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We investigate the oxidation of aluminum low-index surfaces ��100�, �110�, and �111�� at low temperatures
�300–600 K� and three different gas pressure values. We use molecular dynamics �MD� simulations with
dynamic charge transfer between atoms where the interaction between atoms is described by the Es+ potential
composed of the embedded atom method �EAM� potential and an electrostatic contribution. In the considered
temperature range and under different gas pressure conditions, the growth kinetics follow a direct logarithmic
law where the oxide thickness is limited to a value of �3 nm. The fitted curves allow us to determine the
temperature and the pressure dependencies of the parameters involved in the growth law. During the adsorption
stage, we observe a rotation of the oxygen pair as a precursor process to its dissociation. In most cases, the
rotation aligns the molecule vertically to the Al surface. The separation distance after dissociation ranges from
3 to 9 Å. Atomistic observations revealed that the oxide presents a dominant tetrahedral �AlO4� environment
in the inner layer and mixed tetrahedral and octahedral �AlO6� environments in the outer oxide region when the
oxide thickness reaches values beyond �2 nm.
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I. INTRODUCTION

Oxidation of metal and metal alloy surfaces are of con-
siderable intrinsic interest1,2 and are also important for nu-
merous applications ranging from microelectronics, and het-
erogeneous catalysis to protection against wear and
corrosion.3 Oxide passive films formed on aluminum and
aluminum alloys in air protect the surface against further
oxidation and corrosion.4–6 This passivating effect is respon-
sible for their successful use as engineering materials. They
are also used in various types of microelectronic devices.7–12

For example, aluminum oxide is a promising candidate for
alternative gate dielectrics in the nanoscale CMOS technol-
ogy, because its dielectric constant is twice higher than SiO2,
while the band gaps are comparable.12 The discovery of the
formation of ultra-thin ordered Al2O3 layers on single-crystal
surfaces, which may also serve as model catalyst support
surfaces,13 has led to an interest in the oxidation process of
transition metal aluminides. For all these applications, there
is a need to gather information on the composition, the mi-
crostructure and the limiting thickness of the oxide films.7,9

A large amount of experimental and theoretical works
have been focused on understanding the processes involved
in the oxidation of aluminum. Several authors have studied
the mechanism and the kinetics of the growth of aluminum
oxides.14–16 Other works investigated the reaction of O2 mol-
ecules with aluminum surfaces17,18 and the initial transient
low mobility of oxygen atoms.19 Although many experimen-
tal studies characterized the formation mechanism and the
microstructure of these oxide films,20–23 many questions con-
cerning the atomistic details are still open.

Previous theoretical approaches were mostly based on ab
initio approaches and density-functional theory �DFT�. These
works focused on the first stages of the O2 molecule reaction
with the Al surfaces,24–27 the dissociation process,28,29 and

the stability of adsorption sites.30 However, the dynamic be-
havior of the growth process cannot be studied by such ap-
proaches which do not include thermal vibrations and are
confined to very small system sizes. As a consequence, these
results are restricted, for instance, to the stability of the ad-
sorption sites �fcc and hcp hollows� at the initial stage of
oxidation. The temperature effect may alter the stability of
these sites and/or destroy them completely.

Molecular dynamics �MD� simulations of aluminum oxi-
dation have proven to be a valuable complementary tool for
the investigation of both the oxide structure and the atomic-
level details of the growth mechanism.31–33 Ogata and
Campbell31 and Campbell et al.32 have done the first variable
charge MD simulations of oxidation of Al spherical nano-
clusters where the thickness of the amorphous oxide film has
been found to saturate at 3 to 4 nm. Gutierrez and
Johansson34 have investigated the structural properties of
amorphous alumina �Al2O3� using MD simulations with
fixed atomic charges. They found that the coordination num-
ber of the elementary unit of the oxide increases as its den-
sity increases. In a previous paper,33 we have investigated the
oxidation of aluminum single crystal slabs using variable
charge MD simulations at room temperature under a gas
pressure of 9.8�10+5 Pa. Neither the temperature nor the
pressure effects were investigated. We found that the growth
kinetic is independent of the crystallographic orientations.
We observed also the presence of an important density of
mobile voids in the obtained amorphous structure of the
oxide.

In the case where voids exist in the amorphous oxide
layer, the growth kinetics is usually described by a direct-
logarithmic law �Eq. �6� below�. To our knowledge, neither
experimental nor theoretical studies have treated the effect of
the oxidation temperature and the gas pressure on this law.
Although this law includes the effect of the temperature
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through one parameter, it does not explain clearly how the
temperature will affect the whole law. That is why in the
present work, we investigate the effect of the temperature
and the oxygen pressure on the oxidation kinetics. We also
used larger samples compared to the ones used in Ref. 33 to
emphasize the size effect on the results. Moreover, we shed
light on some aspects of how the different terms in the
direct-logarithmic law vary versus the oxidation temperature
and the gas pressure. Then, we present atomic scale obser-
vations at room temperature corresponding to the different
oxidation stages. These stages cover the oxygen molecule
dissociation, the formation of the limiting thickness and in-
clude intermediate oxygen coverage stages. In the last sec-
tion, we discuss our results and compare them to existing
experimental and theoretical works when it is possible.

