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Molecular dynamics simulations employing dynamic charge transfer between atoms indicate a

significantly enhanced rate of Al(100) oxidation by O2 and O at 300 K in the presence of an electric

field. Increasing the electric field (�107 V=cm) drives the surface chemisorbed oxygen to the vacancy

sites in the oxide interior leading to dramatic density and stoichiometry improvements of the grown

ultrathin oxide film. The associated oxidation kinetics enhancement due to the applied electric field is

postulated to arise from the activation barrier lowering at electrostatic potentials approaching the Mott

potential and beyond, leading to a dramatically increased ion migration through oxide film. The results are

of significance to understanding mechanisms of early stage oxide growth as well as technologies utilizing

ultrathin oxides.
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Ultrathin aluminum oxide layers find applications as
tunnel barriers in superconducting Josephson junctions
and magnetic tunnel junctions, passivation films to protect
against pitting corrosion, gate dielectrics in advanced tran-
sistors, and in heterogeneous catalyses [1–3]. In particular,
the stoichiometry and microstructure of the oxide film play
a prominent role in determining its electrical, optical,
thermal, chemical, and mechanical properties. For ex-
ample, nonstoichiometric alumina can have a much
smaller band gap compared with that of bulk stoichiomet-
ric alumina (�8–9 eV) [1].

Recent experimental investigations on oxide films
grown under the influence of electric fields as well as under
photon exposure have shown dramatic improvement in
oxide quality [1,3,4]. Electron stimulated oxidation of Al
(111) resulted in significantly enhanced oxidation kinetics
at low temperatures [5]. Similar effects were observed for
photon-assisted oxide growth [6–8]. In both cases, the rate
of oxygen incorporation was dramatically enhanced com-
pared to natural oxidation leading to a significant improve-
ment in the quality of oxide films [6,7]. In one of our
previous investigations, the oxide stoichiometry and den-
sity of native alumina layers were dramatically improved
by minutes-long exposure to photon irradiation, leading to
a 34% increase in its corrosion resistance [9].

In case of electric-field assisted oxide growth, mecha-
nistic understanding of the microscopic processes during
the initial and subsequent stages of oxide-film growth is
still unclear. While there are some limited experimental
data on the initial oxidation rates of different metals under
the influence of external fields, there are presently no
theoretical models to quantitatively explain the observed
enhancement at the atomistic scale [10]. In the case of
electron enhanced oxidation, most of the experimental
kinetic data have been explained on the basis of the
Mott-Cabrera theory, which postulates that the electrostatic
field formed across a growing oxide film promotes ion
migration—the limiting step for mass transport in oxida-

tion, leading to a rapid and more uniform oxide-film
growth [11]. This basic model however does not consider
the effects arising from the defects or disorder in the oxide
layer and also does not take into account the atomistic
processes occurring at the metal surface, in the developing
oxide film, and at the metal-oxide and oxide-gas interfaces.
In this Letter, we report the first variable charge molecu-

lar dynamics simulation investigating the initial oxidation
kinetics and ultrathin oxide growth under the influence of
electric fields. Mechanistic details of the electric field
assisted oxidation kinetics and oxide growth at atomistic
scale is elucidated. The structural and morphological dif-
ferences in the growing oxide film are evaluated using
dynamical correlation functions. The evolution of charges,
self-limiting oxide thicknesses and atomic diffusivities for
the two oxidizing conditions (atomic vs molecular) under
varying electric fields are used to clearly explain the ex-
perimentally observed enhancement in the oxidation ki-
netics and the quality of the grown oxide film.
The molecular dynamic (MD) simulations employ a

potential model that allows for variable and dynamic
charge transfer between atoms and is capable of treating
both metallic and ceramic systems as well as bond forma-
tion and bond breakage involved in oxidation processes
[12–14]. It has been used to extensively study the oxidation
of Al surfaces. Moreover, previously reported simulations
of low index surfaces of � alumina have shown good
agreement with those by first principles density functional
theory calculations [13,14]. Here, we consider the effect of
the electric field E (V=m) on these simulations. The elec-
tric field contributes an additional energy arising from the
charges on the ions:

Uq;ext ¼ �XN

i

qiri:E: (1)

The charges on the atoms are obtained dynamically
using the charge relaxation procedure which minimizes
the electrostatic energy subject to the electro-neutrality
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principle. Typical experimentally reported values of the
breakdown voltage of bulk alumina correspond to
3–15 MV=cm [15]. Hence, the applied electric field was
varied from 1 to 15 MV=cm to study the kinetics of field
induced oxidation.

