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Abstract

The oxidation of aluminum single crystals is studied using molecular dynamics (MD) simulations with dynamic
charge transfer between atoms. The simulations are performed on three aluminum low-index surfaces ((100), (110)
and (111)) at room temperature. The results show that the oxide film growth kinetics is independent of the crystallo-
graphic orientation under the present conditions. Beyond a transition regime (100 ps) the growth kinetics follow a direct
logarithmic law and present a limiting thickness of ~3 nm. The obtained amorphous structure of the oxide film has
initially Al excess (compared to the composition of Al,O3) and evolves, during the oxidation process, to an Al percent-
age of 45%. We observe also the presence of an important mobile porosity in the oxide. Analysis of atomistic processes
allowed us to conclude that the growth proceeds by oxygen atom migration and, to a lesser extent, by aluminum atoms
migration. In both cases a layer-by-layer growth mode is observed. The results are in good agreement with both exper-
iments and earlier MD simulations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Thin aluminum-oxide films have technological

applications in microelectronics and catalysis,
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because of their specific physical and chemical
properties (i.e. large dielectric constant (~10),
large barrier height for electron tunneling (~2
eV), high corrosion resistance, good thermal and
mechanical stability, good adhesion). In particu-
lar, oxide passive films that form on aluminum
and aluminum alloys in air protect the surface
against further oxidation and corrosion [6-8].
For these applications, the thickness, morphology,
chemical composition, and the microstructure of
the oxide film are of great importance [1,3]. There-
fore, it is crucial to understand the involved phys-
ico-chemical processes to control and stabilize
these films.

Understanding of the processes involved in the
oxidation of aluminum is a long-standing research,
attracting large amounts of experimental and the-
oretical work. For instance, several works have
been devoted to study the kinetic of the growth
mechanism of aluminum-oxides [9-11], the reac-
tion of O, molecules with aluminum surfaces
[12,13] and the initial transient low mobility of
oxygen atoms [14]. The composition, the structure
and the morphology of aluminum oxide films has
also been studied by other researchers [15-17].
Jeurgens et al. [16] have reported that for low tem-
peratures (<573 K) an amorphous oxide film
structure of limiting thickness develops whereas
at high temperatures (>573 K) an initially amor-
phous oxide film forms and gradually transforms
into crystalline y-Al,O5. In general, at high tem-
peratures, a parabolic growth rate is followed
whereas at low temperatures a logarithmic growth
mode is rather found [18]. However, despite these
efforts, the atomistic details concerning the struc-
ture and the mechanisms governing the onset,
growth and termination of aluminum oxidation
are largely unknown.

From a theoretical perspective several authors,
using a density-functional-theory (DFT), have
studied the dissociation process of O, on alumi-
num surfaces [19], the stability of oxygen adsorp-
tion sites [20] and the interaction of O, with
aluminum surfaces [21-24]. However, these tech-
niques are limited to very small clusters of atoms,
they are confined to the very initial stage of inter-
action of oxygen atoms with the metal surface and
can not provide information of oxide growth.

Large-scale molecular dynamics (MD) simula-
tions are well suited to overcome these limitations.
Since the work of Streitz and Mintmire [25], who
developed an interaction potential able to describe
the Al/O system taking into account a dynamic
charge transfer among atoms, MD simulations of
the oxidation of more realistic samples became
possible. Ogata and Campbell [26] and Campbell
et al. [27] have performed the first successful (as
far as we know) MD simulations of aluminum oxi-
dation process on spherical nanoclusters, and they
found that the oxide film presents a limiting thick-
ness of 3-4 nm. They also found that the oxide film
has an amorphous structure consisting of mixed
octahedral and tetrahedral configurations. How-
ever, these studies (with spherical nanoclusters)
did not allow to study the effect of the crystallo-
graphic orientation of the substrate, and did not
provide a detailed atomistic description of the
oxide film structure.

