
there are studies that report high energy barriers of around
0.8 eV for diffusion of O-atoms on the surface.’® These observa-
tions might sound incompatible but the phenomenon has been
attributed to the highly dynamical natures of both the oxidation
process and of the Al surfaces.***> The “hot” O-atoms carry
considerable amounts of kinetic energy right after the O,
molecule dissociates, but latter they ‘“cool down” and adsorb
to become less mobile.*® At this stage they can become nuclea-
tion sites and promote the oxide growth as clusters.'*3%3637
Diffusion of Al-atoms has also been proposed as being involved
in the mechanism of growth of such structures.*® In previous
computational studies, it has been shown that for Al(111),
increasing the coverage of oxygen implies large relaxations of
the first layer of Al atoms and even at coverages lower than one
monolayer (ML) it is favorable for O to bind to the second
surface layer which results in the formation of clusters of
O-atoms.”*?%*® The authors found further that there is a
cooperative effect between the O-atoms that facilitates the
oxidation. This mechanism of has been recently confirmed in
an experimental investigation.”® In a previous computational
study we reported the occurrence of a similar phenomenon for
Al(110).%° In that work we compared two different modes for the
initial growth of oxide, as clusters and a homogeneous mode.
We found that for coverages of 1.5 ML and below the preferred
mode of growth is as clusters (or islands), but as the coverage
increases above that value the homogeneous mode becomes
more favorable. The phenomena responsible for this are
related with increased resistance to surface reconstruction
and changes in the workfunction. For Al(100) indirect measure-
ments have suggested that upon reaction with O,(g), after a
certain coverage has been reached, O-atoms penetrate the
surface lifting the outmost Al-atoms,”" and a computational
study using the embedded cluster method suggests that single
O-atoms prefer to bind at four-fold hollow sites.*” A recent
experimental investigation has shown that for Al(100) the oxide
grows as islands that with increasing coverage of O-atoms
expand laterally to form stripes."?

Growth of oxides implies continuous changes in the structural
symmetry of the interface between the metal substrate and the
oxide layer as the oxide increases in thickness.”®**™** Therefore
the computational modelling of such phenomena is limited by
the constraints imposed by the symmetrically constructed super-
cell to model the growth of oxide. Because of this, computational
modelling is limited to either initial stages—where the structure
of the growing oxide is constrained by the symmetry of the
substrate metal—or to latter stages where the oxide has become
thick to such an extent that its structure is similar to its bulk
structure. Because of the highly dynamical nature of the growth
of oxide on Al, which poses difficulties for experimental
studies,*®*®*” and being aware of the intrinsic limitations of
the computational models, the computational investigation of
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the initial stages of oxide growth can give valuable information
for understanding the further growth of layers of oxide at Al
surfaces.***%%

Besides our cited work®® where we studied the increase in
coverage of O-atoms at Al(110) from 0 to 2 ML with DFT and
ab initio molecular dynamics, there are no first-principles
mechanistic studies that focus on the increase in coverage of
O-atoms at low Miller index Al surfaces. Most of the computa-
tional studies have focused on single or pairs of O-atoms at the
surfaces. In this work we extend further the systematic study to
include all the low index surfaces of Al. We found that the
coordination modes of O-atoms and the dependency of these
coordination modes with increasing coverage of O-atoms
differs significantly for the three surfaces. Up to 1 ML, for
Al(100) and Al(110) forming clusters and stripes is more favor-
able than forming a homogeneous coverage of O-atoms while
for Al(111) after 0.25 ML of O-atoms it is more favorable to
form homogeneous distributions of O-atoms. These findings
together with the observed tendency to form different oxide
structures already at these coverages, indicate that these surfaces
can form oxide films with different amounts of defects and
roughness, parameters that ultimately will affect the quality of
the oxide films.

2. Computational details

The density functional theory (DFT) calculations were performed
with the Vienna ab initio simulation package® (VASP 5.4.1) with
the exchange-correlation functional by Perdew-Burke-Ernzerhof,
PBE (ref. 51 and 52) with ultrasoft pseudopotentials of the
projector augmented wave®>>* (PAW) type. The supercells with
periodic boundary conditions were composed of Al slabs with
thicknesses of five layers along the direction perpendicular to
the surface for Al(100) and Al(110), and seven layers for
Al(111). Vacuum layers of 24 A were used for all cases making
supercells with 80 atoms for Al(100), 80 atoms for Al(110)
and 112 atoms for Al(111). The reactions with oxygen were
investigated at one of the surfaces of the slabs with a periodi-
city of p(4 x 4). During geometry optimization the three top
layers of Al atoms as well as all adsorbates were allowed to
relax while the two bottom layers of Al atoms were kept fixed.
For the geometry optimization, a plane wave cutoff energy of
500 eV and a k-point mesh of (4 x 4 x 1) in the Monkhorst-
Pack sampling scheme®® were used together with Gaussian
smearing with a width of 0.2 eV. The cutoff energy was
increased to 900 eV for the computation of the single point
energies after geometry optimization.

