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Ultra-thin metal-oxides such as zirconia have tremendous technological applications such as electrolyte
membranes for advanced solid oxide fuel cells, fuel cladding material for light water nuclear reactors,
pressure tube materials for heavy water nuclear reactors and corrosion resistant coatings. Oxide
non-stoichiometry is an important factor which significantly affects their functional properties and
applicability. Here, we report on the ability to athermally control oxygen non-stoichiometry in
ultra-thin zirconia films through local electric field perturbations from simulations. Variable charge
molecular dynamics simulations indicate significantly enhanced oxidation kinetics on Zr (0001)
substrate in the presence of an electric field. Natural oxidation with no field resulted in an amorphous
oxide scale with a self limiting thickness of ~10 A which increased to ~17-26 A for applied electric
fields of 1-10 MV/cm. Electric field (~107 V/cm) lowers the activation energy barrier for ionic migration
through the oxide film and leads to significantly increased oxygen incorporation into the oxide film.
Activation energy barrier for oxidation decreased from 1.13 eV with no field to 0.08 eV for an applied
field of 10 MV/cm. This manifests itself in the form of dramatic density and stoichiometry
improvements of the grown ultra-thin oxide film, as indicated by the calculated structural and
dynamical correlation functions. Oxide stoichiometry (O/Zr ratio) for natural oxidation was 1.42
indicative of a sub-stoichiometric and oxygen deficient oxide which increased to near stoichiometric
value of 1.86 for 10 MV/cm field assisted oxidation. The simulation findings agree well with previously
reported experimental observations. Our results demonstrate a pathway to athermally control oxygen
concentration in near-surface regions that is of great importance to technologies utilizing ultra-thin
oxides ranging from catalysis, energy and electronic device technologies.

1. Introduction material for nuclear power reactors and in the chemical industry
for corrosion protection.>* Other applications include alternate
gate dielectrics in advanced transistors,* electrolyte membrane
for advanced solid oxide fuel cells,’ and also as fuel cladding
material for light-water nuclear reactors and pressure tube
materials for heavy-water nuclear reactors.®> Additionally,
zirconium oxide is used for its high-temperature resistance in
glass, ceramic, and coating technologies.®

The method of oxide synthesis can have a significant bearing
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Metal oxide thin films are of great interest from various scientific
and technological aspects. Ultra-thin oxide films find applica-
tions in several different areas including heterogeneous catalysis,
microelectronics, chemical sensing, and passivation films for
corrosion inhibition.! One such technologically important oxide
is zirconia which is used in the nuclear industry as a structural

Broader context

High quality ultra-thin oxide films such as zirconia are of tremendous importance in energy sciences and technologies. Controlling
oxide stoichiometry and oxygen concentration in the near surface regions of ultra-thin oxide films has a significant bearing on the
functional properties of the synthesized oxide film and is of great significance. In this work, we show that atomic scale control of
oxygen concentration in the near surface region of complex ultra-thin oxide films is possible via externally applied electric fields
(~107 V/cm). Zirconia ultra-thin films grown in the presence of electric field (~107 V/cm) are shown to have significantly improved
rates of oxygen incorporation compared to native oxide. Precise understanding of the microscopic processes involved in electric field
assisted oxidation is provided by the atomistic models employing dynamic charge transfer between atoms. We find that lowering of
activation energy barriers in the presence of electric fields is responsible for the dramatic density and stoichiometry improvements in
ultra-thin oxide films. Our atomistic simulations demonstrate a pathway to athermally tune oxygen concentration in the near surface
regions of complex oxides that is of great importance to contemporary problems ranging from catalysis to energy and electronic
device technologies.
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and chemical processes.® These include physical and chemi-
sorption of oxygen, nucleation and growth of oxide islands and/
or a three dimensional oxide film covering the metal surface. The
oxide-film growth is usually governed by the coupled currents of
cations and/or anions, as well as electrons diffusing through the
developing oxide film.® The oxidation process for metals such as
zirconium is further complicated by the possibility of formation
of various intermediate non-stoichiometric oxides. The kinetics
of oxide growth and the microstructure of the developing oxide
film ie. structure, morphology and chemical composition are
strongly correlated to their chemical and physical properties.
Examples include electric conductivity, corrosion resistance, and
thermal, chemical and mechanical stability. In particular, oxide
non-stoichiometry and density have been found to have an
important role in determining their properties and applica-
bility.'-!

