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Abstract
This work investigated the Al(100) surface oxidation simulations by O2 and O3 molecules at 400, 600,
and 800 K temperatures with the Reactive Force Field (ReaxFF) method. One hundred ozone molecules
and 150 oxygen molecules were placed in an empty space above the Al(100) surfaces in separate
simulation boxes to compare this metal's behavior with them (gases incipient density of 0.47 g/cm3). We
found further growth of the oxide layer in the case of ozone-aluminum. Subsequently, we surveyed the
correlation between temperatures and the growth of alumina layers in the case of oxygen and ozone in
separate sets through ReaxFF simulation to untangle the mechanism of oxidation kinetics of the Al(100)
surface by ozone. Even though there are proven constraints on growing an oxide layer with ozone as well
as oxygen, it’s possible to produce a thicker oxide layer at lower temperatures using ozone.

1. Introduction
Periodic table's 13th element, aluminum, is broadly used in energetic applications, functioning as
plasmonics, nano�uids, explosives, solid propellants, and �re�ghting materials [1–4].

The widespread use of aluminum is due to its high combustion enthalpy, low toxicity, abundance, and
good stability [5, 6].

A thin layer of oxide is automatically shaped on aluminum by placing it in any place, which produces an
intricate amorphous structure during uncontrolled steps.

Researchers have been trying to understand and search for the steps of aluminum oxidation for many
years. There are numerous experimental and theoretical studies investigating species and factors
affecting the properties of the oxide layer and its quality.

Most studies on aluminum oxidation involve explaining the stages of thermal oxidation of aluminum in
terms of temperature [7–9].

Aluminum oxide has developing applications as well as aluminum. For instance, thin aluminum-oxide
�lms are employed in numerous microelectronic devices as a dielectric, diffusion, or tunneling barrier
[10–12].

In order to optimize the application of aluminum-oxide �lms, it is required to consider layer thickness,
morphology, physical and chemical properties [13].

Thus, researchers have done hundreds of theoretical and practical studies from micron-sized aluminum
surfaces in older studies [14] to its nanoparticles [15, 16].

During these years, in addition to studying the structure of aluminum oxide and the factors affecting the
morphology of the structure, the mechanism of this process has also received much attention [17–20].
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These studies mainly aim to describe the successive stages of oxygen attachment to aluminum, oxide
layer formation, and kinetics understanding is performed.

By increasing the oxidation temperature up to 1073 K, it has been reported [17] that approximately all the
nanoparticles turn into hot solid spheres, and when reaching the temperature of 1373K, they are found to
be hollow.

The oxidation steps could be explained in terms of temperature as follows: Aluminum is initially coated
with a thin layer of amorphous oxide, which signi�cantly reduces the oxidation rate. At temperatures > 
873 K, the oxidation rate increases due to the conversion of the amorphous layer to a crystalline state. If
the temperature increases up to 973 K, the oxidation rate decreases due to the destruction of the diffusion
paths. The re-oxidation rate increases at temperatures above 1273 K because the molten aluminum
protrudes out of the shell [21].

In fact, before the melting temperature, oxidation occurs through the diffusion of O2 into the aluminum
oxide shell, and above the melting point, aluminum and oxygen diffuse through the oxide shell to raise
the oxidation rate [17].

Henz et al. studied the simulation of aluminum nanoparticles which were covered with an oxide layer by a
thickness of 1 and 2 nm and showed oxidation inception occurs with the swift propagation of aluminum
ions to the surface of the nanoparticles, and this was in agreement with the experimental endeavors that
have beholden the formation of hollow [17–18].

Jeurgens and colleagues described a mechanism in the incipient Al oxidation that the oxide-�lm
evolvement is �nite at temperatures up to 573 K due to the low locomotion of the oxygen species.
However, at higher temperatures, while the growth of the layer is not restricted, a phase transition
"amorphous-to-gamma-Al2O3" occurs [22]. Chu et al. studied simulation of Core-Shell Al/Al2O3

nanoparticles in an oxygen atmosphere. In addition to presenting a 4-step mechanism, they noted that
during the melting phase, aluminum atoms propagate out of core Al atoms, while in the fast oxidation
stage, inward diffusion of shell O prevails [19].