In the present work, we investigate the oxida-
tion of Al-single crystals at 300 K, with three dif-
ferent surfaces ((100), (110) and (111)) using
MD simulations based on the interaction potential
of Streitz and Mintmire [25]. In the next section,
we will describe the used computational method.
In the results section, we will show the effect of
the crystallographic orientation on the growth
kinetics. We will also show how the structure of
the oxide film changes during the advance of the
oxide thickness. The pair distribution function,
the angular distribution and the coordination
inside the oxide film are compared to earlier simu-
lations of Campbell et al. [27] and to the exper-
imental work of Lamparter and Kniep [17].
Detailed atomistic analysis will allow us to de-
scribe in more details the amorphous structure of
the oxide and to gain a physical insight in the
growth mechanism via the observation of the
atomistic displacements during the oxidation.

2. Computational method

We have developed a new MD simulation code
that is based on a highly reliable interaction
scheme developed by Streitz and Mintmire [25].
In this potential, the total energy of the crystal is
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divided into an electrostatic energy (Es) that is ion
charge dependent and a non-electrostatic energy
that is ion charge independent (embedded atom
method (EAM) potential). A Finnis—Sinclair [28]
form is chosen for the EAM potential. This inter-
action potential (Es + EAM) has been shown to be
efficient in describing the cohesive energy, struc-
ture, and elastic properties of both fcc aluminum
and o-alumina [25].

The Coulomb interaction can be accurately
computed by the Ewald summation technique
[29], which can be applied in the case of three-
dimensional (3D) periodic boundary conditions
(PBC). However, the summation of the Coulomb
interaction is the main problem in surface applica-
tions. Several approximations to this issue have
been proposed [30,31] but these methods failed to
treat a relatively thick slab as that used in the pres-
ent work. In this work, for generating the surfaces,
the x-direction is artificially increased by adding
two vacuum slabs on each side of the fcc alumi-
num substrate [32]. The unit cell (see Fig. 1) was
then repeated infinitely throughout the 3D-space
by applying the periodic boundary conditions.
This technique allows to create a 2D-slab geome-
try where the conventional 3D-Ewald summation
can be applied. Yeh and Berkowitz [33] showed
that the inclusion of a correction term for the slab
geometry gives satisfactory results and does not
introduce any significant computational difficul-
ties. As shown in Fig. 1, the positions of aluminum
atoms in the substrate range, in the x-direction,
from —L,/2 to +L,/2 whereas the vacuum is be-
tween —L, and —L,/2 on one side and between
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Fig. 1. A schematic picture describing the unit cell of the Al-
substrate and the two vacuum slabs surrounding it. The box x/y
axes are shown together with the relative sizes. The box size
along the z-direction (L.) is equal to that along the y-direction
(L,). The O, molecules are inserted at 1.5r, from the oxide layer
(rc is the cutoff radius of the interaction potential).

+L./2 a}nd +L, on the other side (with
L,=40 A). Note that we have also increased the
simulation box size along the x-direction to 3L,
(i.e. a vacuum slab of 2L,) and we observed that
it does not improve the accuracy. Given that the
CPU time is closely related to the number of k-
space vectors, which rapidly increases with the
total box size, we prefer keeping the size 2L, and
gain in computation time. The simulations were
performed with a cutoff radius (r.) of 6 A for the
interaction potential and (40 X 10 x 10) k-vectors
for a box size of (80 x 20 x 20) A>.

The samples created in this manner are then
subjected to an equilibration procedure, which
starts by increasing the temperature, in steps of
20 K from 0 K to 300 K. For each temperature a
run of 1000 MD steps using isokinetic MD was
performed. These first equilibration runs are per-
formed by ignoring the dynamic charge transfer
between aluminum atoms since the charges are as-
sumed to be zero for a pure metallic system. An
extra equilibration run of 1000 steps at 300 K
was performed including the charge dynamics
and, as expected, showed that the atomic charges
fluctuate around a zero value in the pure metal
with a magnitude of +0.06e (where e =1.6X%
107" C) at the two outer layers and of +0.02¢ in
the bulk.