Oxygen defects play a fundamental role in determining the
physical and chemical properties of oxide materials.’? This is
especially true for surface oxides where several kinds of point
defects can exist making them exhibit a rich and complex
chemistry. One such important defect in oxides is the
oxygen vacancy which can be formed by the following reduction
reaction:
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The formation of such point defects depends both on ther-
modynamics as well as kinetics (particularly in non-equilibrium
processing). While oxide non-stoichiometry can be advanta-
geous in some cases, it is undesirable in others.'*'* Non-stoi-
chiometric oxide due to oxygen defects can alter the electrical
conduction phenomena in titania and thereby affect the
performance of solar cell devices utilizing such oxides.* For
example, the conduction electrons created during the vacancy
formation reaction shown above may improve -electrical
conductivity in oxides such as titania. Similarly, in heteroge-
neous catalysis, these defects can act as active sites and promote
catalytic activities. On the other hand, non-stoichiometric
surface oxides utilized as passivation layers have been found to
exhibit poor corrosion resistance. Zimina et al. studied the
influence of surface oxides of variable composition and non-
stoichiometry on the general corrosion resistance of ferritic
chromium steel type 08H17T."* Surface oxide of nearly stoi-
chiometric composition provided better passivation of steel in
sulfuric acid when compared with that for non-stoichiometric
oxide." In another investigation, zirconia thin film dielectrics
prepared by natural oxidation were found to be non-stoichio-
metric due to oxygen deficiency and exhibited poor electrical
characteristics.’® Optical properties of ferrous oxides were
similarly found to be strongly correlated to the oxygen stoi-
chiometry.'® Other examples include nickel oxide, where non-
stoichiometry is found to result in higher activation energy of
electrical conductivity.'” The properties of oxide materials are
thus very sensitive to oxygen stoichiometry, which depends
critically on the processing and synthesis conditions. In general,
the presence of oxygen defects in complex oxides has a signifi-
cant influence on a number of technologically important areas
ranging from catalysis to corrosion.

Zirconium oxides represent one of the most technologically
important materials whose properties are strongly influenced
by the oxide stoichiometry. Stoichiometric zirconium oxide
catalysts exhibited increased activity and selectivity towards
industrially relevant oxidation reactions such as the strongly
exothermic oxidation of carbon monoxide to carbon dioxide,
ethylene to acetaldehyde, and acetylene to ethenone.'® Sub-stoi-
chiometric oxygen deficient oxide films are known to have poor
electrical conductivity, reduced corrosion resistance, as well as
very poor thermal, chemical and mechanical stability. When
oxide scales of high-k materials such as ZrO, are oxygen deficient
and sub-stoichiometric, leakage currents increase drastically
which leads to unwieldy power consumption and reduced device
reliability.” Similarly, sub-stoichiometric ZrO, also have
increased O~ vacancy concentration in the oxide lattice, which
drastically reduces their corrosion resistance.

One of the methods to minimize oxide non-stoichiometry
involves the use of electrical field to stimulate oxide growth
beyond that possible through thermal diffusion.?®*' Recent
experimental studies have shown that oxide films that are grown
under the influence of electric field as well as under photon
exposure have dramatically different oxide microstructure
compared to those synthesized naturally.!®?'?> UV photon
interaction with molecular oxygen leads to the creation of acti-
vated atomic oxygen which can help overcome the activation
barrier for chemisorption, leading to significantly increased rates
of oxygen incorporation.?®* Additionally, UV-light induced high-
field migration also enhances the ionic currents within the
growing oxide film which comprises the electric field effect.*
Several theories of metal oxidation suggest that the presence of
a large uniform electric field (Eg = —Vp/L) both in the oxide and
at the metal-oxide interface due to contact potential (V) can
lower the activation energy barrier for ionic motion, even at
temperatures that are otherwise low for appreciable thermal
diffusion. The electric contact potential is termed the Mott
Potential (V) and represents the initial difference between the
metal Fermi level and the oxygen O-level. Increasing the elec-
trostatic potential through externally applied electric field leads
to athermal stimulation of the ion diffusion, allowing for higher
film growth than the saturation limit obtained using natural
oxidation.?>** These electron enhanced oxidation phenomena
have been explained on the basis of the continuum models, such
as that those formulated by Cabrera-Mott® and Fromhold.?
Although considerable efforts have been directed to the study of
these metal oxide surfaces, much remains to be understood
regarding the origin of their properties at the atomic level.

In this work, mechanistic details of the electric field assisted
oxidation kinetics and oxide growth at atomistic scale is eluci-
dated using oxidation of Zr (0001) substrate as a model system.
Variable charge molecular dynamics simulation is used to
investigate the initial oxidation kinetics and ultra-thin oxide
growth on the surface of Zr under the influence of electric fields.
We evaluate the structural and morphological differences in the
growing oxide film using dynamical correlation functions. The
evolution of charges, self-limiting oxide thicknesses and atomic
diffusivities under the varying electric fields are used to clearly
explain the experimentally observed enhancement in the oxida-
tion kinetics and subsequent improvement in the quality (density
and stoichiometry) of the grown oxide film.
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II. Computational details