Along with increasing studies and growing applications of aluminum and aluminum oxide, a group of
researchers took an interest in the oxidation of substances with ozone. Since then, these researches have
constantly been expanding [23–27].

Kuznetsova and colleagues oxidized aluminum via an ultra-high vacuum apparatus using previously
produced ozone in a generator at a temperature of 300 K.

They showed that the average resistance for oxide layers produced with ozone was ~ 10 times higher
than that of oxygen-oxidized layers. The oxidized layer using 97% pure ozone was also superior in terms
of corrosion passivation compared to the oxygen-oxidized layer [28].
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Silicones oxidation by ozone has been prevalent for many years. However, ozone production has
sometimes been a problem [27 and 29]. Oxidation of silicones with ozone requires lower temperatures
and exhibits the Si/SiO2 interface with higher quality, but this entails further studies in the oxidation of
metals. For instance, the effects of system temperature on the oxidation of metals by ozone have not
been completely investigated.

On the other hand, when reviewing the published studies of the last decades, one would realize that there
have been numerous experimental studies in metal oxidation from which notable conclusions have been
drawn [30–33]. However, complexity, high laboratory costs, lack of reproducibility, and not providing a
detailed explanation of the oxide layer formation in metal oxidation studies have caused a growing
tendency towards molecular dynamics simulations.

Molecular simulation methods using empirical force �elds have been widely employed in researching
atomic systems up to 10,000 atoms simulation.

For instance, the embedded atom method and the modi�ed one are precise in physical properties'
calculations of various metals and alloys such as melting points, viscosities, elastic, and diffusivity
constants [34–35]. The reactive force �eld (ReaxFF) method, originally developed by van Duin et al., has
been widely applied in simulations of different oxidation states of metal, reactive crosslinking of
polymers, and oxidation and pyrolysis of hydrocarbon fuels [36–38].

ReaxFF utilizes empirically speci�ed interatomic potentials inside a bond-order formalism. In this manner,
it can model events that involve connecting or breaking chemical bonds without explicitly considering
quantum mechanics (QM), which entails very high costs for large atomic systems [39].

The present study investigates the oxidation of aluminum with ozone and oxygen at different
temperatures using ReaxFF molecular dynamics.

The main purpose of this work is to provide an accurate atomic-level insight into the study of oxide �lms
formed in the thermal oxidation of aluminum (100) surface with oxygen and ozone molecules and to
examine the effect of temperature on this oxidation.

The article proceeds in the following order to achieve this goal: First, we brie�y explain the chosen
reactive force �eld (ReaxFF) to examine Al/O interactions. Then we explore the incorporation of oxygen
molecules into the surface of aluminum (100) in the three different temperatures 400, 600, and 800 K and
elucidate the effect of temperature on metal oxidation with regard to earlier studies. In the next part of
this study, we investigate the aluminum oxidation through ozone molecules in conditions similar to the
oxidation of aluminum with oxygen. Finally, we present our results and �ndings on the oxide layers
produced in simulated conditions.

2. Methods
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2.1 Computational method
Due to a large number of particles in molecular systems, it is sometimes not possible to obtain the
properties of systems by analysis.

Every day more and more, Molecular Dynamics (MD) methods are gaining value and importance in all
�elds such as chemistry, biomolecule cognition, physics, and mathematics. These methods gradually
become a powerful tool for scrutinizing systems that are sometimes di�cult or impossible to study
experimentally.