After the equilibration runs, we start to oxidize
the aluminum by introducing O, molecules in the
vacuum slab at an x-distance of 1.5r, from the alu-
minum surface. Their y- and z-positions are ran-
domly chosen. O, molecules are introduced at
300 K with their velocities randomly chosen from
a Maxwell-Boltzmann distribution. A new O,
molecule is introduced in the gas when the previ-
ous O, molecule starts to dissociate and form
bonds with the Al atoms. With this procedure
the gas pressure is maintained constant at
9.8 x 10*° Pa during the whole simulation.

The equations of motion are integrated using a
multiple time steps method, with time steps
At = 1fs for the short-range forces and Ar=5fs
for the long-range forces. Atomic charges are up-
dated every 100 MD steps such that the electro-
static energy is minimized using a conjugate
gradient method with the constraint of the elec-
tro-neutrality principle. A Berendsen thermostat
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[34] is used to maintain the whole AI-O system at
the required temperature (300 K). Note that due to
the mass difference between O, and Al atoms, the
same rescaling factor for aluminum and oxygen
leads to a cooling down of oxygen (lighter) atoms
and a heating up of aluminum (heavier) atoms. A
separate velocity rescaling is then applied to oxy-
gen and aluminum atoms. Constraints are applied
to remove the translational and the angular
momentums of the substrate [35].

3. Results and discussion
3.1. Growth kinetics of oxide film

We have simulated the oxidation of aluminum-
single crystals. The simulations are performed on
three different samples with three different orienta-
tions ((100), (110) and (111)) and with similar
numbers of atoms (~1000 atoms). The tempera-
ture is maintained at 300 K during the whole oxi-
dation process.

Fig. 2 shows the oxygen total uptake as a func-
tion of the simulation time up to the limiting thick-
ness, for the three-substrate surface orientations.
For the first 200 ps (thickness d < 2 nm), the three
kinetic curves are similar which suggests that the
mechanism of the oxide growth is independent of
the crystallographic orientation. After 200 ps, we
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Fig. 2. Oxidation kinetic curves of the (100), (110) and (111)
surfaces. These curves represent the total uptake (as a number)
of oxygen atoms versus exposure time. The inset shows the
oxide film thickness versus time in a semi-logarithmic plot.

observe a slight difference, which can reasonably
be assigned to statistical fluctuations. This orienta-
tion independent effect is due to the oxide amor-
phous structure that inhibits any relation of
epitaxy between the oxide and the metal during
the growth process. The simulations stopped once
we observe ejection of an AlO, fragment from the
sample surface. Campbell et al. [27] have per-
formed an MD simulations experiment in the
microcanonical ensemble (without heat dissipa-
tion) and they have observed, after 50 ps, that
small Al,O, fragments are ejected from the nano-
cluster surface indicating that the nanocluster is
melting on the surface region. In this work and de-
spite of the dissipation route via the Berendsen
thermostat [34], we observe similar processes (e.g.
after 500 ps for the (100) and (110) surfaces)
when the film thickness tends to the limiting value.
Indeed, when approaching the limiting regime,
oxygen incorporation into the oxide film is im-
peded and the accumulation of dissociated oxygen
atoms at the oxide surface (oxide/gas interface)
leads to a heating of this interface that is difficult
to dissipate. In experimental works, at low temper-
atures, the growth kinetic curves present a satura-
tion regime where the growth rate tends to vanish.
However, in our simulation we are only able to
reach a regime of low growth rate while the satura-
tion regime should be reached for very long times
that are not accessible to MD simulations. We
therefore use in this work the expressions “limiting
regime” and “limiting thickness” to qualify this re-
gime of low growth rate.

After 450 ps, the kinetic curves of the (100) and
(110) surfaces show a limiting regime where the
total uptake is approximately 630 and 660 oxygen
atoms, respectively. The simulation of the (111)
surface has been stopped around 450 ps but the
tendency of the kinetic curve shows that it should
in principle tend to the limiting regime at a similar
total uptake value.