The 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 formation and bond breakage involved in oxidation
processes on metal surfaces.?® Details of the potential model
employed in this work can be found in ref. 27. The CTIP
potential model comprises of non-electrostatic EAM potential
model for the metallic region and electrostatic model for the ionic
region. The EAM potentials for Zr metal have been well fitted to
the lattice constant, cohesive energy, bulk modulus, shear
modulus, anisotropic ratio, and the pressure derivative of the
bulk modulus and show good agreement with available experi-
mental and ab-initio simulation results. Details of these can be
found in ref. 28. Similarly, the input properties of the oxide are
the charge in the equilibrium bulk crystal, the electrostatic
energy, the cohesive energy, the lattice constant, and the single-
crystal elastic constants and parameterization of the CTIP
potential model was carried out to closely fit and reproduce these
properties. Additionally, the charge distribution as well as the
magnitude of the charges in metal-oxide hetero-structures was
accurately captured by the CTIP model. Zhou ef al have
successfully used the CTIP potential model to predict surface
relaxation and charge variations in various regions of a multi-
layer system including at free metal oxide surfaces, inside metal
alloy bulk, inside metal oxide bulk, and at metal/metal oxide
interfaces. Details of this potential model have been described in
ref. 28 by Zhou et al. as well as our previous investigation.? In
this work, we consider the additional effect of electric field
E (V/m) in these simulations. The electric field contributes an
additional energy arising from the charges on the ions:

N
Uq,ext = - Z Qiri-E

The charges on the atoms are obtained dynamically using the
charge relaxation procedure which minimizes the electrostatic
energy subject to the electro-neutrality principle. The applied
electric field was varied from 1 to 10 MV/cm to study the kinetics
of field induced oxidation.

The set-up of the oxidation simulations is as follows: A slab of
hep Zr with dimensions (32 x 16 x 26 /o\) was formed from an
hcp unit cell. The surfaces were generated by artificially
increasing the x-direction and introducing two vacuum slabs on
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Fig. 1 Schematic showing the simulation set-up: unit cell of substrate
and the vacuum slabs surrounding it.

each side of the metal substrate (Fig. 1). This unit cell was
repeated infinitely though 3-D space by applying periodic
boundary conditions. This configuration allowed for accurate
computation of the Coulomb interaction by the Ewald summa-
tion technique.?® The substrates are then subjected to an equili-
bration procedure, which starts by annealing in the temperature
range 0 K to 300 K in steps of 20K. For each temperature a run
of 10000 MD steps using isokinetic MD was performed. These
first equilibration runs are performed by ignoring the dynamic
charge transfer between zirconium atoms since the charges are
assumed to be zero for a pure metallic system. We performed an
additional equilibration run of 10000 steps at 300 K by including
the charge dynamics. As expected, we find that the atomic
charges fluctuate around a zero value in the pure metal with
a magnitude of £0.08¢ (where e = 1.6 x 107" C) at the two outer
layers and of +£0.02¢ in the bulk.

After these equilibration runs, we start to oxidize the metal
substrate which marks the beginning of the production period.
The oxidation of the Zr metal substrates is initiated by intro-
ducing O, molecules in the vacuum slab with their x, y and
z positions chosen randomly. The oxygen number density is
maintained constant at approximately 0.004/A3 in all the cases.
The velocities of O, molecules are chosen from a Maxwell-
Boltzmann distribution corresponding to the required
temperature. To ensure that the oxidation of the metal substrate
proceeds along one direction, reflecting boundary conditions are
imposed on the atoms and molecules that might reach the
simulation box limit located at +3Lx/2. This methodology
has been adopted in the oxidation simulations of Al by
Hasnaoui ef al.** and Campbell ez al.3' The equations of motion
are integrated with time steps A¢ = 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. Canonical MD simula-
tions employing the Nose-Hoover thermostat is utilized to study
low temperature metal oxidation in the presence and absence of
electric field at various temperatures. The MD simulations were
stopped when fragments of oxide species are ejected into the gas
phase owing to localized melting of the surfaces, which occurs
when the limiting thickness of the growing oxide film is
reached.?** This is attributed to the accumulation of dissociated
oxygen at the metal surface upon reaching the slow growth rate
or the limiting regime, when their further intake into the metal
substrate is impeded. This leads to heating up of this interface
which is difficult to dissipate. Such localized melting upon
reaching the saturation thickness has also been observed in
previously reported MD simulations of oxidation of Al and
AI-Ni surfaces.’»3*

III. Results and discussion

We compare the oxidation kinetics and oxide growth on Zr
surfaces in the presence of varying externally applied electric
fields. Structure and dynamical correlations in the metal/oxide/
gas environments are used to gain insights into the evolution and
morphology of the growing oxide film. The effects of tempera-
ture on the oxidation kinetics are also discussed. The activation
energy barriers for oxidation of metal surfaces under the influ-
ence of electric fields are derived from the simulated oxidation
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kinetic curves at various temperatures. The atomic trajectories
generated using MD simulations are also used to identify the
diffusion mechanisms associated with the oxide growth and
explain the experimentally observed improvements in oxide
quality.