In molecular dynamics, the interplay among particles is formulated with simpli�ed mathematical
functions.

two of the most admirable approaches in the last decades have been RMD and RXMD methods which
simulate the formation or breaking of bonds during chemical reactions, and these methods can use one
of the most advanced reactive force �elds (ReaxFF), developed by van Duin et al. [38]

ReaxFF is an empirical reactive force �eld. It is most crucial discord with non-reactive force �elds is that it
notices and updates the electrical charges of species and changes the bond order according to the
distance between atoms at each time step when converting reactants to products [40–41].

Despite its need for more robust and higher-cost technologies, this method maintains e�ciency because
it can simulate a large number of atoms or longer times.

Therefore, this potential has been inclusively used in some reactive systems due to enumerated
advantages.

The total energy of the system in ReaxFF potential is formulated as Eq. (1):

Etotal = Ebond + Eover + Elp+ Eunder + Eval + Etors +EvdWaals+ ECoulomb, (1)

where Etotal is the total potential energy, Ebond, Eover, Elp, Eunder, Etors, EvdWaals, ECoulomb and Eval expose
covalent bond, over coordination, lone-pair, under-coordination correction, torsion angel, van der Waals
energy, Coulomb and valence angle, respectively [37].

ReaxFF is formulated based on a bond-order/bond-energy to manage changes in atom connectivity and
uses a geometry-dependent outline called EEM (electronegativity equalization method) [42] to calculate
the partial charge. Further details of this effective method can be found in the extensive studies of many
authors [36–37 and 43].

2.2 Simulation setup
Based on what was described above, simulation studies of both sets of aluminum-oxygen and
aluminum-ozone have been performed based on the Reactive Force Field (ReaxFF).
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We exerted the same ReaxF parametrization, which was employed for Aluminum oxidation by Hong and
van Duin, who had determined force �eld parameters by changing the temperature at two primary oxygen
pressures on the oxide growth kinetics of aluminum nanoparticle (ANPs) [38].

All the simulations were executed by the open-source LAMMPS code [44].

Whereas to rummage the trajectory of molecular dynamics (MD) simulation platform, open visualization
tool (OVITO) and Visual Molecular Dynamics (VMD) were used as visualization tools to provide the built-
in analysis [45–46].

Since pure aluminum has a face-centered-cubic (fcc) crystal structure, this work initially attempted to
design of fcc-Al crystal containing 576 Al(100) atoms and staked the slab in a simulation box with the
approximate dimensions 16.2 × 12.1 × 48.5 Å3, then at the top and bottom of the box, along the z-axis,
vacuum layers with dimensions of 25 Å were added.

Described simulation box was designed in two sets (A and B) and was randomly dispensed in the
vacuum of two sets consisting of 150 oxygen and 100 ozone molecules, respectively (gases incipient
density of 0.47 g/cm3) were prepared to perform simulations at 400, 600, and 800K temperatures
according to Figs. 1(a), 1(b), 1(c).

In this work, the Nose-Hoover thermostat was used to retain goal temperature, and all simulations were
implemented using canonical ensemble (NVT). Additionally, as suggested by previous works, we applied
periodic boundary conditions in all the principal directions to minimize related issues with boundary
effects and �nite-size [47–48].

Equilibration in Al-O2 and Al-O3 systems has been executed under NVT ensemble using Nose-Hoover
thermostat with a damping parameter of 100 fs for 40 ps to omit any hot spots in the inceptive
con�guration and also minimize energy to eliminate simulation artifacts produced by collisions at high
energies.

Then to obtain simulation trajectories, we enforced MD simulation for 200 ps using a time step of 0.2 fs
& 1000000 iterations.