The oxide film thickness is defined as the dis-
tance between the x-positions of the deepest oxy-
gen atom and the external aluminum atom. This
seems to be a rough estimation of the thickness
but we have also done a test where we have aver-
aged the x-position over the oxygen atoms laying
at the inner interface (2 A layer) and over
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aluminum atoms laying on the outer oxide-gas
interface (2 A layer). The distance separating the
two average positions defines the oxide film thick-
ness. The results did not show any difference in the
kinetic curves and did not even reduce the fluctua-
tions, which suggests that the straightforward
determination is sufficient. The inset in Fig. 2
shows the curves of the oxide film thickness versus
the oxidation time (exposure time) for the three
aluminum surfaces in a semi-logarithmic represen-
tation. In this plot we see that the oxidation of the
three surfaces present a limiting thickness, which
reached ~3.1nm, 3nm and 2.9 nm, at 500 ps,
500 ps and 420 ps, for the (100), (110) and
(111) surfaces, respectively. These values corrobo-
rate the results obtained in [27] where the oxide
thickness reached a limiting value of ~3-4 nm.
The three curves obey a direct-logarithmic growth
kinetics (a linear behavior in the inset in Fig. 2),
although for the early times (>100 ps) the curves
deviate from this law due to a transient regime.
Note that the inverse logarithmic and parabolic
fits fail to describe correctly these kinetic curves
for the three faces. Moreover, this growth mode,
following a direct logarithmic law, corresponds
to a microscopic mechanism where ion movement
occurs via extended defects [11], which is the case
in the present work.

3.2. Oxide film structure

We have analyzed the structure of the oxide film
during the whole oxidation process. First, we have
computed the pair distribution function (PDF) of
the atoms inside the oxide film including the par-
tial PDFs for each type of pairs of atoms (see
Table 1). For the Al-Al pair distribution, we ob-

Table 1

served a first peak around 2.9 A (Fig. 3a), which
corresponds to the first nearest neighbor distance
in the fcc Al lattice. A second peak is detected at
around 4 A, which is the second nearest neighbor
distance in the fcc Al lattice, in particular for early
times. This last peak disappears during the devel-
opment of the oxide film whereas the first one sub-
sists even at the limiting regime.

For the O-O pair distribution function, a peak
is detected at 3.1 A for times less than 100 ps and
then it shifts progressively to reach 2.8-2.9 A at
the limiting regime (Fig. 3a). Another peak ap-
pears progressively during the development of
the oxide film around 2.1—2.201&. This last peak is
close to the O-O peak (at 2.5 A) of the Al,Oj3 crys-
talline structure. .

The Al-O PDF showed a peak around 1.8 A
during the whole oxidation process, except for
the very early stage that corresponds to the oxide
nucleation. A typical example of this PDF is plot-
ted in Fig. 3a. The distance of this peak is very
close to the typical first AI-O distances of 1.85 A
and 1.97 A existing in the Al,O5 crystalline struc-
ture. Moreover, it corresponds to the reported
AI-O bond length in amorphous aluminum oxide
films that ranges from 1.8 to 19A [17,27]. Fig.
3a is in good quantitative and qualitative agree-
ment with both the simulation results of Campbell
et al. [27] and the experimental results of Lampar-
ter and Kniep [17] (see Table 1). The latter authors
have reported 3.2, 2.8 and 1.8 A for the Al-Al O-
O and AI-O bond length, respectively, whereas in
our simulations we have found 2.9, 2.8 (and 2.1 to
a less extend) and 1.8 A, respectively. As shown in
Table 1, we obtain a good agreement with numer-
ical and experimental approaches although that we
observe a supplementary small peak at 2.1 A for

Values of the first nearest bond length R;; for the different pairs of atoms and the corresponding coordination numbers Z;;, in the case

of the (100) surface simulation taken at 384 ps

This work Lamparter and Kniep [17] Campbell et al. [27]

Ry (A) Zy Ry (A) Zy Ry (A) Zi
Al-Al 29 7.5 6 - -
0-0 2.8-2.9 9.1 8.5 - -
Al-O 1.8 4.1 4.1 1.8 3.9
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Fig. 3. An example of (a) the pair distribution function of the
Al-O bond and (b) the Al-O-Al bond-angle distribution
function. These distributions are taken at 384 ps exposure in
the case of the (100) surface simulation.

the O-O distance, which attenuates upon anneal-
ing at 600 K. This latter peak is not reported in
Table 1.