The setup of the oxidation simulations are as follows: A
slab of fcc Al containing approximately 1000 atoms with

exposed surface dimensions (20� 20 �A2) was formed
from an fcc unit cell. The Al (100) surface was then gener-
ated by artificially increasing the x direction and introduc-
ing two vacuum slabs on each side of the metal substrate.
This unit cell was repeated infinitely though 3D space by
applying periodic boundary conditions. The oxidation of
the Al substrate is initiated by introducing either 100 O or
50 O2 molecules in the vacuum slab with their x, y, and z
positions chosen randomly. The oxygen number density is

maintained constant at approximately 0:0025= �A3 in both
the cases. The equations of motion are integrated with time
steps �t ¼ 1 fs for both short range and long range forces.
The atomic charges were updated every 100 time steps
such that the electrostatic energy is minimized subject to
the constraint of electro-neutrality. The MD simulations
were stopped when the limiting thickness of the growing
oxide film is reached [16,17].

Figure 1 shows the influence of the electric field on the
evolution of the oxide-film thickness for Al (100) oxidation
up to its limiting thickness for atomic and natural oxida-
tion. The oxide film shows an initial rapid increase fol-
lowed by a slower growth phase. The oxidation kinetics at
300 K is significantly enhanced in the presence of the
electric field (�107 V=cm). Increasing the electric field
from 1 to 15 MV=cm resulted in faster kinetics and an
earlier onset of the slower growth phase. The self-limiting
thickness of the oxide film formed in case of molecular
oxidation without the electric-field effect corresponds to

�16 �A. A significant increase in self-limiting thickness

from �17 �A at 1 MV=cm to �23 �A at 15 MV=cm was
observed. The range of limiting thicknesses agrees well
with the experimental values by Popova et al. [3]. The
limiting thickness for atomic oxidation represents a 40%
increase over natural oxidation in the absence of the elec-
tric field. Similarly, the application of the electric field in
the 10–15 MV=cm range resulted in a significant increase
in the rate of oxide growth for atomic oxidation. The
simulated limiting thickness increased from approximately

24 Å at 1 MV=cm to �34 �A at 15 MV=cm. To the best of
our knowledge, there are no available experimental studies
on the atomic oxidation of the Al (100) surface. However,
the enhancement in oxidation kinetics as well as self-
limiting thickness observed in our simulations is consistent
with that observed experimentally for low temperature
field-assisted oxidation of the Al (111) surface by Popova
et al. and Zhukov et al. [3,4].

The oxide scale formed is amorphous in nature. To the
best of our knowledge, the differences between the amor-
phous oxide scale formed under various simulated electric

fields have not been reported yet. The position of the first
peak in the various calculated pair distribution function
(PDF) (example Fig. 2) gave the respective bond lengths
under varying electric fields, which are shown in Table I.
Figure 2(a) indicates that the Al-O peak shifted from
1.90 Å in the case of natural oxidation to 1.77 Å for the
15 MV=cm applied electric field. The shortening of bond
length is attributed to the increased oxide density in the
case of electric-field assisted oxide growth. The corre-
sponding coordination numbers for Al in the two cases
[obtained by integrating the g(r) for Al-O up to 2.5 Å] are
3.6 for natural oxidation and 4.7 for 15 MV=cm, respec-
tively. The PDF for O-O also showed similar shifts in the
peak positions related to the change in the relative Al and O
densities upon applying the electric field as shown in
Table I.
The calculated O-Al-O bond angle distribution in the

interior of the native oxide scale for various applied elec-
tric fields in Fig. 2 shows peaks at 90� and 109�. These two
peaks in the oxide region indicate mixed octahedral,
AlðO1=6Þ6, and tetrahedral, AlðO1=4Þ4, configurations, re-
spectively. These peaks shift toward slightly smaller angles
as we increase the electric field from 0 to 15 MV=cm,
reflecting the increase in oxygen density. Furthermore,
Fig. 2 shows that the fraction of the tetrahedrally and
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FIG. 1 (color online). Variation of oxide-film thickness with
oxidation time in (a) O2 and (b) the O environment at room
temperature. The electric field strength was varied from 1 to
15 MV=cm.