II. COMPUTATIONAL METHOD

The MD technique used here is based on an interaction
potential developed by Streitz and Mintmire35 who proposed
that the total energy of the crystal is divided into an electro-
static contribution �ES� and a nonelectrostatic energy �EAM
potential originally proposed by Finnis-Sinclair36�. A cutoff
radius �rc� of �6 Å is used for both the EAM interaction
potential and the real-space contribution of the electrostatic
potential. To compute the Coulomb interaction we use the
classical three-dimensional Ewald summation technique,37

which is adapted to our two-dimensional slab geometry by
adding two vacuum slabs on each side of the fcc aluminum
substrate.38,39 The samples are thermalized by increasing the
temperature in steps of 20 K from 0 to 300 K with succes-
sive runs of 1000 isokinetic MD steps by ignoring the dy-
namic charge transfer between atoms and by using a Ber-
endsen thermostat.40 During this equilibration runs the
surfaces are allowed to freely relax. Then, we perform a 1 ps
NVT run with charge transfer to obtain the final 300 K re-
laxed system. After this equilibration stage, we introduce O2
molecules in the vacuum at x=1.5rc from the aluminum sur-
face and with random y and z positions. The O2 molecules

are introduced with velocities randomly chosen from a
Maxwell-Boltzmann distribution corresponding to the re-
quired temperature. Nevertheless, their initial component
along the x direction �the oxidation direction� is biased to
have a molecule motion towards the substrate surface. More-
over, reflecting boundary conditions in the x direction are
imposed to those molecules that may reach the simulation
box limit. Simulations with constant gas pressure are per-
formed by introducing new O2 molecules each time the gas
pressure is below the required one. A multiple time steps
method, with �t=1 fs for the short-range forces and �t
=5 fs, for the long-range forces is used to integrate the equa-
tions of motion. In the following, one MD step will refer to
the short-range forces time step, i.e., to �t. Given that the
charge relaxation procedure, using the conjugate gradient
method, is very time consuming, we decided to update the
atomic charges every 100th MD step �every 0.1 ps�. This is
done by minimizing the electrostatic energy subjected to the
constraint of the electroneutrality principle. The influence of
a more frequent update �every 0.01 ps� was investigated us-
ing a simple example that consists of the reaction of a single
O2 molecule with the Al surface of sample A. The results did
not show any significant difference with those obtained with
an update every 0.1 ps. All simulations are stopped when
AlO4 fragments eject from the sample surface to the gas
phase due to a local melting of the surface.32 For more de-
tails on the simulation technique see Ref. 33.

III. OXIDE GROWTH KINETICS

Size effect. In this section we would like to elucidate the
size effect, if any, on the oxidation of three Al single crystals
��100�, �110�, and �111�� at 300 K. The simulated samples
contain 1000 �sample A� or 4000 �sample B� atoms and we
used a gas pressure value of p0=9.8�10+5 Pa. The oxidized
surface area of sample A has a dimension of �20�20� Å2 and
that of sample B is of �40�40� Å2, with an aluminum slab
thickness of 40 Å for both samples. Figure 1 presents the
kinetic curves of the three orientations of samples A and B as

FIG. 1. Oxidation kinetic curves for the �100�,
�110�, and �111� surface orientations using
samples A and B at 300 K and 9.8�10+5 Pa.
These curves represent the total uptake �as a
number� of oxygen atoms versus exposure time;
the curves for sample B were divided by four to
allow comparison. The inset shows the total pair
distribution function of the oxide film for the
three faces in the case of sample B.
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the number of oxygen atoms deposited on the surface versus
oxidation time �exposure time�. The number of oxygen at-
oms uptake in the case of sample B have been divided by a
factor of 4 to take account for the larger size of the oxidized
area. This figure shows first that there is no noticeable effect
of the crystallographic orientation on the oxidation of both
samples A and B. Moreover, we did not observe any size
effect on the oxide growth kinetics and its structure for the
three surface orientations. We have also analyzed the oxide
film structure, in the case of sample B, in terms of pair dis-
tribution functions �PDF’s�. In the inset of Fig. 1, we observe
that these PDF’s present similar curves and have a dominant
peak at �1.8 Å for the three orientations. These results for
sample B will not be developed here since they do not ex-
hibit significant difference to those obtained using sample A
for which a more detailed study has been presented in Ref.
33. Figure 2 presents the oxide film thickness versus oxida-
tion time for the �111� orientation of samples A and B. The
oxide film thickness was computed with the technique ex-
plained in Ref. 33. In Fig. 2 we see that the thickness tends
to a limiting value of �3 nm. A similar result is also ob-
tained for the two other orientations, which showed the same
kinetic curves as exhibited by Fig. 1. The inset in Fig. 2
shows how the oxide thickness X�t� varies versus the number
of oxygen atoms uptake N�t�. After a transition regime
��300 oxygen atoms�, we obtain a linearity of the form
X�t�=0.005 N�t� �see Eq. �5b��, which corresponds to a par-
tial density of oxygen atoms in the oxide of 0.05 Å−3. This
value is independent of the considered pressure/temperature
and agrees well with the directly computed density reported
in Ref. 33.