Moreover, we have calculated the average coor-
dination number Z; of each type of pair (Al-O,
Al-Al, and O-0). The result is presented in Table
1 by the values of Z;’s that were determined from
the atomic cluster statistics using a sphere radius
R=12r,, where r, is the value of the first peak
of each PDF curve. We obtained average values
of 7.5, 9.1 and 4.1 for the coordination numbers
of the three bond length, respectively. This is again
in agreement with the experimental results in [17]
that reported 6, 8.5 and 4.1, respectively (Table
1). The value of 4.1 corresponding to the Al-O
bond length is an average value over the whole
oxide film and is in good agreement with the sim-

ulation results of Campbell et al. [27] who found
3.1, 3.9 and 4.3 at the metal-oxide interface, within
the oxide and at the oxide-gas interface
respectively. .

The consistency of the 1.8 A value for the AI-O
bond length and the evolution of the different par-
tial pair distribution functions suggests that the
AlQy tetrahedron plays an important role in the
building up of the amorphous oxide film structure
as suggested by Lamparter and Kniep [17]. How-
ever, in contrast to these authors and in agreement
with Campbell et al. [27], we think that the AlOg
octahedron structure plays a non-negligible role
in the building up of the final amorphous struc-
ture, since the coordination number 6 for the Al-
O bond is quite frequent in the obtained structure.
In fact the distribution of the Al-O coordination
number in the oxide film can be characterized by
the frequencies (see Table 2): Z(O-Al) = 3(10%),
4(41%), 5(28%) and 6(15%) for times beyond
200 ps. Note that these values are obtained by
averaging over times beyond 200 ps for the (100)
surface simulation and are also obtained for the
two other orientations. However, during the first
200 ps the coordination Z(Al-O) =4 was found
to be present at 60%, which suggests that initially
the amorphous structure of the oxide film is built
up by AlOy. As the oxide develops the AlOg con-
tributes more and more to the structure to finally
reach a value around 15% (Fig. 4). Looking at
the coordination profiles, we have seen that for
early times (z <1 ps, d <1 nm), the coordination
of Al-O bond is around 4 for the whole oxide film.
During the development of the film, it becomes
more heterogeneous and gradually changes from
4 (at the metal-oxide interface) to 6 (at the
oxide—gas interface).

Fig. 3b shows a typical example of the angular
distribution function of the atoms belonging to the
oxide film taken at 384 ps. This distribution pre-
sents a main peak around 110° as found by Camp-
bell et al. [27]. However, whereas Campbell et al.
[27] found another peak between 80° and 90°, we
found a second peak around 70° but not as well
defined as in their work. Moreover, we see a third
peak around 160°. These last two peaks are not
stable; they shift towards smaller and larger values
but also may disappear during the development of
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Table 2
The distribution of the different coordination numbers of the
Al-O bond, in the case of the (100) surface simulation

V4 Percentage of atoms
This work Lamparter and Kniep
[17]

3 10 20

4 41 56

5 28 22

6 15 -

Other 6 -

The simulation values are taken as average values over times
beyond 200 ps.
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Fig. 4. Time evolution of the different coordination numbers of
Al-O bond (Z =3, 4, 5 and 6) as shown in the figure.

the oxide film whereas the other sub-peaks ob-
served in Fig. 3b are thought to be due to statisti-
cal fluctuations. Indeed, these sub-peaks are not
reproduced for other times. Nevertheless, the
angular distribution function resembles qualita-
tively to the one obtained by Campbell et al. [27]
and the relative disagreement may be due to the
sizes of the simulation samples.