θ

FIG. 2 (color online). (a) Pair distribution function Al-O in the
Al=O system taken at 100 ps of exposure time for an applied
electric field of 15 MV=cm for the case of natural oxidation. The
calculated bond lengths are summarized in Table I for various
values of the applied electric field (b) O-Al-O bond angle
distribution in the grown oxide film for various values of the
applied electric field.
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octahedrally coordinated configurations change with the
applied electric field. The increase in the electric field
results in a corresponding increase in the fraction of octa-
hedrally coordinated atoms as suggested by the relative
peak intensities at �90 � and 109�. Thus, the simulation
results indicate that the coordination number of the ele-
mentary unit of the oxide formed increases with the applied
electric field. Typically, the proportion of the AlO4 tetra-
hedron and AlO6 octahedron is dictated by the oxide
density, with the AlO6 fraction becoming important as
the oxide density increases. This suggests that the oxide
scale formed in the presence of the electric field is denser.

Our analysis of the oxygen density profiles for natural
oxidation without the electric field indicates significantly
lower densities at the metal-oxide interface and higher
densities close to the oxide-gas interface. There is a gra-
dation in oxygen densities in the interior of the oxide scale,
with a significant drop as we approach the metal-oxide
interface. Thus, the oxide produced by natural oxidation
appears to be substoichiometric and oxygen deficient, es-
pecially in the oxide interior and the metal-oxide interface.
As we increase the electric field, the oxygen densities at
both the oxide gas and metal-oxide interface become sig-
nificantly higher, which can be attributed to increased
anion migration into the oxide film. This agrees well
with the experimental investigation of Chang et al., who
reported the formation of an 18% denser oxide resulting
from both improvements in oxygen stoichiometry as well
as structural changes in case of UV assisted oxidation of
pure Al substrates [1,9].

The simulated average composition expressed as the
O=Al ratios increase with time during the fast oxidation
stage and attain a more or less constant value in the second
slow oxidation stage, when the oxide film reaches its self-
limiting thickness. In the case of natural oxidation without
any externally applied electric field, the oxide film has an
overall nonstoichiometric composition, which varies from
1.27 at the oxide-gas interface to 1.05 at the oxide-metal
interface, as shown in Table II. Our simulation results
indicate a gradation of oxygen stoichiometry across the
oxide thickness such that the oxygen density is low at the
metal-oxide interface and higher at the oxide-gas interface.
This relative enrichment of the cations in regions close to
the oxide-metal interface has also been observed in the
case of natural oxidation of other metal substrate-oxide-

film systems [18]. When the electric field is increased from
no field to 15 MV=cm for natural oxidation, the O=Al
ratios increase from 1.27 to 1.40, 1.16 to 1.37, and 1.05
to 1.18 at the oxide-gas, oxide-interior, and oxide-metal
interfaces, respectively. Similar stoichiometry improve-
ments from 1.37 to 1.42, 1.35 to 1.39, and 1.30 to 1.32 at
the oxide-gas, oxide-interior, and oxide-metal interfaces,
respectively, are also observed in case of atomic oxidation
of Al from no field to 15 MV=cm. These results are in
excellent agreement with the experimental observations of
electric-field enhanced room temperature Al oxidation [1].
A possible mechanism for the observed increase in the

oxidation kinetics and oxide film quality in the presence of
the electric field involves the transformation of chemi-
sorbed O species on the surface to the oxidic species. To
estimate the relative populations of the two species, we
compare the power spectra obtained as Fourier transfor-
mation of the velocity autocorrelation function calculated
from the MD simulated dynamic trajectories of the atoms
in the oxide-gas interface in the presence and absence of
the electric field. The vibrational spectra shown in Fig. 3(a)
show two distinct bands at �600 and 800 cm�1. Previ-
ously reported experimental investigations (high-
resolution electron-energy-loss spectroscopy spectra) sug-
gest that the modes at 590 and 820 cm�1 correspond to

TABLE I. Effect of the applied electric field on the calculated
bond lengths (Å) in the oxide film for natural oxidation of
aluminum substrate. The electric field was varied from 0 to
15 MV=cm.