The adsorption energies reported herein are defined as
follows

AEads = Eadsorbate/slab - (Eadsorbate + Eslab) (1)

where E,qsorbate/slabs Eadsorbate ad Eglap, represent the electronic
energies in gas phase for the adsorbate bound to the Al slab,
free adsorbate and bare Al slab respectively. A more negative
value for the electronic adsorption energy implies stronger
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adsorption. All values for adsorption of O-atoms are normalized
per adsorbing O, molecule, that is, per two surface bound
O-atoms.

The convergence criterion used for the self-consistent field
(SCF) electronic energy was 1 x 10~ eV. For the computation of
the dissociative adsorption of O, that leads to the adsorption of
2 O-atoms, the supercells used with symmetry p(4 x 4) produce
values for AE,qs per O-atom that differ at most 0.200 eV
when compared to results obtained with p(8 x 8) supercells.
Similarly, the k-point mesh used produces values that differ at
most 0.021 eV from a k-point mesh of (12 x 12 x 1). In what
concerns the thicknesses of the slabs employed, the same
AE,4s per O-atom differs at most by 0.050 eV when compared
to values obtained with slabs with thicknesses of seven layers
for Al(100) and Al(110), and nine layers for Al(111). Tests of the
van der Waals corrections using the empirical dispersion
correction scheme (D3) as implemented in VASP were
done.”® The geometries optimized with PBE-D3 are extremely
close to those obtained with PBE. Similarly to what we found
in a previous work for adsorption of O-atoms at the surface of
Cu,” the dispersion component of the adsorption energy of
O-atoms is very small—in the range of 0.05 to 0.15 eV—in

100

110
(A """ i |

111
AR S S B A 2 O

Fig.1 The three Al surfaces employed in this study. The white boxes
represent the supercells with p(4 x 4) periodicity used.
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Fig. 2 Increasing coverage of O-atoms at the Al(100) surface according to
two different models: formation of clusters that evolve to stripes with
increasing coverage (left-hand panels); a more homogeneous distribution of
O-atoms at the surface (right-hand panels). Al (@), O (®). The radius of some
of the atoms has been reduced to ease the visualization of their environment.
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comparison with the magnitude of the adsorption energies
of the O-atoms—in the range of 5.5 to 9.5 eV. Because D3 is
an empirical parameter that depends on the geometries
employed in the parameterization set, and because we do
not have experimental data to benchmark our results, we do
not include the PBE-D3 results in the discussion because there
are no guarantees that it performs better than PBE for the
systems under study in this work.

Coverage  Clusters and stripes Homogeneous
(ML)

N - -
N -
N - -
N - -

| -

Fig. 3 Increasing coverage of O-atoms at the Al(110) surface according to

two different models: formation of clusters that evolve to stripes with
increasing coverage (left-hand panels); a more homogeneous distribution
of O-atoms at the surface (right-hand panels). Al (@), O (®). The radius of
some of the atoms has been reduced to ease the visualization of their
environment.
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3. Results and discussion
3.1. The oxide growth models

The increase in coverage of O-atoms was studied starting from
the bare surfaces up to 1 ML with increments of 0.125 ML. The
surface disposition of O-atoms followed two distinct models
based on our previous study of the oxide growth at Al(110),*
and on experimental observations for Al(111).** These are the

Coverage

Homogeneous
(ML)

Clusters and stripes

0.125

0.25

0.375

0.5

0.625

0.75

0.875

Fig. 4 Increasing coverage of O-atoms at the Al(111) surface according to
two different models: formation of clusters that evolve to stripes with
increasing coverage (left-hand panels); a more homogeneous distribution
of O-atoms at the surface (right-hand panels). Al (@), O (®). The radius of
some of the atoms has been reduced to ease the visualization of their
environment.
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cluster-stripe model—where the O-atoms are placed at neigh-
boring sites forming clusters that evolve to stripes with
increasing coverage; and the homogeneous model—where the
O-atoms are placed as further away as possible from each other
obeying the constraints of being placed at the preferred adsorp-
tion sites. The former model leads to a lower symmetry of
disposition of surface products while the latter leads to a higher
symmetry. The supercells showing the bare surfaces employed
in this investigation are shown in Fig. 1.