A. Enhanced oxygen incorporation kinetics in the presence of
electric field

The influence of the electric field on the evolution of the simu-
lated oxide-film thickness for Zr (0001) oxidation up to its
limiting thickness for natural oxidation is shown in Fig. 2. Our
simulations indicate that the oxide film growth shows an initial
rapid increase followed by a slower growth phase beyond 50 ps of
simulation time. We observe that the room temperature oxida-
tion kinetics and oxide growth are considerably enhanced in the
presence of externally applied electric fields in the 1-10 MV/cm
range. Increasing the electric field from 1 to 10 M V/cm resulted in
faster kinetics and an earlier onset of the slower growth phase.
The self-limiting thickness of oxide film in the case of natural
oxidation corresponds to approximately 1.0 nm. The simulated
self limiting thickness of ~1 nm in the case of natural oxidation
(with no field) agrees well with the 1.2 nm thickness obtained
experimentally for O, oxidation at 373 K by Jeurgens et al. 3¢
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Fig. 2 Variation of simulated oxide film thickness with the exposure
time for oxidation in O, environment at various applied electric field and
room temperature.
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Fig. 3 Snapshots showing enhanced oxidation of Zr (0001) under the
effect of the electric field. Oxygen atoms are shown in dark color.

Experimental studies by Lyapin et al. also report zirconium oxide
thicknesses to vary from 1-2 nm in the 373-573 nm range.’” We
find that the growth of the oxide scale on Zr surface is primarily
inwards and is primarily attributed to the movement of anions
towards the interior of the metal substrate. Upon increasing the
electric field from 1 to 10 MV/cm, we find that the self-limiting
thickness of the oxide film formed varies from approximately
1.7 to 2.6 nm at 300 K. This can be seen in the snapshots shown in
Fig. 3. To the best of our knowledge, there are no available
experimental studies on the electric-field assisted oxidation of Zr
(0001) surface. However, such an enhancement in the oxidation
kinetics in the presence of electric field has been observed by
Popova et al.***' and Zhukov et al.*® in their experimental studies
on electron-stimulated aluminum oxidation. In this work, we
have maintained a constant O, pressure. The effects of changing
O, pressure on the oxidation kinetics has been performed in
a separate investigation on Al substrates. The oxidation kinetics
increases with gas pressure and we expect similar behavior for the
oxidation of Zr substrates.

B. Okxide scale analysis (natural vs. field assisted growth)

a. Ocxide structure. Fig. 3 shows the oxide scale formed on Zr
(0001) surface using molecular oxygen with no field and exter-
nally applied electric fields of 1, 5 and 10 MV/cm. Significant
charge transfer occurs between the Zr and O atoms in the
growing oxide film. The Zr atoms are weakly charged close to the
metal-oxide interface and attain a maximum close to the oxide
interior (~3.5¢). Similarly, the oxygen atoms are weakly charged
close to the oxide-gas interface and the charge values decrease to
higher negative values in the interior of the oxide scale. Thus, the
charge distribution in the oxide film is not homogeneous. The
externally applied electric field results in significant difference in
the oxide structure formed on metal surfaces. Next, we investi-
gate the differences in the structure and morphology of the
amorphous native oxide scale formed under the influence of
varying electric fields.

To perform the oxide scale analysis (Fig. 4 and 5), the distri-
bution functions were computed over a 5 ps time interval with
simulation trajectories collected at every step i.e. 1 fs. Thus, the
averaging was carried over 5000 different configurations which
are sufficiently large to ensure that the distribution functions
obtained are not influenced by statistics. Identical analysis
procedure was carried out for the various cases i.e. oxidation
with no field and applied electric field of 1, 5 and 10 MV/cm to
facilitate comparisons between the various simulated cases.

i.  Pair distribution function. The pair distribution function
(PDF) of the atoms in the oxide film as well as partial PDF for
each type of atoms Zr-O PDF is shown in Fig. 4(a) and (b) for
oxidation with molecular oxygen in the absence and presence of
external electric fields, respectively. The position of the peaks in
gz:0(r) typically gives estimate of the nearest neighbor distances
and therefore the Zr-O bond length. We observe that the
Zr-O PDF in the case of O, oxidation with no field shows
a distribution of bond lengths from 2.16 to 2.4 A in the oxide
scales. The oxide scales formed in all the cases are amorphous
in nature. Experimental studies by Jeurgens et al on natural
oxidation of Zr substrates indicate the formation of