Bond length

(Å)

Natural 1 MV=cm 10 MV=cm 15 MV=cm

Al-Al 2.90 2.90 2.90 2.90

Al-O 1.90 1.90 1.83 1.77

O-O 3.30 3.10 3.10 3.0

FIG. 3 (color online). (a) Vibrational spectra obtained by
Fourier transformation of the velocity autocorrelation function
obtained at 10 ps of exposure time. Low frequency mode near
600 cm�1 is reflective of the chemisorbed O atoms, whereas the
higher frequency mode near 820 cm�1 corresponds to the oxidic
species (b) mean square displacement (MSD) representing the
inward diffusion of oxygen atoms located at the oxide-gas
interface for various values of the applied electric field. MSD
shown is at 40 ps of exposure time for natural oxidation of the Al
(100) substrate.

TABLE II. Effect of the applied electric field on the calculated
oxide stoichiometry across the oxide film at 300 K for the case of
natural oxidation. The electric field was varied from 0 to
15 MV=cm.

O=Al Oxide gas Oxide interior Oxide metal

Natural 1.27 1.16 1.05

1 MV=cm 1.29 1.18 1.05

10 MV=cm 1.34 1.29 1.10

15 MV=cm 1.40 1.37 1.18
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chemisorbed and oxidic species, respectively [5]. Similar
frequencies were observed by Erksine and Strong and were
attributed to O-Al surface stretching motion and O-Al
subsurface stretching motion, respectively [19]. Vibra-
tional spectra for the initial phase natural oxidation of Al
(100) at 300 K suggests the domination of the low fre-
quency mode at �600 cm�1 indicating the preferential
population of surface chemisorbed O species. The presence
of the electric field leads to a dramatic enhancement in the
intensity of the high frequency mode at 800 cm�1 suggest-
ing an increased transformation of the chemisorbed O
species into oxidic species. The simulation results are
thus consistent with the proposed mechanism where elec-
tron bombardment was experimentally found to drive the
surface chemisorbed oxygen atoms into the vacancy sites,
leading to enhanced oxygen uptake and dramatically im-
proved oxygen density and stoichiometry [2].

Additionally, we compare the shell based mean square
displacement for the O atoms located at the oxide-gas
interface for various applied electric fields as shown in
Fig. 3(b). Increasing the electric field leads to a significant
increase in the diffusivity of the oxygen atoms into the
substrate. In accordance with the Cabrera-Mott theory for
low temperature oxidation, the presence of the electric field
leads to a decrease in the activation energy barrier for ion
migration [11]. Electron transfer from metal to oxygen
results in the establishment of an electrostatic potential
across the oxide film termed as the Mott potential (VM)
and the electric field produced across the oxide-film thick-
ness controls the ion migration rate and thereby the film
growth. The electrostatic potential in the outer part of the
oxide film in the case of thermal oxidation decreases
linearly with the oxide-film thickness. Increasing the elec-
trostatic potential through the externally applied electric
field leads to artificial stimulation of the ion diffusion,
allowing for higher film growth than the saturation limit
obtained using thermal oxidation. Typical reported values
of the Mott potential for aluminum oxidation corresponds
to�1:8 to�2 V [11]. In this work, we observe a dramatic
enhancement in oxidation kinetics at applied fields of
10–15 MV=cm, when the self-limiting thickness of the
oxide film corresponds to 2.1–2.3 nm, respectively. The
electrostatic potential impressed across the thin oxide film
is then V � �E0L � �2:1 and �3:5 V, which compare
well with the reported values. This results in a significant
lowering of activation barriers for ionic diffusions at the
metal-oxide and oxide-gas interfaces [shown in Fig. 3(b)],
even at temperatures which are otherwise insufficiently
high for appreciable thermal diffusion of ions.

In summary, we report one of the first atomistic simula-
tion studies explaining the influence of the electric field on
the room temperature oxidation kinetics and ultrathin ox-
ide growth on Al substrates. The presence of the electric
field is found to dramatically increase the kinetics of Al
(100) oxidation, both in the molecular and atomic oxida-
tion environment. The rate of ion migration through the
growing oxide film is strongly enhanced, consistent with

the Cabrera-Mott theory of low temperature metal oxida-
tion. Increasing the electric field to �10–15 MV=cm thus
drives the surface chemisorbed oxygen into the oxide
interior leading to a dramatic improvement in the stoichi-
ometry and density of the oxide film. It should be noted
that additional insights towards understanding the elec-
tronic structural changes associated with the surface reac-
tions as well the effect on geometry in the case of electric-
field enhanced oxidation can be provided by calculations
based on the density function theory [10,20]. These will be
attempted in the near future.
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