3. Discussion And Results

3.1 Radial Distribution Function Analysis
At �rst, to comprehend the mechanisms of atomic diffusion and assess the accuracy of the simulation
results, we use radial distribution function analysis. RDF is one of the essential quantities for determining
the structure of a system, which determines the positional structure and order of atoms relative to each
other. In other words, g(r) demonstrates the probability to observe atom B in a (dr) shell at the (r)
distance of atom A, which is chosen as a basis or standard for evaluation and depends on the
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temperature and density of the system; moreover, it can be found both experimentally and through
simulation [49]. The neutron weighted radial distribution function is described by: [13]

gN(r) =
∑αβcαbαcβbβgαβ(r)

∑αcαbα
2

. (2)

where r is the distance between a pair of particles, gαβ(r) is the partial pair distribution functions found
at a distance r. Figures (2) shows the radial distribution functions of Al-Al, Al-O, and O-O. We extracted
from the �rst peak in gO −O, gAl−Al, and gAl−O at Figure (2) that for aluminum and oxygen at a
temperature of 600K, the nearest -neighbor atomic distances O-O, Al-Al, and Al-O are 2.7, 3.1, and 1.74 Å,
respectively. These results are in line with available studies on aluminum oxidation [50–52]. It should be
noted that in some articles at low oxygen pressures in g(r) for O-O there are small pre-peaks that are not
seen due to the relatively high gas pressure of the present article [48].

In Fig. 2(e), in the amorphous structure of aluminum oxide, the existence of the �rst peak with long-height
and the lack of subsequent peaks are substantial because of the lack of long-range order. While in the
aluminum structure, the presence of several visible peaks shows a structured shape 2(a), 2(d).

When the temperature increases, the position of the Al-Al �rst peak changes trivially, while the decrease in
the height of the �rst peak indicates that the order of the structure has decreased. However, similar
changes by increasing the temperature in the �rst peak Al-O were not observed, which in our opinion
shows the structured form of alumina.

Another perspective in this study is to compare the radial distribution function of aluminum-ozone to the
same distribution function for aluminum-oxygen at 600 K.

In the same way, we obtained gO −O, gAl−Al, and gAl−O for interactions among aluminum and ozone at
the temperature of 600 K, and according to the �rst peak, the nearest-neighbor atomic distances for Al-Al,
O-O, and Al-O were 3.11, 2.5, and 1.64 Å, respectively. (Figs. 3(a), 3(b), 3(c))

The position of the �rst peak of Al-Al, and its height does not have a signi�cant shift, but the nearest
neighbor in O-O is closer by 7.4%, and the peak height has increased by 11.11%.

The position of the �rst peak of Al-O is seen at a 5% closer distance, and the aluminum coordination
number is probably larger than the same aluminum number in aluminum-oxygen interaction because we
see an increase in the height of the �rst peak. The reduction of bond length Al-O in ozone molecules
colliding with the surface of aluminum can indicate an increase in the density of the oxide layer
composed of ozone and aluminum [53].

Additionally, in the temporal analysis of the radial distribution function, the �rst peak Al-O for Al/O3 and
Al/O2 interaction is formed in 2.8 and 6 ps, respectively, which is a supplemental witness for the faster
oxidation of ozone that the following sections have illustrated.

[ ]
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Furthermore, the average coordination number was computed by integrating around the �rst peak in the
radial distribution function [48]:

CNαβ(R) = ρcβ∫R
0gαβ(r)4πr2dr

3
where R or the cut-off radius propound, is generally considered as the distance to the �rst minimum of g
(r), which was 3.7, 3.3, and 2.3 for Al-Al, O-O, and Al-O (Fig. 2), respectively, in the case of aluminum and
oxygen at 600K, each aluminum atom is surrounded by 8.5 aluminum atoms and 4.2 oxygen atoms. In
contrast, at the same temperature for ozone, each atom of aluminum is surrounded by 7.8 atoms of
aluminum and 5.7 atoms of oxygen. It can be said that when aluminum is bombarded with ozone,
oxygen atoms are able to penetrate more into aluminum-a�uent rings.

3.2 Consumption amount of oxygen and ozone
One way to understand the reaction rate is to consider the ozone and oxygen consumption rate as a
function of simulation time and its temperature dependence. Thus, we examined the oxygen and ozone
consumption rate at three different temperatures for 200 ps according to the diagrams in Figs. 4(a), 4(b).