In Fig. 3 we show a section of atoms of sample B, viewed
in the oxidation direction, where small light gray dots repre-
sent Al atoms and black dots represent O atoms. In this fig-
ure we observe a region without deposited oxygen atoms on
the top of the �110� surface �Fig. 3�a��. This hole, of one
monolayer depth, subsists until an oxidation time of 75 ps,
whereas for the two other faces some holes also appeared
and are filled with oxide earlier �see Fig. 3�b��. We believe

that this particular feature observed on the �110� surface of
sample B is due to statistical fluctuations since it was not
observed in the case of the �110� surface of sample A. More-
over, we think that the random choice of the O2 molecule
initial positions in the gas might be responsible for this be-
havior.

We have also simulated an aluminum bicrystal with a 30°
�111� tilt grain boundary. The two crystals were oriented
along a �111� face. The simulation did not show any differ-
ence in the kinetic curves between the bicrystal and the
single �111� crystal. Moreover, no oxygen migration was ob-
served along this �111	-grain boundary even when we in-
creased the system temperature to 600 K. Note however that
this result, under the present conditions, needs to be con-
firmed by more detailed studies.

Effect of the exposure temperature. Due to the absence of
size and crystallographic orientation effects on the oxidation
kinetics, we will use, in this section, only the �111� surface
orientation of sample A. We have performed several simula-
tions by varying the temperature from 300 to 600 K for two
values of the oxygen pressure p0�=9.8�10+5 Pa� and 3p0.
The resulting curves are plotted in Figs. 4�a� and 4�b� for p0
and 3p0, respectively. We see, that the growth kinetics are
faster when increasing the oxidation temperature, for the two
gas pressure values, as expected. This effect has been ob-
served experimentally by Starodub et al.16 �at �4�10−2 Pa�
and Jeurgens et al.20,21 �at 1.33�10−4 Pa� for temperatures
below 673 K. Notice that the latter authors observed an in-
version of this behavior above 673 K for long exposure
times that are not accessible to the MD technique, which
they attributed to a reduction of the sticking coefficient of
oxygen on the metal surface with increasing temperature.

For the studied temperature–gas-pressure regime, the oxi-
dation kinetic curves show an initial stage of fast oxide-film
growth, followed by a low growth rate stage. The increase in
the gas pressure from p0 to 3p0 shifts the curves to shorter
times leading to faster kinetics. This is explained by the sup-
ply of oxygen atoms at the Al/O interface. The curves in
Fig. 4�b� show that the growth becomes very slow beyond an

FIG. 2. The oxide film thickness versus expo-
sure time for the �111� surface of samples A and
B at 300 K and 9.8�10+5 Pa. The inset presents
the relationship between the oxide film thickness
and the total number of oxygen atoms.
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exposure time t0. This time t0 decreases when the tempera-
ture increases. This figure shows also a limiting value of the
number of oxygen atoms �uptake�, which is similar for the
temperature range between 300 and 600 K. If we extrapolate
these curves to longer times, we would obtain a number of
oxygen atoms that should correspond to a limiting thickness
of �3 nm. This is in agreement with the general tendency of

aluminum oxidation kinetics at low temperatures
��600 K�,14,16,32 where a limiting regime is observed around
an oxide thickness of 1–4 nm.

For the temperature/pressure regime studied here, the oxi-
dation kinetic curves follow a direct-logarithmic growth be-
yond a transient regime. Figure 5 shows, for the �111� orien-
tation of sample A, an example of the fits of the kinetic
curves at 300 K where the number of oxygen uptake is fitted
to a direct logarithmic function of exposure time �� ln�t�
+��. In this figure, the fit is performed over exposure times
greater than 90 ps. This direct logarithmic growth mode is
usually related to a mechanism where the oxide develops by
ionic movement via extended defects, namely voids in the
present case.

According to the theory of oxidation kinetics in ultra-thin
films, the general expression for a potential to be overcome
for a field-assisted migration of an ion between two adjacent
sites is given by41

W = W0 − 1/2qaE + �X , �1�

where W0 is the intrinsic barrier for ionic jumps between two
positions in the oxide, q the ionic charge, 2a the jump length,
� is a term that depends of the oxide structure, and X is the
oxide thickness. The right hand second term describes the
lowering of the energy barrier by an electric field E across
the oxide, and the third term expresses the oxide structural
change as the film thickness develops. A possible micro-
scopic mechanism for ion movement is via extended defects
in the oxide layer, such as structural channels �voids in our
case�. When the film grows, these easy pathways become
blocked by the formation of oxide within them. The activa-
tion energy is then larger for thicker films and its change is
proportional to the oxide thickness. The growth rate equa-
tion, in this case, is given by41

dX

dt
= c exp
−

W0 − 1/2qaE + �X

kBT
� , �2�

where kB is the Boltzman constant and c is a constant. The
solution of this equation is a direct logarithmic function16

X�t� = �kBT/�� ln�1 + ��T�t� , �3�

where ��T� is defined by

��T� = 
 �

kBT
�·c ·exp�−

W0 − 1/2qaE

kBT
 . �4�

Equation �3� reduces, for large times ���T�t	1�, to

X�t� =
kBT

�
ln���T�� +

kBT

�
ln�t� , �5�

which corresponds to the linear dependence of the oxide
thickness X�t� on ln�t�.