We have also analyzed the composition of the
oxide film structure during its growth and plotted
the results in Fig. 5. We observe that the total
atomic density increases rapidly during early times
(<50 ps) and then tends to a constant value around
0.09 atom/A>. The two partial densities show a
rapid increase of both aluminum and oxygen
atoms for short times and then the oxygen density
becomes almost constant (0.05 atom/A*) whereas
that of aluminum decreases with time and reaches

0.1

density (Z\—3)
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S
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o
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Time (ps)
Fig. 5. The plot of oxygen, aluminum and total atomic

densities in the oxide film versus exposure time for the (100)
surface.

a value of 0.04 atom/A>. This trend confirms our
first analysis, which suggests that the population
of the AlOg structure increases with time. The rel-
ative O/Al composition ratio increases rapidly for
short times (<100 ps) and tends to fluctuate be-
tween 1.3 and 1.4 for longer times up to the limiting
regime. In an experimental work, Jeurgens et al.
[15] have found that the initial Al concentration
in the grown oxide film increases with increasing
temperature. At low temperatures (7 <573 K),
an amorphous, Al-deficient (as compared to vy-
Al,O5) oxide film of ‘limiting’ oxide-film thickness
is formed. During the initial, fast oxidation stage
at higher temperatures (7 = 673 K), an Al-en-
riched, amorphous oxide film is formed, which
gradually attains the stoichiometric composition
of Al,O3 and becomes crystalline y-Al,O3 during
the second slow oxidation stage. In our simulation
we found that the percentage of aluminum atoms
in the oxide film decreases from 90% and tends
asymptotically to 45% (0.04 atom/A%) for times
larger than 300 ps but never reached the stoichi-
ometric composition of Al,O3;. The amorphous
oxide film is Al-enriched as in the case of high tem-
peratures in the work of Jeurgens et al. [15]. We
should also note that the oxide limiting thickness
does not extend beyond 1 nm in Jeurgens et al.
[15] work, for low temperatures whereas for high
temperatures it reaches values larger than 3 nm if
we extrapolate their data to long times. We think
that this discrepancy between the present results



54 A. Hasnaoui et al. | Surface Science 579 (2005) 47-57

and Jeurgens work, concerning the structure of the
oxide at low temperatures, might be due to the
high pressure used in the MD simulation, which
is 9.8 x 10" Pa (Jeurgens et al. 1.33x 10~ Pa).
Such a high-pressure regime is an accepted caveat
of the simulation technique, and is necessary to re-
duce the time-scale problem inherent to the MD
method.

Detailed atomic visualization of the structure
showed that the amorphous structure of the oxide
contains a non-negligible density of porosity.
Fig. 6a shows a snapshot of a 6 A-thick section
of atoms parallel to the oxidized surface (for the
(100) simulation). As we can see from this figure
an important number of pores exists in the oxide
structure. A temporal analysis revealed that these
pores move within the oxide and that their density
varies with time. To confirm this, we draw in
Fig. 6b another section of atoms from a side view,
where we can also see pores, the size of which has
been shown to vary from 2 to 8 atomic volumes.
We think that the movement and creation/annihi-

Fig. 6. Snapshots showing examples of the oxide film at 384 ps
exposure in the case of the (100) surface. (a) A top view in the
direction vertical to the oxidized surface of a 6 A-thick section
of atoms in the oxide film. (b) A side view of a 5 A-thick section
of atoms showing the oxide and the substrate. Light gray color
stands for aluminum atoms and black color for oxygen atoms.
Black arrows show the viewing orientation. In this figure we
observe the porosity present in the oxide.

lation of these pores is an essential factor for the
development of the oxide film since it allows rear-
rangement of atoms and then incorporation of ex-
tra oxygen atoms.