For the homogeneous model, the reactions with oxygen were
investigated by placing the O-atoms at their preferred binding
sites following the existing knowledge on the binding sites for
single O-atoms at these surfaces, based on our and other
groups’ previous studies.?*>'3° This approach is valid to a
large extent because for non-neighboring sites, even though
the adsorbate-adsorbate interactions can change the reaction
energies considerably and be long ranged, reaching several A
distance, the long range adsorbate-adsorbate interactions
seldom change the preferences for binding sites.’®*® These
effects have been studied in our previous works and will not
be discussed here with further detail. The preferred binding
sites for single O-atoms are: Al(110), [short-bridge, sb]; Al(111),
[fcc threefold hollow, 3fh], and Al(100), [fourfold hollow, 4fh].
For the cluster models where the O-atoms are placed at
neighboring sites, however, we observed that for many of the
cases the initial guesses based on the preferred binding sites
for single O-atoms led to other geometries after optimization.
It became clear that the co-adsorption of O-atoms affects their
preferences for the surface binding sites. Given this, we per-
formed a systematic search for the preferred binding sites for
clusters of O-atoms at the low coverages of 0.125 and 0.25 ML.
Those site preferences were used further in the construction of
the cluster models for higher coverages. A similar phenomenon
previously observed in our work for Al(110) was tackled with
this approach and we were capable of obtaining structures
close to “real-global minima”.?° The validity of the approach
was verified in that work with ab initio molecular dynamic
calculations at finite temperatures, and the results obtained
here agree with the modelling approach that was carefully
benchmarked in that work. Following this, the results here
discussed are based on the lower energy structures obtained for
the two growth models constructed as detailed above.
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3.2. The growth of oxides at Al(100), Al(110) and Al(111)

It can be seen that for all cases shown in Fig. 2-4 the formation
of clusters that become stripes with increasing coverages leads
to larger reconstructions of the surfaces than a more homo-
geneous disposition of O-atoms. The formation of O-atom
clusters has been reported previously for Al(100) and Al(111)
in experimental and computational investigations.'?3%3%36:37
It can be seen (Fig. 2-4) that in the cluster growth modes there
is a tendency for the O-atoms to have a disposition that
resembles stripes after a certain coverage has been reached.
The result that the cluster growth leads to the formation of
stripes had been previously obtained in our calculations
for Al(110) and the finite temperature stability of this oxide
growth model was there confirmed with ab initio molecular
dynamics.*® These structures involve the formation of Al-O
bonds between the second layer of Al-atoms and O-atoms that
are buried under the first layer of Al-atoms. In turn the first
layer Al-atoms are bound to additional O-atoms that terminate
the surface. This is visible in the stripes that form already at the
low coverage of 0.375 ML for Al(100) and Al(111), and at the
slightly higher coverage of 0.625 ML for Al(110). This growth
mode has been observed in a recent experimental investigation
for Al(111) at low coverages of O-atoms.'® There the authors
observed that the oxide grows into the aluminum lattice
beneath the islands, that exfoliate with a 10° angle relative to
the bulk, forming structures similar to those shown in Fig. 4.
In this mechanism the first-layer Al-atoms that are part of the
stripes have increased coordination number with O when
compared to the first layer Al-atoms involved in bonding with O
in the homogeneous models. For low coverages, the growth of
oxide via the formation of clusters or islands that grow laterally
forming stripes has also been observed for Al(100) in a recent
experimental investigation.'® In that work, the growth modes are
similar to those here obtained and shown in Fig. 2. In the cluster-
stripe models the coordination number of those Al-atoms becomes
closer to the coordination number of Al in aluminum oxides than
in the homogeneous models as it will be discussed below. This
suggests that the driving force for the formation of the clusters and
stripes is that these lead to coordination numbers and geometries
that are closer to those of aluminum oxides. Because the vacancy
formation energies at Al surfaces are lower than those at transition
metal surfaces,’° the formation of stripes of oxide that imply
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breaking bonds between the first and second layers of Al-atoms is
more favorable for this metal than for the other metals. As such
this oxide growth mechanism should be more favorable for metals
with low surface vacancy formation energies. This is because of the
lower energetic cost of breaking Al-Al bonds at Al surfaces than the
correspondent bonds at the surface of metals with higher vacancy
formation energies.
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From an energetic perspective, the formation of clusters
and stripes increases the coordination number of Al-atoms to
O-atoms, which leads to a considerable stabilization of the
structures for the majority of the cases here studied because
the bonds between Al and O are very exoergic. For Al(100) and
Al(110) the energetic cost of breaking Al1-Al2 bonds (between
the surface (Al1) and subsurface (Al2) layer of Al) is compensated
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by the formation of O-Al bonds in the clusters and stripes,
making such surface structures more favorable than the homo-
geneous disposition of O-atoms for every coverage here studied as
it can be seen in the data shown in Fig. 5. Al(111) has a turnover
point already at 0.375 where the homogeneous growth becomes
more stable than the formation of stripes. This is in agreement
with experimental observations on the turnover point of about
0.2 ML where the formation of a homogeneous oxide becomes
more favorable than the formation of clusters.*” From the three
surfaces here studied, Al(111) is the surface with the highest
first-layer vacancy formation energy.> In a previous study we have
shown that for Al(110) the turnover point where the homogeneous
growth becomes more favorable than the stripes occurs at 1.5 ML.*