FIG. 3. A top-view of snapshots of the oxide film taken at 75 ps
exposure time. �a� Shows the existence of a hole in the oxide
formed on the �110� surface and �b� shows the homogeneous oxide
structure formed on the �111� surface. For the �100� surface we
observed a homogeneous oxide after an exposure time of 75 ps
similar to what is shown in Fig. 3�b�.
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In this work, due to the errors that may occur when com-
puting the oxide thickness we prefer to plot and fit the oxy-
gen uptake N�t� as a number of atoms added to the Al sub-
strate. This number N�t� is proportional to the thickness X�t�
in an homogeneous oxide, and their ratio is a function of the
exposed surface area of the oxidized sample �A� and the
density of oxygen atoms in the oxide �
�:

N�t�
X�t�

= 
A . �5b�

This relationship is justified in our simulation results since
the obtained amorphous oxide film is homogeneous and does
not show any roughness features before reaching the limiting
regime.

Equation �5� can then be rewritten as

N�t� = � ln�t� + � , �6�

where the parameters � and � are defined by

� =
k�T

�
and � =

k�T

�
ln���t�� , �7�

where k�=kBA
. The density 
 being constant beyond a cer-
tain time �typically 100 ps at 300 K� and does not vary with
the temperature within statistical fluctuations. In the previous
subsection the product 
A has been found to be equal to
200 nm−1, which corresponds to the inverse of the slope of
the inset in Fig. 2.

We obtain � and � from fitting the kinetic curves in Fig.
4 on Eq. �6�. From these two parameters we deduce the val-
ues of the structure term � �in k� unit� and the term ��T�
��kBT /�� using Eqs. �4� and �7�. The results are plotted in
Fig. 6�a� for the variation of the structure term � versus the
temperature T and in Fig. 6�b� for the variation of the term

FIG. 4. Oxidation kinetic curves of the �111�
surface of sample A for a temperature ranging
from 300 to 600 K. These curves represent the
total uptake �as a number� of oxygen atoms ver-
sus exposure time. The oxidation is performed at
a gas pressure of �a� p0�9.8�10+5 Pa� and �b�
3p0.
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��T��k�T /�� as a function of 1/T. We see from this figure
that the structure term � �in k� units� is a linear function of
temperature and can be described by the following relation-
ships for the two gas pressure values p0 and 3p0, respec-
tively,

� = 3.27 10−3T + 0.246, �8�

� = 4.50 10−3T + 0.159. �9�

The term ��T��kBT /��, shown in Fig. 6�b�, presents the
Arrhenius dependence on the temperature, as expected from
Eq. �4�. The fits of these curves allow writing relationships
�10� and �11� for the two gas-pressure values p0 and 3p0,
respectively,

c exp
−
W0 − 1/2qaE

kBT
� = exp
− 147.5

1

T
−4.60� , �10�

c exp
W0 − 1/2qaE

kBT
� = exp
− 176.6

1

T
−3.75� . �11�

These Arrhenius plots lead to an estimation of the term W
=W0−1/2qaE to �0.013±0.01� eV and �0.015±0.02� eV for
p0 and 3p0, respectively. In an amorphous oxide structure, it
is difficult to estimate the jump distance a because we don’t
have access to the value of the electric field E. At this point,
we are not able to calculate accurately the intrinsic energy
barrier. However, it can be estimated using published values
of the electric field ��7�10+6 V cm−1�.14,16 Considering the
electronic charge of oxygen q�1.8e and the oxygen jump
distance as the O-O PDF first peak ��3 Å�, we computed the
term 1/2qaE to be 0.38 eV. The intrinsic energy barrier W0
is then evaluated to be 0.39 eV, which is lower than the
published values. Starodub et al.16 found 1.67 eV with the
inverse log law using thinner oxide films �e.g., 1.5 nm for
573 K; whereas in this work we obtained at least 2.3 nm�.
They assumed an oxygen charge q=2e and a jump distance
a=2.48 Å and suggested that the growth mechanism occurs

by oxygen migration via point defects �vacancies�. Jeurgens
et al.,14 using the Cabrera Mott theory, found the energy
barrier 2.5–2.6 eV considering cation migration as the rate
limiting process that is located at the metal/oxide interface.
The difference on the value of the energy barrier we ob-
tained, with respect to the previous authors, can be attributed
to the fact that in our simulations �1� the oxygen pressure is
many order of magnitudes higher than the experimental
value, �2� the growth mechanism takes place by both Al and
O migration, �3� the energy barrier is located in the oxide,
and �4� its lower value also results from the presence of
voids in the oxide, which accelerates the growth kinetics.

Effect of the oxygen pressure. Figure 7�a� illustrates the
oxygen pressure effect on the oxidation kinetics at 300 K.
Kinetics are faster for larger oxygen pressure, as expected.
Zheludkevich et al.42 have seen the same effect for silver
oxidation at 523 K by varying the value of the flux of atomic
oxygen. The curves in Fig. 7�a� fit the direct-logarithmic law
of Eq. �6� well. The fitted parameters allowed us to deter-
mine the structure factor � and the term ��T��kBT /��, which
we plotted in Fig. 7�b� as a function of oxygen pressure. The
term ��T��kBT /�� is scaled by a factor of 100 to allow its
visualization within the graph scale. From this figure we are
able to confirm that the two terms are sensitive to gas pres-
sure and in consequence the function ��T� should depend
also on the oxygen pressure and not only on the exposure
temperature. However, it is not clear how the terms used in
Eq. �6� will vary with the gas pressure in another interval
mainly if the gas pressure is many orders of magnitude lower
than p0, which is not accessible to the MD simulations.