Fig. 7 shows the atomic charge distribution
plotted as function of the x-distance along the oxi-
dation direction at 384 ps for the (100) surface.
From this figure we see that the substrate bulk pre-
sents a charge that fluctuates around zero value. In
the oxide film the positive charges are due to alu-
minum atoms and the negative ones to oxygen
atoms. We have checked the zero-charge condition
locally in the oxide/aluminum system, and the re-
sult of the charge distribution showed fluctuations
around zero that reach a maximum of 0.25¢ at the
gas/oxide interface and 0.1e in the oxide interior.
We observe also that this charge is not homoge-
neous in the oxide and that aluminum atoms are
weakly charged close to the metal-oxide interface,
greater than +2e in the oxide interior and a small
decrease is also observed at the oxide—environment
interface. Oxygen atoms are weakly negatively
charged at the gas—oxide interface, their charges
increase to more negative values to reach a maxi-
mum value at a distance of 1 nm from the metal-
oxide interface and then decrease to less negative
values up to the oxide-metal interface. We notice
that there is a strong correlation between the Al
coordination (in terms of surrounding oxygen
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Fig. 7. An example of the charge distribution in the whole Al/O
system taken at 384 ps for the (100) surface. The charge
distribution is shown as the charge of each atom in e units
(where e = 1.6 x 107 C) versus its x-position in the sample.
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atoms) and the atomic charge of aluminum. The
charge of Al atom increases with their coordina-
tion number.

3.3. Atomistic mechanisms

We have performed a new simulation with the
same conditions as for our first simulation but this
time only one O, molecule was inserted during the
whole simulation run. In other words, when the O,
molecule reaches the Al surface, we do not insert a
new one to avoid interaction between several pairs
of oxygen atoms at the surface. We observed in
this case that one oxygen atom remained at the
surface layer and formed a tetrahedral configura-
tion with four Al atoms. The second oxygen atom
is located close to the first sub-layer of the Al sub-
strate and also formed a tetrahedral configuration.
The two oxygen atoms are at a distance of roughly
3.5 A from each other. No deep penetration was
observed (in contrast to the first simulations),
which suggests that the oxygen—oxygen interaction
and the formation of the oxide unit cell is the pro-
cess that triggers deeper incorporation at least dur-
ing the initial stage of oxidation.

We have looked at the atomic displacement be-
tween atoms at different times and we have ob-
served that oxygen atoms penetrate towards the
metal and try to occupy an interstitial position be-
tween the oxide and the metal. Once the first atom
reaches a certain depth there is no more forward
penetration until this layer is “saturated”. In other
words, oxygen atoms penetrate to reach the plane
n and fluctuate at this plane until its concentration
in oxygen atoms reaches a certain critical value,
after which oxygen atoms start to move to the
plane n + 1. Al atoms pass to an interstitial posi-
tion at the topmost plane in the metal (i.e., at the
metal oxide interface) and then they move to the
oxide by some interpenetration between the oxide
and the metal. This movement, as for oxygen
atoms, advances once the metal-oxide inter-
face plane reaches a critical concentration in Al
atoms.

This observation is also confirmed by the results
in Fig. 8 where we plotted the time evolution of the
number of oxygen and aluminum atoms in the
oxide layer. We see from this figure that the num-
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Fig. 8. The plot of oxygen, aluminum and total numbers of
atoms in the oxide film versus exposure time for the (100)
surface.

ber of Al atoms evolves by steps. The height of
these steps coincides with 50 atoms in the early
times, which corresponds to the number of alumi-
num atoms in a (100) plane in our samples. For
larger times this effect is still observed but less pro-
nounced. Note that this effect is not observed for
the number of oxygen atoms in the oxide film
(Fig. 8) because this number is defined as a total
uptake of oxygen atoms and it should be a smooth
function since each time there is only one molecule
that penetrates the oxide film (i.e. beyond the top-
most aluminum atoms). Nevertheless, we have
analyzed the concentration profiles of oxygen
and aluminum atoms in the oxide film and we have
observed this layer-by-layer mode movement of
both types of atoms. Atomistic visualization of
the sample has also confirmed this observation.
From another side, the concentration profiles of
the different species across the oxide are not uni-
form. The Al concentration increases from the
gas/oxide interface to the oxide/metal interface,
whereas the oxygen concentration behaves inver-
sely. The assumption of their uniformity in analyt-
ical works should be taken carefully in thin oxide
films.