This journal is © The Royal Society of Chemistry 2009
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Fig. 4 Pair distribution function Zr-O in Zr/O system taken at 150 ps of exposure time for the case of natural oxidation with (a) no field and an applied
electric field of 1-10 MV/cm. Inset shows that the distribution becomes more uniform with increasing electric field.
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Fig. 5 O-Zr-O bond angles in the grown oxide film for natural oxidation with (a) no field (b) varying values of applied electric field.

a non-stoichiometric oxide film.*>3¢ For such non-stoichiometric
oxides, the bond lengths show a distribution reflecting the exis-
tence of multiple non-stoichiometric species. The simulated
bond-lengths shown in Fig. 4(a) for natural oxidation agree well
with the experimentally reported bond length distribution with
an average of 2.28 A for oxide scale formed on Zr (0001)
substrate.’® On the application of external field, the oxygen
incorporation into the growing oxide film is increased and it
results in the formation of a more uniform, thicker and stoi-
chiometric film. These details are discussed in the subsequent
sections in the manuscript. The fusion of the peak and shoulder
at higher applied electric field can be attributed to the significant
improvement in oxide stoichiometry and density which results in
a more uniform distribution of bond-length, hence the presence
of a single peak at an applied electric field of 10 MV/cm.

As seen in Fig. 4(b), the Zr—O peak shifted from 2.45 A in the
case of natural oxidation with 1 MV/em to 2.3 A for the 10 MV/em
applied electric field. Increasing the electric field from 1 to
10 MV/cm thus results in shortening of bond-length. This bond-
length shortening is a result of increased oxide density due to
increased rate of oxygen incorporation in the presence of exter-
nally applied electric field. The coordination numbers for Zr,
obtained by integrating gz,.o(r) up to 3.2 A, are 3.1 and 3.4 for O,
oxidation with no field and 10 MV/cm, respectively. The PDF for
0-0 also showed similar shifts in the peak positions related to

the change in the relative Zr and O densities upon applying the
electric field. It should be noted that the improvements in oxide
stoichiometry and density upon application of external electric
field has been observed in experimental studies of electric-field
assisted oxide growth on Al substrates.?®*! Also, photon-assisted
oxide synthesis, which involves the electric field effect, has been
shown to result in growth of Zr oxide films which are more
stoichiometric and oxygen enriched compared to native oxide
ﬁlm'10,40

ii. Bond angle distribution. Fig. 5(a) and (b) show O-Zr-O
bond-angle distribution in the interior of the oxide scales for Zr
oxidation using molecular oxygen with and without externally
applied electric field, respectively. For an amorphous and non-
stoichiometric oxide scale, the bond angle distribution is broad
and has multiple peaks and hence it is difficult to establish the
exact nature of coordination. For the case of lower applied field
(1 and 5 MV/cm), the amorphous oxide scale has a non-stoi-
chiometric value of 1.57 and 1.73, respectively and have more
than one peak located at ~115° and 113°. For the case of
oxidation with applied electric field of 10 MV/cm, we find that
the angle is ~112°, which is close to a tetrahedral coordination. It
should be noted that the amorphous oxide scale formed for this
field is more uniform and nearly stoichiometric (O/Zr = 1.86).
This level of distortion in the bond angles (112-115°) has been
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observed in case of several other amorphous systems, which
typically exhibit tetrahedral coordination.** Therefore, it appears
that as the electric field is increased, the oxide film formed
becomes more stoichiometric and the distribution is more
uniform with the bond angles approaching values closer to 109°
which corresponds to an ideal tetrahedral coordination.

A slight shift in the peaks to smaller angles was observed upon
increasing the electric field from 1 to 10 MV/cm. This is reflective
of a decrease in the zirconium density. On the other hand, the
O-Zr-O bond-angle distribution in the O, oxide scale shown in
Fig. 5(a) is very different from Fig 5(b). The calculated O-Zr-O
bond angle distribution in the native oxide scale shows the
presence of multiple peaks, reflecting the possibility of the exis-
tence of multiple non-stoichiometric oxide species. The sub-
stoichiometric oxide formation observed across the oxide scale in
the case of natural oxidation might be the result of oxygen
deficient environment attributed to reduced oxidation kinetics.

b. Oxide density. The oxygen density profiles for natural
oxidation with and without electric field were computed based on
averages over the simulated atomic trajectories. In all the cases,
our analysis indicates lower densities at the metal-oxide interface
and higher densities close to the oxide-gas interface. In case of
natural oxidation, there is a significant gradation in oxygen
densities in the interior of the oxide scale, with a significant drop
in the oxygen density as we approach the metal-oxide interface.
This suggests that the oxide produced by natural oxidation is
sub-stoichiometric and oxygen deficient, especially in the oxide
interior and the metal-oxide interface. With an increase in the
electric field, we find that the oxygen densities at both the oxide-
gas and metal-oxide interface become significantly higher. Owing
to increased anion migration into the oxide field with externally
applied field, a more uniformly distributed as well as stoichio-
metric and thicker oxide film is formed. The improvement in
oxide density is consistent with experimental investigations of
photon-assisted aluminum oxide synthesis by Chang et al., where
an 18% increase in density was observed in the presence of
electric field.’®'* Further details are presented in the subsequent
sections.

c. Oxide stoichiometry. The average composition of the
grown oxide films, expressed as the O/Zr ratio, has been plotted
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Fig. 6 Evolution of O/Zr stoichiometry in the growing oxide film as
a function of oxidation time for the oxidation of the bare Zr (0001)
substrate at 300 K for varying values of applied electric field.