IV. ATOMISTIC OBSERVATION AND GROWTH
MECHANISM

At the very early times �adsorption stage�, we observed
that when the oxygen molecule arrives on the aluminum sur-
face, two aluminum atoms jump out of the surface. Looking
at the top view we saw that the oxygen atoms arrive on both

FIG. 5. Typical illustration of the fits of the
kinetic curves on a direct-logarithmic law using
an �111� orientation of sample A oxidized at
300 K and 9.8�10+5 Pa. The fit has been per-
formed on exposure times greater than 90 ps.
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fcc and hcp hollow sites. The structure then relaxes such that
oxygen atoms locate in tetrahedral sites �surrounded by four
Al atoms�. The formation of this structure unit requires alu-
minum atomic jumps both out of the surface �atoms num-
bered 1 to 4 in Fig. 8� and from the aluminum sublayer to
interstitial-like sites �atoms numbered 5 and 6 in Fig. 8�. The
charges of oxygen atoms, in this configuration, are −1.43e
and −1.49e �with e is the magnitude of electronic charge�.
Those of surrounding Al atoms are +0.86e for the Al atoms
that are a common neighbor to both oxygen atoms and vary
between +0.45 and +0.56 for the other Al atoms. DFT
calculations25 have shown that the charge on the adsorbed
oxygen molecule is always well below two electrons.

We have investigated the dissociation of 12 oxygen mol-
ecules on a �111� Al sample with �100�100� Å2 exposed
surface area and a thickness of 22 Å. The large exposed sur-
face area has been chosen to prevent interaction between
oxygen molecules, at least in the early stage of oxidation. We
calculated the angle that each molecule makes with the nor-
mal to the oxidized surface. We also computed the evolution

of the position of the center-of-mass of the molecule and the
separation distance of the two oxygen atoms coming from
the same molecule. When oxygen arrives on a clean Al sur-
face, the general trend is that the pair rotates to have a ver-
tical direction when its center of mass is about 2–3 Å above
the Al surface �Fig. 9�a��. When the molecule approaches
closely the surface, it rotates again to make an angle with the
vertical that is between 10° and 60°. This is accompanied by
a slight extension of the bond length. The separation distance
between atoms of each molecule showed that the dissocia-
tion starts effectively when the center of mass of the mol-
ecule is located at a position that ranges between 0.8 and
1.5 Å above the surface �Fig. 9�b��. The rotation of the O2
molecule is a precursor to the dissociation. The separation
distance immediately after the complete dissociation process
ranges from 3 Å to 5 Å, and due to atomic rearrangements
and oxygen molecules interactions it may reach 9 Å, in some
cases. This is in agreement with experimental results19 and
DFT calculations,25 where the final distance after separation
ranges between one and three times the Al interatomic spac-

FIG. 6. Variation of the fit parameters, ob-
tained from fitting curves in Figs. 4�a� and 4�b�
on Eq. �6�, with the temperature. �a� The structure
term � �in k� units� versus T and �b� The term
��T� �kBT /�� versus T in an Arrhenius plot.
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ings. Note however, that we observed molecular dissociation
only when both atoms are bound to the surface, and we did
not observe abstractive adsorption process where one oxygen
atom remains on the surface and the second emerges to the
gas phase. This is due to the strong electrostatic attraction
energy between O atoms and Al atoms from the substrate in
the used interaction potential. After their dissociation, oxy-
gen atoms have positions between 1 Å above and 2 Å below
the surface plane. This indicates that independent oxygen
molecules remain at the surface and that the deep penetration
of oxygen is correlated to the presence of oxygen clusters.

Nevertheless, we have detected one case where the oxy-
gen pair approached the Al surface in a horizontal orienta-
tion. In this case, the dissociation started at �2 Å above the
surface with a slight extension of the bond length. The com-
plete dissociation occurred when the center-of-mass of the
pair locates at 1 Å above the surface and with a separation
distance of 5 Å. The atoms of this particular dissociated mol-
ecule are located at �1 Å above the surface. They did not

penetrate beyond the surface geometrical plane during the
dissociation process.