Fig. 9 shows an example of the outward diffu-
sion of aluminum atoms and the inward diffusion
of oxygen atoms for the (100) surface. The atomic
displacements are taken between 184 ps and 384 ps
exposure times and represented by the black lines
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Fig. 9. Snapshot of a section of atoms showing atom positions
at 384 ps of exposure for the (100) surface. The light gray color
stands for aluminum atoms and the black color for oxygen
atoms. The viewing orientation is the same as in Fig. 6b. The
black lines represent the atomic displacements between 184 ps
and 384 ps. (a) Displacement vectors of aluminum atoms and
(b) displacement vectors of oxygen atoms.

in the figure. Light gray color stands for aluminum
atoms and black color for oxygen atoms. Atom
positions are shown at 384 ps (i.e. the final posi-
tions). Fig. 9a shows the outward migration of Al
atoms through the oxide film, and Fig. 9b shows
the inward migration of oxygen atoms towards
the bulk metal. Note that the shown displacement
vectors are viewed in a 2D representation and some
of them have a non-zero component in the perpen-
dicular direction. This component represents a
migration parallel to the oxidized surface, which
has been observed during the oxidation process
and more frequently during the earlier stage. Note
however, that oxygen migration is more important
than aluminum one. The growth of the oxide film is
inward and outward because of both inward
oxygen migration towards the metal and outward
aluminum movement from the metal towards the
oxide surface, which is in agreement with the
conclusion of Campbel et al. [27].

Note that some of the results presented in this
work are taken for the particular case of the
(100) surface but they are also valid for the
(110) and (111) surfaces, which exhibit similar
behaviors.

4. Concluding remarks

We have simulated the oxidation of three alumi-
num-single crystals with low-index surfaces ((100),
(110) and (111)) at 300 K under 9.8 x 10" Pa.
The similarity between the three kinetic curves sug-
gests a growth mechanism that is independent of
the crystallographic orientation. This is due to
the oxide amorphous structure, which avoids any
expitaxial dependence of the growth. A limiting re-
gime is observed at an oxide thickness of ~3 nm.
The three curves obey a direct-logarithmic growth
kinetic beyond a transient regime. This growth
mode corresponds to a microscopic mechanism
where ion movement occurs via extended defects
(mobile pores in this case) [11]. In this mechanism
ion entry into the oxide is considered to become
more difficult with increasing oxide thickness be-
cause of closing of channels (pores). The analysis
of the amorphous oxide structure showed that this
structure is in good agreement with experimental
and earlier MD simulations results. Initially, the
amorphous structure of the oxide film is built up
by AlO,4 and as the oxide develops the AlOg con-
tributes more and more to the structure reaching
a final contribution around 15%. The percentage
of aluminum atoms in the oxide film decreases
from 90% and tends to 45% for times larger than
300 ps but never reached the stoichiometric com-
position of Al,Os;. The results are in good agree-
ment with both experiments and earlier MD
simulations. An important density of mobile
pores, with their size varying from 2 to 8 atomic
volumes, exists in the oxide structure. The move-
ment and creation/annihilation of these pores is
an essential factor for the development of the
oxide film. Both the inward oxygen migration
and the outward aluminum migration proceed by
a layer-by-layer mode by initially occupying an
interstitial-like position.

Until now, many theoretical studies of metal
oxidation have been developed using reaction-dif-
fusion equations [36,37]. This approach concomi-
tant with the use of the dynamical systems
theory, allowed to describe qualitatively the time
evolution of different oxidation regimes, observed
experimentally [38,39]. In these approaches, many
parameters are still unknown. We believe that this
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work should contribute to develop new models to
describe more quantitatively the oxidation process,
by incorporating the non-homogeneous composi-
tion of the oxide film, its dynamical evolution
and the dynamic porosity.
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