Once simulation starts, oxygen, and ozone molecules instantly turn into atoms, are absorbed on the
aluminum surface (100), and begin to penetrate the lattice.

Notwithstanding the upward trend of oxygen and ozone consumption, the gradient of this ascent and its
amount for different temperatures and oxidants appreciably varies, which is visualized in table (1).
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Table 1
 The number of oxygen atoms consumed in terms of simulation time at different

temperatures.
Reactants Al + O2 Al + O3

Temperature Time Oxygen atoms consumed Oxygen atoms consumed

  t = 10ps 81 79

400K t = 100ps 161 210

  t = 190ps 167 214

  t = 10ps 91 90

600K t = 100ps 175 238

  t = 190ps 186 247

  t = 10ps 101 97

800K t = 100ps 192 280

  t = 190ps 209 294

Examining Table 1, which is obtained from simulation calculations, we �nd that in 10 ps, the number of
consumed atoms from the decomposition of ozone and oxygen is not much different. Therefore, it could
be concluded that in the preliminary stages of oxidation, when there are numerous active levels of
aluminum, the penetration of ozone or oxygen molecules into aluminum are not different. Over time, we
can see a striking increase in the consumption of oxygen atoms in the aluminum-ozone system, explicitly
at high temperatures. The consumption rate of ozone at temperatures of 400, 600, and 800K is 0.75, 0.87,
and 1.09 atom/ps after the initial ten ps, respectively. The same amounts for oxygen are 0.47, 0.52, and
0.6 atom/ps, respectively, proving the signi�cant amount of ozone consumption at higher temperatures.
Based on these �ndings, it is probable that the ozone-produced oxide �lm is thicker. This has been
con�rmed in the next section as well as in experimental works [28].

Due to the difference in the slope of oxygen and ozone consumption, we believe that there are empty
spaces on the aluminum surface that are attacked by oxygen or ozone. We will illustrate this mechanism
according to other evidence in the following sections. On the other hand, considering the rate of oxygen
and ozone consumption, it is clear that the active places on the surface of aluminum are covered with
ozone more effectively. We measured the thickness of oxide �lm formed on the surface of aluminum by
ozone and compared it with the thickness of the oxide layer produced by oxidation with oxygen in the
next section.

3.3 The oxide �lm thickness and oxidation mechanism
We used the ReaxFF-MD simulation for aluminum interactions with different allotropes of oxygen by
varying the temperature from 400 to 800 K in relatively high oxygen and ozone gas pressure to exhibit the
formation of the oxide �lm during simulation time.
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Afterward, the thickness of the oxide layer at the aforementioned temperatures was computed for both
ozone and oxygen. They are plotted in two ways to understand and probe the outcomes. Figure 5 aids in
understanding the impression of temperature on oxide �lm thickness, and Fig. 7 indicates the growth of
the oxidized layer at different temperatures to clarify the ozone and oxygen differences in oxidation
aluminum.

The snapshots of the oxide �lm on Al(100) with ozone at 600 K and different times are shown in Figs.
6(a), (b), (c), (d), (e). Pursuant to foregone �ndings in experimental or simulation studies, ascending
temperature causes the thickness of aluminum oxide layers to increase. Howbeit, Jeurgens et al. recorded
an inverse relationship between temperatures greater than 673 K and layer thickness after a long period
of oxidation.

(> 2500s), which is not achievable in MD techniques [22, 54–56]. In the case of aluminum interactions
with oxygen, an increasing effect on the thickness of the oxide layer is observed at higher temperatures,
according to Fig. 5. Interestingly enough, considering what could be envisaged from the plenty
consumption of ozone molecules, the thickness of the oxide layer produced from it is greater. In our
opinion, the higher oxidizing power of ozone causes more layers to oxidize than oxygen; nevertheless, this
should be further investigated in future studies.