Table 1 Effect of applied electric field on the calculated average oxide
stoichiometry in the oxide film at 300 K. The electric field was varied from
0to 15 MV/cm

Field O/Zr
Natural 1.42
1 MV/cm 1.57
5 MV/cm 1.73
10 MV/cm 1.86

as a function of the oxidation time for the various values of
external electric fields in Fig. 6. At all oxidation times studied, the
naturally grown oxide film has an overall non-stoichiometric
composition. The average values of the densities of O and Zr
attained during the second, slow oxidation stage are still slightly
lower for O and higher for Zr than the corresponding values for
stoichiometric ZrO,. The grown oxide films are therefore, on
average, enriched in Zr and depleted in O which results in the
O/Zr ratio <2. Our simulations also indicate that the degree of Zr
enrichment (and the oxygen deficiency) decreases from the metal/
oxide interface toward the oxide-gas interface. As a result, the
native Zr-oxide film has an overall non-stoichiometric compo-
sition with an average O/Zr ratio smaller than 2 as shown in
Table 1. The O/Zr ratio increases during the initial fast oxidation
stage, and attains a more or less constant value of about 1.42 at
the onset of the second, slow oxidation stage for natural oxida-
tion at 300 K. This is in agreement with the stoichiometric value
for native oxide reported by Lyapin et al** Similar behavior is
observed in the presence of an electric field. However, the oxide
stoichiometry improves as the applied electric field is increased
from 1 to 10 MV/cm. The initial increase of the O/Zr ratio with
oxidation time in Fig. 6 is due to increased anion migration
resulting in an increase in the oxygen density in the developing
oxide film. The average O/Zr ratio of the initial oxide film after
150 ps of oxidation is about 1.57, 1.73, and 1.86 for electric fields
corresponding to 1, 5 and 10 MV/cm, respectively and is shown
in Table I.

We have further computed the variation in oxide stoichiom-
etry across the thickness of the oxide films as shown in Fig. 7. In
case of oxidation of Zr (0001) with no electric field, our simula-
tion results indicate a gradation of oxygen stoichiometry across
the oxide thickness such that the oxygen densities are lower at the
metal-oxide interface and higher at the oxide-gas interface. This

Oxide

Metal-oxide interface

Oxide-gas interface

Fig.7 Schematic showing the different interfaces across which the oxide
stoichiometry has been computed. The calculated O/Zr ratios are
summarized in Table 2.
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Table 2 Effect of applied electric field on the calculated oxide stoichi-
ometry across the oxide film at 300 K. The electric field was varied from
0 to 10 MV/cm

O/Zr Oxide-metal Oxide-interior Oxide-gas
Natural 1.28 1.44 1.52
1 MV/ecm 1.45 1.59 1.67
5 MV/cm 1.62 1.73 1.82
10 MV/em 1.80 1.86 1.92

relative enrichment of the cations in regions close to the oxide-
metal interface has also been observed in case of natural oxida-
tion of Zr substrate by Jeurgens et al.>*> When the electric field is
increased from no field to 10 MV/cm, the O/Al ratios increase
from 1.28 to 1.80, 1.44 to 1.86 and 1.52 to 1.92 at the oxide-metal,
oxide-interior and oxide-gas interfaces, respectively (Table 2).
In a previous investigation on electric field assisted oxidation
of Al, we had indicated that 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
chemisorbed O species on the surface to the oxidic species.
Increasing the electric field leads to a significant increase in the
diffusivity of the oxygen atoms into the substrate. The high
oxidation rates are induced by the presence of an electrostatic
potential across the developing oxide film, which lowers the
energy barriers for inward O anion migration from the oxide-gas
interface into the oxide film as well as for outward migration of
Zr cations from the parent metal substrate into and through the
developing oxide film towards the reacting oxide/gas interface.
The Mott potential Vy, is the result of the equilibrium set up
between the electronic states at the Fermi level in the metal and
the acceptor levels provided by oxygen atoms or ions chem-
isorbed onto the oxide surface.® It should be noted that the
electrostatic potential in the outer part of the oxide film in case of
thermal oxidation decreases linearly with the oxide film thick-
ness. Increasing the electrostatic potential through an 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.?' This can explain the
increase in oxidation kinetics and improvement in oxide stoi-
chiometry (Table 1) in the presence of an external electric field.