In Fig. 6 are shown the Al-O pair distribution functions
(PDF) for all the geometries studied here, with a cutoff of 2.3 A
in order to include only the nearest neighbors. It can be seen
that the cluster growth models tend to produce shorter Al-O
bond distances than the homogeneous models. It can also be
seen that the surface reconstruction driven by the growth of
oxide as clusters and stripes makes the Al-O bond lengths
lay closer to the range of the shorter bond lengths typical of
o-alumina, 1.85 A,°* while the homogeneous growth tends to
produce Al-O bond lengths more similar to the longer bonds
of a-alumina, 1.97 A, and to the average bond lengths in
y-alumina, 1.97 A.%* For the lower coverages, the formation of
clusters allows the Al-O bond lengths to lay in the range of
bond lengths typically found in Al,O3 polymorphs, while in the
homogeneous models these bond lengths are larger and even
outside of the range of the bond lengths found in Al,O;. It can
be seen, by comparison of the PDF of Fig. 6 with the corres-
ponding energy data for each structure shown in Fig. 5, that the
energetically stable structures are those that have a higher
frequency of occurrence of shorter AlI-O bonds, in the range
from 1.72 to 1.9 A.

The PDF (Fig. 6) and the energy (Fig. 5) data show that the
most stable oxides at Al(110) and Al(100) surfaces are those that
tend to have the shortest AlI-O bonds, with distances in the
range of those in bulk a-alumina, while the most stable oxides
formed at Al(111) have bond lengths more resembling of those
in bulk y-alumina and other polymorphs of alumina such as
B-alumina and magnetoplumbite where Al-O bond lengths are
slightly lower than and greater than 2 A.°® In these two Al,O;
polymorphs the tetrahedral Al-atoms are undercoordinated and
this agrees well with the fact that, in the homogeneous model
which is the most stable growth model at Al(111) for 0.375 ML
and above, the Al-atoms coordinate with O to form disordered
tetrahedral structures. These Al-atoms are also undercoordinated
when compared to the corresponding cluster-stripe growth models.

The fact that the formation of clusters and stripes is favored
for Al(100) and Al(110) and the formation of a homogeneous
layer is favored for Al(111), together with the knowledge of the
vacancy formation energies and the data here obtained for the
PDF, indicates that the bonds with O at Al(111) cause smaller
stresses at this surface than for the two other surfaces. For low
coverages this leads to the growth of a more homogeneous and
less defective oxide than for the other two surfaces.
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4. Conclusions

The systematic investigation of the co-adsorption of O-atoms at
Al(100), Al(110) and Al(111) showed that the presence of neighboring
O-atoms affects their surface binding site preferences. In this way
modelling oxide growth with basis on single O-atom data should be
avoided because it can lead to erroneous geometries.

Based on the results of our systematic search for preferred
binding modes of O-atoms we constructed two models for the
growth of oxide at these surfaces: the formation of clusters that
evolve to stripes with increasing coverage and the formation of
a more homogeneous distribution of O-atoms. The prevalence
of each oxide growth mode is dependent on the coverage and on the
surface. For Al(100) and Al(110), up to coverages of 1 ML the
preferred oxide growth mode is via the formation of clusters—or
islands—that evolve to stripes with increasing coverage, while for
Al(111) the stripes-clusters are the preferred growth mode for
coverages lower than 0.375 ML. Here there is a turnover point after
which the homogeneous growth mode is preferred.

Overall the formation of clusters and stripes leads to shorter
Al-O bond lengths when compared to the homogeneous growth
of oxides. The Al-O pair distribution function shows that the
most favorable oxide growth modes for Al(100) and Al(110) are
those that lead to shorter Al-O bonds, of 1.72 to 1.9 A, while for
Al(111) the most favorable growth mode leads to larger Al-O
bonds close to or larger than 2 A. The oxides grown at Al(100)
and Al(110) have Al-O bonds lengths typical of the shorter bond
lengths of a-alumina while in the oxide grown at Al(111) the
bonds lengths are typical of y and p-alumina. The mechanisms
here analyzed suggest that for low coverages, the oxides formed
at Al(100) and Al(110) are disordered a-alumina while the oxide
formed at Al(111) is less disordered y or B alumina. However,
the small energy difference between clusters and stripes
and homogeneous growth for Al(111) does not exclude the
coexistence of both modes, which in this case could lead to
the formation of a defective or amorphous oxide.
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