Our other prospect in this work is to survey the con�ned oxide layer grown on Al(100) at lower
temperatures. In fact, aluminum nanoparticles make the oxide �lm at a quick rate by transferring high
heat and mass at an incipient level, but the growth is quickly restricted. In the current study, we see that
both oxidation and ozonation are limited at 400 K after 105 ps. According to our �ndings, at
temperatures, less than 600 K, the consumption of oxygen molecules rises originally but then gets limited,
which is probably due to the growth of an oxide layer on aluminum (100). At higher temperatures (> 600
K), the growth of the oxide layer is not restricted, which is in line with the simulation �ndings of van Duin
et al. [38]. As visualized in Fig. 6, in the case of ozone molecules interactions, at 600 and 800 K, the
growth of the oxide layer is not restricted, which is consistent with predominant experimental studies [28].

The layer thickness change in 40-ps intervals is submitted in Fig. 7. The average layer-growth rate
attained at 600 K during the �rst 14 Å thickness for ozone was calculated to be ~ 0.11 Å/ps, achievable at
800 K for oxygen. It seems that ozone works as a more reactive oxidant because it probably decreases
oxidation temperature, this has been previously reported in the oxidation of silicon with ozone by Kazor
and Boyd [57]. Figure 7 refers to the differentiating results of ozone or oxygen interactions with
aluminum. According to this Figure, the growth of each layer produced by ozone or oxygen in the �nal
times periods is very low and con�ned at 400 K, but over a period of 160 to 200 ps, the oxide �lms grown
by ozone are much less limited at 800 K.

Based on the above evidence, our proposed mechanism for the growth of the oxide layer produced by
ozone is as follows: In step (I), the absorption of ozone molecules upon the Al(100) surface starts the
oxidation. While ions and electrons are transferring, the amorphous alumina is formed, which has higher
thermodynamic stability than the crystalline state [22]. The aluminum atoms leave the sublayer, come up,
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and bond with the oxygen atoms. In non-stoichiometric clusters, the charge of the cations changes to Al2+

and Al4+ toward rectifying the stoichiometric defect. In our opinion, there is not much difference between
ozone and oxygen at this stage. Noting that the �rst stage is accompanied by an increase in the number
of Al-O bonds, which is completely visible in the diagrams of g(r) in our study after a short time, while
these bonds are surrounded by numerous Al-Al bonds in many rings full of aluminum atoms, which is
consistent with existing �ndings [48–58].

Then at stage (II), when ozone molecules assail the hot nether surface and are decomposed to oxygen
molecules, oxygen radicals, and probably O3

− radicals, the oxidation rate is higher than that of simulation
with pure oxygen molecules, according to the above evidence. In our opinion, the distinction in oxidation
rate for ozone is related to the second stage, where ozone molecules create free radicals that cause
surface oxidation to run more quickly. These free radicals have been reported by Lian et al. and Koike [27,
29], and their existence has been con�rmed in the oxidation of silicon. Hence, the surface of aluminum is
oxidized by oxygen, wherein a signi�cant concentration of free radicals and oxygen atoms build an extra
oxide layer while ion diffusion extends. It is as if a re-doping with oxygen atoms occurs, which we opine
can lead to an increase in the thickness of the oxide layer.

The thermodynamic instability of ozone relative to oxygen, its ability to beget various radicals [59], as
well as the greater electron-a�nity of ozone relative to oxygen that is 1.46 and 2.10 eV, respectively, can
be considered as reasons why ozone is acting in a particular way.

The third oxidation stage: A layer of amorphous aluminum oxide with a very hot internal temperature is
now formed on the Al(100) surface. In perusals performed at high temperature (> 873 K) in this stage,
amorphous crust remodels to a crystalline phase, which is not the subject of this study [38]. As
mentioned in the previous sections, the O-O bonds for Al-ozone interaction are greater at the metal-oxide
interface, and some of them are outside the oxide layer. This leads to an increase in free volume
introduced by Trybula et al. [48]. In our belief, it aligns with the re-doping of oxygen atoms and radicals
acting on oxidation by ozone and causes the oxide layer to continuously grow, especially at high
temperatures. Figure 8 represents the oxide development in ozone.