For coverages of less than 1 monolayer �1 ML�, oxygen
clusters �2D oxides� form by adsorption of supplementary
oxygen atoms. Indeed, the new arriving oxygen atoms try to
form locally a 2D-triangular network �Fig. 10�a�� with the
pre-existing oxygen atoms. During this initial oxide forma-
tion we observed that oxygen atoms do not move consider-
ably but only by minute displacements whereas aluminum
atoms perform more important displacements to rearrange
the structure around the oxygen atoms �black lines in Fig.
10�b��. For the three aluminum faces, we observed that Al
atoms rearrange to form a triangular network on the top
layer. Figure 10�b� shows an example in the case of the �110�
surface of this local configuration of Al atoms where oxygen
atoms occupy the centers of the triangles. Black lines stand
for Al atomic displacements between the time this snapshot
is taken and the initial structure. Note that snapshots in Fig.
10 show a 2D representation taken at the Al surface, but in

FIG. 7. �a� Oxide kinetic growth curves for
the �111� surface of sample B at 300 K with
different oxygen pressures �with p0=1.98
�10+5 Pa�. These curves represent the total up-
take �as a number� of oxygen atoms versus expo-
sure time. �b� Parameters obtained from the fits of
the curves of �a� on the direct-logarithmic growth
law �Eq. �6��. Curve 1 corresponds to ��T�
�kBT /�� scaled by a factor of 100 and curve 2
corresponds to � �in k� units�. The lines are
drawn to guide the eye.
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reality some slight distortion in the perpendicular direction
may exist.

The �100� and �110� surfaces have shown an atomic rear-
rangement on the surface where the original structure trans-
forms to a triangular network, whereas the �111� undergoes a
slighter deformation to accommodate the oxygen incorpora-
tion. We should say that this rearrangement happens in re-
gions where oxygen atoms are clustered whereas it keeps its
original surface structure otherwise �see Fig. 10�a��. Note
also that the triangular network shown in Fig. 10�b� does not
coincide with that of the �111� face of the Al fcc structure.
Upon further exposure, more oxygen atoms arrive to the ox-
ide surface and some oxygen atoms are then pushed to pen-
etrate the next layer. During this time Al atoms leave the
sublayer of the substrate and bond with oxygen atoms. This
process leads to the transformation of the 2D cluster to a 3D
oxide where oxygen atoms are located in tetrahedral sites,
surrounded by Al atoms.

After this stage, the development of the oxide structure
occurs in a layer-by-layer mode. Oxygen atoms penetrate to
the next layer, attracting Al atoms that move from the Al-
substrate layer across the metal-oxide interface to interstitial-
like positions. This leads to the formation of a free volume at
the interface. This free volume moves laterally on the inter-
face layer �and never into the oxide� allowing a rearrange-
ment of interfacial atoms forming a free space by which
supplementary oxygen atoms can move forward.

We have analyzed the structure of the oxide in terms of
Al-O local atomic coordinations determined from the atomic
cluster statistics and by using a sphere radius R=1.2r0 �r0 is
the value of the first peak of the PDF curves�. We found that,
during the early stages, atoms in the oxide have coordination
4 �dark gray balls in Fig. 11�a�� and then a tetrahedral envi-
ronment. After further exposure time �150 ps�, we continue
to observe this tetrahedral environment but mixed with a

small amount of five-coordinated atoms. For an exposure
time of 300 ps, we see that the structure of the oxide presents
a dominant tetrahedral environment in the inner layer and a
mixed tetrahedral and octahedral environments in the outer
oxide region, as shown by the black balls �six-coordinated Al
atoms in Fig. 11�. Note that the tetrahedral environment is
dominant for the three exposure times and that the amount of
four-coordinated atoms decreases with time. We have ob-
served that once oxygen and Al atoms form a tetrahedral
network, oxygen atoms move towards the metal-oxide inter-
face. Inversely aluminum atoms traverse this layer and form
the left part of the oxide, whose structure is different from
that close to the metal-oxide interface.

V. DISCUSSION

When cation migration prevails, the basic assumptions of
the Cabrera-Mott theory43 are adopted and inverse logarith-
mic kinetics are obtained. The reaction rate in this case is not
sensitive to oxygen pressure, but should vary with the crys-
tallographic orientation. In our simulations, the results show
that both anion, and to a lesser extent, cation migration occur
�e.g., Fig. 9 in Ref. 33� for all the studied temperatures
�300 to 600 K�. This movement through the amorphous ox-
ide takes place via extended defects, namely voids in our
case. This mechanism is accommodated by cation-lateral mi-
gration assisted by free volume diffusion along the interface.
We did not observe a noticeable oxygen lateral diffusion,
which is in agreement with the room temperature results of
Brune et al.44 and Chakarova et al.45 The accommodation
occurs by reorganization of the local structure to form tetra-
hedral structured oxide in the nearby metal/oxide interface.
This leads to the creation of new local channels at the inter-
face that allow the advance of oxygen atoms and the growth
of the oxide film. We have also seen that there is no effect of
the crystallographic orientation of the substrate �Fig. 2�.
Moreover, in Fig. 7 we observe that the increase of the gas
pressure has the effect to speed up the kinetics of growth,
which excludes the occurrence of the Cabrera-Mott43 mode.
The present results are in agreement with a kinetic of growth
that follows a direct-logarithmic law �Fig. 5� and are also
supported by the presence of the voids in the oxide film. The
parabolic law has also been tested and showed a deviation
from the growth kinetic curve. This is also in agreement with
the general behavior of very thin oxide films.16,41

The growth kinetics law given in Eqs. �6� and �7� does not
take into account the temperature dependency of the struc-
ture factor. Moreover, this law does not include any gas pres-
sure effect. Our analysis of the growth kinetic curves for
different temperatures and different gas pressures allows us
to determine the variation of the parameters involved in the
direct-logarithmic law versus temperature and gas pressure.
As shown in Fig. 6�a�, the structure factor � is a linear func-
tion of the temperature and increases with the gas pressure.
The function � �see Eq. �4�� is in fact a product between a
linear function �proportional to �� and an Arrhenius function
of the temperature as shown in Fig. 6�b�. It depends also on
the gas pressure as shown in Fig. 7�b� �curve 2�. The above-
mentioned result allows us to get a deeper understanding of