Jhicknass (A),
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]

% 2 50 100 125 150

75
Time (ps)
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C. Mechanism of electric field enhanced oxide growth

The activation energy barrier lowering due to the presence of
electric field can be computed using the theory of oxidation
kinetics in ultra-thin films in conjunction with the simulation
data derived from the oxidation kinetic curves at various
temperatures.'® The oxidation kinetic curves were obtained in the
300-600 K temperature range for natural oxidation of Zr (0001)
in the presence and absence of electric field. They are depicted in
Fig. 8(a) and (b) for electric fields of 1 and 5 MV/cm, respectively.

The methodology adopted here for calculation of activation
energy barrier was discussed in detail in our previous work and is
briefly summarized here.** In case of field assisted migration of
an ion between two adjacent sites, the general expression for the
potential (W) to be overcome is given as:*

1
W =Wy —3qaE + L (1)

In Eqn (1), W, represents the intrinsic barrier for ionic jumps
between two positions in the oxide film, L is the oxide film
thickness, and A is a term which depends on the oxide structure, q
represents the charge on the ion, and a represents the jump
length. The second term on the R.H.S. represents the energy
barrier lowering by an electric field E across the oxide film, and
the structure term (A) represents dependence of activation energy
on the structural changes in the oxide film associated with the
film growth. The oxidation kinetic curves such as those shown in
Fig. 8 can be fitted to a logarithmic growth curve as shown

below:*’
L) = (";T>1n[um1 " ("BTT)ln<r> @

Here, the term w(T) is a temperature dependent term and is
defined by:

A Wy — lan
2
w(T) = (kBT) Cexp ksT )

Rearranging Eqn (2) allows us to write the following:
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Fig. 8 Variation of oxidation kinetics with temperature for an applied electric field of (a) 1 MV/cm (b) 5 MV/cm.
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L(t) = aIn(r) + 8 )
kgT
Parameters o and f are defined by «a= — and
T
8= ks In[u(T)]. After fitting the oxidation kinetic curves such

A
as those in Fig. 8 to Eqn (4), it is possible to get the estimates of
the two parameters o and B. Utilizing these two parameters,
estimates of the structure term A and p (T) can be obtained. The

kgT .
term wu(T )BT represents the Arrhenius dependence on the

. kgT
temperature as seen in Eqn (3). The fits of ,u(T)BT term to the

inverse of temperature allow us to deduce the activation energy
barrier for the various cases (molecular oxygen with no field, 1, 5
and 10 MV/cm, respectively).

1
Wy — = qaFE _
Cexp| — kB—ZT = exp (% + 2.07) (5)
74 1an
075 —1071
Cexp _kB—ZT = exp( 27 + 6.52) (6)

1
Wo——an ~151
Cexp 2 :exp( 75_9+7.88) 7

1
Wy — 3 qaE
kgT

-22
Cexp| — = exp( T6O + 7.59) ®)

Using these Arrhenius fits shown in Eqn (5)—(8), it is possible

. 1 .
to get an estimate of the term Wy — §an' We find this to be

0.029 £ 0.01, 0.092 £+ 0.01, 0.13 + 0.01 and 0.20 &+ 0.01 eV for
natural oxidation with 0, 1, 5 and 10 MV/cm respectively. If the
value of the electric field E is known, then it is possible to get the
exact estimate of the energy barrier Wy. The electric field
produced across the oxide film lowers the energy barriers for the
outward ‘hopping’ of cations into and through interstices of the
oxygen ion arrangement of the developing oxide film and is given
by E = V| /L, where V| represents the established potential and L
represents the thickness of the oxide film.® Based on the low

Table 3 Variation of the activation energy barriers (in eV) for ionic
migration in the growing oxide film.

Oxidation Activation energy (eV)
No field 1.13
1 MV/em 0.71
5 MV/cm 0.36
10 MV/cm 0.08

temperature oxidation studies of zirconium by Jeurgens et al., it
is possible to get an estimate of the established kinetic potential
(Ve ~ 2 V).336 In case of field assisted simulations, there is an
additional lowering due to the externally applied electric field. In
the present simulations, the self limiting oxide film thickness
corresponding to field-assisted, atomic and natural oxidation at
room temperature corresponds to approx. 1.7, 2.2 and 2.6 nm,
respectively. Additionally, the average charge ¢ of the zirconium
atoms in the oxide film interior was found to be approximately
3.4¢ for natural oxidation with no field and ~3.5¢ for electric field
assisted oxidation. The jump distance was approximated from
the first peak distance in the pair distribution function for Zr-Zr
(~34 A for natural oxidation with no field and 3.3,3.2and 3.2 A
with 1, 5 and 10 MV/cm, respectively). The computed activation
energy barriers are summarized in Table 3.