3.4 Density, charge distribution
When understanding the growth mechanism of the oxide layer, the structure of the produced layer should
also be determined. Indeed, the layer morphology and its effects on the diffusion of ions are effective in
the layer growth rate. Considering the density of the layer produced by ozone and comparing it with the
layer produced by oxygen in similar conditions, one can conclude that the higher density of the ozone
produced layer is due to the increases outside the metal-gas interface in the stage (II) in O-O bonds, which
reduces free spaces and increases the density of the layer; however, more research is being done.

The charge distribution of aluminum and oxygen atoms along the z-axis for the interactions of aluminum
and ozone at a 600K temperature is shown in con�guration 9. The entire charge of the oxide-layer is
neutral, but near the surface of the oxide layer, oxygen atoms accede to negative charges ranging from − 
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1.9e to − 2.16e, and aluminum atoms attain positive charges ranging from + 2.1e to + 2.2e, which seems
slightly higher than the ReaxFF method [60], and shall be another evidence for faster oxide layer
formation by ozone.

4. Conclusions
Amidst procedures to raise the rate of Al2O3 formation, this article inquiries molecular dynamics
simulations of aluminum oxidation with O3 molecules and its discords with oxidation by oxygen at
different temperatures, and inferred that the rate of ozone penetration into aluminum is higher and the
density of the layer that is formed is higher. The effect of temperature on the growth of the oxide layer
was inspected; not only do higher temperatures cause more layer growth, but also reduce the inherent
limitation of layer formation due to the more empty spaces it creates. In addition, we described the
mechanism of ozone oxidation, which we believe has three stages. Eventually, by comparing the charges
of oxygen and aluminum atoms, deducted that the interaction of aluminum with ozone is more intense.
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Figure 1

Initial con�guration Al(100): (a) 576 Al atoms; (b) Al atoms with 150 oxygen molecules;  (c) Al atoms with
100 ozone molecules: Grey color stands for aluminum atoms, and the red color stands for oxygen atoms.

Figure 2

Radial distribution function Al / O2 of (a,d) Al-Al; (b,e) Al-O; (c,f) O-O; (a,b,c) at 400 K; (d,e,f) at 600 K; gas

density:0.47 g/cm3.

Figure 3

Radial distribution function Al / O3 of (a) Al-Al; (b) Al-O; (c) O-O at 600 K and initial ozone gas density:0.47

g/cm3.



Page 18/19

Figure 4

The amount of O-atom consumption as a function of time at divergent temperatures: (a) Al-oxygen; (b)
Al-ozone.

Figure 5

Calculated thickness of oxide �lms formed on Al(100): (a) with oxygen at 400, 600, and 800 K; (b) with
ozone at 400, 600, and 800 K.

Figure 6

Front view snapshots of the oxide �lm in Al/O3 with the passage of time at 600 K: (a) t=0 ps; (b) t=50 ps;
(c) t=100 ps; (d) t=150 ps; (e) t=200 ps. Grey color stands for an aluminum atom and the red color stands
for an ozone molecule.
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Figure 7

The average layer-growth rate for Al-ozone, and Al-oxygen at 400, and 800 K.

Figure 8

Graphical view of aluminum oxidation with ozone: 1) ozone molecules striking and generating radicals;
2) Diffusion of radicals in aluminum; 3) concatenation of oxygen atoms at the oxide-metal interface.

Figure 9

Charge distribution for oxygen and aluminum atoms in Al-O3 system as a function of z- axis. The blue
color represents charge distribution for aluminum atoms and the red color represents charge distribution
for oxygen.