FIG. 8. A side view of the tetrahedral structure formation on the
�111� Al-surface just after dissociation. Black balls represent oxy-
gen atoms and gray balls represent Al atoms. The formation of this
structure requires Al atomic jumps �Al atoms numbered from 1 to
4� out of the Al surface planes. The �111� crystallographic axis is
along the x axis.
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the growth kinetics of amorphous aluminum oxides, but at
this stage we are not able to provide a more general equation
including temperature and gas pressure dependencies. Note
also that the used gas pressure values are many orders of
magnitude higher than what is generally used experimentally,
which is not accessible to MD technique. The use of such
high values may have a non-negligible influence on the
growth kinetic curve and the density of voids in the obtained
oxide film.

Sasaki and Ohno,46 using DFT calculations, found that the
bond length is elongated when the oxygen molecule is close
to the Al surface. Our results show that dissociation can oc-
cur at a distance from the surface Xs of about 0.8 to 1.5 Å.
The distance between two oxygen atoms, originally from the
same molecule, ranges after dissociation from 3 to 9 Å with
a distribution peak at �3.4 Å. This distribution has been
taken from a �111� sample with �100�100� Å2-exposed sur-
face to minimize the boundary effects on the O-O interac-
tion. Wahnstrom and co-workers47,48 found, using MD simu-

lations of the atomic motion in terms of the effective medium
theory, that the O atom must have a kinetic energy of at least
9.5 eV to account for the experimental results of Brune et
al.18 who found a random distribution of single O atoms that
is supposed to result from a hyperthermal motion of O at-
oms. In our simulations, we calculated the kinetic energy of
O atoms just after dissociation and found that this energy is
generally lower than 1.3 eV and does not fulfill the condition
cited above. Our results support the observations in Refs. 47
and 48 and are in contradiction with the results of Brune et
al.18 Note that the observed single oxygen atoms in Fig.
10�a� have neighbors in the perpendicular direction and these
neighbors are not always shown since they are out of the
selected section of atoms that is very thin ��3-Å thick�. Our
results are corroborated by atomistic images showing a pair
distribution of O atoms in the very initial stage and the
formation of regions consisting of a triangular network
�Fig. 10�b��.

FIG. 9. �a� Evolution of the oxygen molecule/
pair angle with the surface normal plotted versus
the position �Xs� of the center-of-mass of the pair
from the Al surface. �b� Separation distance of
the two atoms of the oxygen molecule plotted
versus Xs. Four typical examples of oxygen mol-
ecules are given.
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Kiejna et al.26 have performed DFT calculations to study
the stability of the hcp and fcc hollow sites on the Al �111�
surface for oxygen deposition. In our work, we have seen
that oxygen atoms are adsorbed on both sites �fcc and hcp�
and that due to the lack of robust statistics we cannot con-
clude which sites is more favorable. We think that due to
thermal fluctuations �room temperature experiment� and to
Al atomic rearrangement around oxygen atoms, the notion of
fcc and hcp hollow sites loses its meaning, mainly at inter-
mediate oxygen coverage when oxygen 2D clusters form.

The formation of an oxide compound generally involves
exchange of atomic place.44 This process is usually assumed
to occur via penetration of O atoms through the topmost
layer of the Al substrate. However, as we saw in this work,
this does not occur necessarily through the Al topmost layer.
Rather it involves Al atom jumps �pulled out of the surface�
from the topmost layer out of the surface and Al atom jumps
from the subsurface layer to an interstitial-like position just

FIG. 10. �a� A top view of a 3-Å-thick section of atoms of the
�100� Al-surface showing the triangular network locally formed for
low oxygen coverage taken at 22 ps exposure time. �b� A top view
of the structure of a section of atoms at the aluminum �110� surface
after 26 ps of exposure. The black lines represent displacement of
Al atoms during 26 ps. In �a� and �b� light gray color stands for
aluminum atoms and darker one for oxygen atoms.

FIG. 11. A side view of a 10-Å-thick section of atoms showing
the mixed coordination number for the �100� structure of sample B
at �a� 60 ps, �b� 150 ps, and �c� 300 ps. Black balls stand for six-
coordinated atoms, dark gray for four-coordinated ones, and light
gray �small� balls stand for other coordinated atoms.
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below the topmost Al layer �Fig. 8�. Our atomistic observa-
tions, for low oxygen coverage, suggest that the oxygen ad-
sorption occurs either within or below the geometrical sur-
face plane �the topmost layer�. This is in partial agreement
with the initial stage study of Kravchuk et al.49 who sug-
gested that the adsorption occurs below the surface plane.