The decrease in the activation energy barrier for ionic migra-
tion is responsible for the increased oxidation kinetics observed in
Fig. 2 and enhanced self-limiting thickness shown in Fig. 3. Thus,
increasing the electrostatic potential through the externally
applied electric field leads to artificial stimulation of the ion
diffusion and allows for higher film growth than the saturation
limit obtained using thermal oxidation. This results in the
formation of a uniform and thicker oxide film with improved
oxide stoichiometry and density. The observed differences in the
oxygen distribution can also be evaluated using the calculated in-
plane and out-of-plane oxygen diffusivities across the developing
oxide film. We calculated the atomic diffusivities based on the
mean square displacements computed over 1 ps interval for
oxidation at 300 K. The in-plane diffusion coefficients dictate the
extent of uniformity across the developing oxide film, whereas the
out-of-plane diffusion coefficients dictate the extent of oxide
growth. Typical calculated in-plane atomic diffusivities in the
oxide film are in the range of 7-9 x 10~° cm?s for natural
oxidation in the oxide interior at 50 ps. We find that both the in-
plane and out-of-plane diffusion coefficients are significantly
higher in the presence of electric field. For example, the corre-
sponding in-plane atomic diffusivities in case of natural oxidation
with electric field of 10 MV/cm are in the range of 1-2 x 1073 cm?/s.
The higher in-plane diffusion ensures that the 2-D oxide growth in
a particular atomic layer is completed before the growth front can
proceed to the next atomic layer. This results in a more uniform
distribution of oxygen atoms at the oxide interior in the presence
of the electric field. These results are in good agreement with
experimental room temperature oxidation of Zr.364°

Similarly, the out-of-plane diffusivities of oxygen atoms at the
metal-gas interface and zirconium atoms at the oxide-metal
interface are higher for field-assisted oxidation than that
observed for natural oxidation. Our analysis of Zr and O diffu-
sivities in the shells located at the metal-oxide and oxide-gas
interface for exposure time less than 100 ps indicates 80-90%
higher diffusivities for molecular oxidation in the presence of
electric field (10 MV/cm). For example, in case of natural
oxidation, the O and Zr diffusivities at 50 ps were found to be
3.8 x 10%and 5.1 x 10 cm?s, respectively. On the other hand,
the O and Zr diffusivities at 50 ps for field-assisted oxidation
(i.e. 10 MV/cm) were 6.9 x 107¢ and 9.7 x 107° cm?/s, respec-
tively. The higher out-of-plane diffusivities in the presence of
externally applied electric field result in the enhanced self limiting
thicknesses observed in Fig. 2.

This journal is © The Royal Society of Chemistry 2009
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IV. Conclusions

In conclusion, we report a molecular dynamics simulation study
of Zr oxidation using molecular (O,) oxygen with and without
externally applied electric field. These simulations include
dynamic charge transfer among atoms and are used to investi-
gate the differences in oxidation kinetics, nanoscale zirconium
oxide growth as well as the structure and morphology of the
growing zirconium oxide films due to an electric field. The
presence of the electric field (~107 V/cm) is found to increase the
oxidation kinetics. The self-limiting oxide film thickness
increased from 1 nm for natural oxidation with no field to 2.6 nm
for an applied field of 10 MV/cm. Structural analysis indicates
enhanced self limiting thicknesses using externally applied elec-
tric fields in the 1-10 MV/cm for oxide films obtained after 150 ps
of simulation time at 300 K. Ionic migration through the oxide
film is increased due to lowering of the activation energy barrier
via externally applied electric field and is consistent with the
Cabrera—Mott theory of low temperature oxidation. Activation
energy decreases from 1.13 eV for natural oxidation with no field
to 0.08 eV for an applied electric field of 10 MV/cm. We find that
the Zr and oxygen diffusivities in the oxide are about 80-90%
higher for electric-field assisted oxidation (~10 MV/cm). The
higher atomic diffusivities result in a more uniform oxide
thickness as well as increased oxygen stoichiometry across the
oxide film for electric field assisted oxidation. Application of
external electric field (~10 MV/cm) drives the surface chem-
isorbed oxygen into the oxide interior leading to a dramatic
improvement in the stoichiometry and density of the oxide film.
The same is reflected in the calculated O/Zr composition ratio,
bond lengths and bond angle distribution functions. Oxide
stoichiometry (O/Zr) improved from 1.42 for natural oxidation
to 1.86 for 10 MV/cm field assisted oxidation. The simulation
results of this work are consistent with the experimental results
on room temperature Zr oxidation.’** The results provide
a pathway for athermally controlling oxygen concentration in
near-surface regions and could be of significance for various
technological applications utilizing complex oxide films.
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