Atomistic observations have shown that oxygen atoms re-
arrange in �1�1� groups or islands. In Fig. 10�a�, we have
shown an example of a 3-Å-thick section of atoms that show
the triangular network formed by Al atoms in the regions
containing oxygen atoms. We did not observe any oxygen
single atoms as suggested by the abstractive dissociation.
Moreover, the structure in Fig. 10�a� shows that individual
oxygen adatoms created by disruption of some pairs will
finally attach to the already formed pairs or larger groups.
This process occurs during the dissociation and is not a dif-
fusion process that takes place separately. When an oxygen
molecule approaches the Al surface, the two oxygen atoms
start to separate from each other laterally at �1 Å above the
Al surface. During this separation they may encounter other
oxygen atoms already deposited on the surface and will at-
tach to them, leading eventually to the formation of �1�1�
groups by some atomic rearrangement. This explains the oc-
currence of groups with three or more O adatoms, as has
been observed experimentally by Schmid et al.19 at room
temperature. As mentioned in Sec. IV, the pictures in Fig. 10
are a 2D representation and some distortion in the perpen-
dicular direction is not excluded. Kiejna et al.26 suggested
that the most stable O-�1�1� subsurface structure is found
in tetrahedral sites below the topmost Al atomic plane. This
is in fact an idealized picture since more detailed investiga-
tion of these sections of atoms showed that some oxygen
atoms are indeed below the topmost Al atomic plane and
others are located in the plane. The formation of oxygen
�1�1� islands on Al surface at room temperature indicates
that the lateral interaction between O atoms is attractive.
However, the formation of such islands is not necessarily a
result of the lateral oxygen diffusion as suggested by Jeur-
gens et al.14 For high values of the gas pressure as in the
present case, clusters �islands� of oxygen atoms are more
likely to form during the dissociation of oxygen molecules.
This occurs at a distance of 0.8–1.5 Å above the surface,
rather than by lateral oxygen diffusion. Indeed, during the
dissociation process, oxygen atoms belonging to the same
molecule move away from each other when approaching the
surface. In particular, when oxygen pairs �or Al-O clusters�
are already present, the O atoms try to deposit directly on the
cluster edges as suggested by Kiejna et al.26 Note also that
oxygen molecules arriving on oxidized region of the Al sur-
face do not have a vertical orientation but try rather to be
horizontal when approaching the oxygen cluster �or pair� al-
ready adsorbed. This is in contrast to oxygen molecules that
arrive vertically on a “clean” region of the Al surface.

Using fixed charge MD simulations, Gutierrez and
Johansson34 have found that the coordination number of the
elementary unit of the oxide increases as its density in-
creases. Based upon this observation, they suggested that the
tetrahedrally and octahedrally coordinated forms of amor-
phous alumina found experimentally correspond to different
densities. This is in agreement with our simulation results

where we found that the proportion of the AlO6 octahedron
over the whole oxide becomes more important when the ox-
ide develops and the density increases. Moreover, the contri-
bution of the AlO6 octahedron is more important in the outer
part of the oxide, which is less dense in comparison to the
inner region close to the metal-oxide interface but also more
rich in oxygen. In this region, Al atoms are then more likely
to have more neighboring O atoms. The AlO4 tetrahedron are
essential to the formation of the amorphous oxide film struc-
ture as suggested by Lamparter and Kniep.23 However, in
accord with Campbell et al.,32 we have observed that the
AlO6 octahedron can not be neglected in the building up of
the final amorphous structure. Indeed, the presence of this
last oxide unit �AlO6� is more important when the oxide
develops mainly in the outer part, which is an oxygen-
enriched region compared to the overall amorphous oxide
composition.

VI. CONCLUDING REMARKS

We have simulated the oxidation of aluminum-single
crystals with low-index surfaces ��100�, �110�, and �111��
between 300 and 600 K and under a gas pressure varying
from 9.8�10+5 Pa to 2.9�10+6 Pa. Two system sizes were
used and no size effect was observed. In the studied
temperature/pressure regime, the growth mechanism has
been found to be independent of the crystallographic orien-
tation. Oxide films of �3 nm of limiting thickness have been
obtained and for films thicker than �2 nm, the structure of
the oxide presents a dominant tetrahedral environment in the
inner layer and mixed tetrahedral and octahedral environ-
ments in the outer region.

The growth kinetic curves obey a direct-logarithmic law
beyond a transient regime. In the theory of metal oxidation,
this mode is generally associated to a growth mechanism
where the oxide film develops by ion migration via mobile
voids present in the amorphous oxide structure.

The temperature and gas pressure effects on the growth
law have been investigated through the variation of the pa-
rameters involved in this growth law �Eq. �6�� as function of
temperature and gas pressure. Our results show that the
structural term ��� is a function of both temperature and gas
pressure in contrast to what is generally accepted, i.e., a con-
stant. The second term � has also been found to be a
temperature/gas pressure dependent term �Figs. 6 and 7�.

Atomistic analysis shows that, during the dissociation
stage, the oxygen molecule undergoes a rotation prior to its
dissociation. The oxygen dissociation starts effectively when
the center of mass of the pair is located at a position that
ranges between 0.8 and 1.5 Å above the surface and the final
separation distance ranges from 3 to 5 Å, and due to atomic
rearrangement and oxygen molecular interactions it may
reach 9 Å in some cases. During the initial stage, Al atoms
rearrange to form a triangular network on the top layer where
oxygen atoms occupy the centers of the triangles. This is
correlated to the tetrahedral configuration of Al and oxygen
atoms.
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