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ABSTRACT: Identifying the structure of the Al2O3/Al interface is
important for advancing its performance in a wide range of
applications, including microelectronics, corrosion barriers, and
superconducting qubits. However, beyond the study of a few select
terminations of the interface using computational methods, and
top−down, laterally averaged spectroscopic and microscopic
analyses, the explicit structure of the interface and the initial stages
of propagation of the interface into the metal are largely
unresolved. In this study, we utilize ab initio grand canonical
Monte Carlo to perform a physically motivated, unbiased
exploration of the interfacial composition and configuration space. We find that at equilibrium, the interface is atomically sharp
with aluminum vacancies and propagates in a layer-by-layer fashion, with aluminum excess in the oxide layer at the interfacial plane.
Oxygen incorporation, aluminum vacancy formation, and aluminum vacancy annihilation are the building blocks of Al2O3 formation
at the interface. The localized interfacial mid-gap states from under-coordinated aluminum atoms from the oxide and the immediate
depletion of aluminum states near the Fermi level upon oxygen incorporation prevent oxygen dissolution ahead of the interface front
and result in the layer-by-layer propagation of the interface. This is in sharp contrast to the ZrO2/Zr system, which forms interfacial
sub-oxides, and also explains the favorable self-healing nature of the Al2O3/Al system. The occupied interfacial mid-gap states also
increase the calculated n-type Schottky barrier heights. Additionally, we identify that interfacial aluminum core-level shifts linearly
depend on the aluminum coordination number, whereas interfacial oxygen core-level shifts depend on long-range ordering at the
interface. The detailed geometric and electronic insights into the interface structure and evolution expand our understanding of this
fundamental interface and have important implications for the engineering and design of Al2O3/Al-based corrosion coatings with
enhanced barrier properties, controllable transistor technologies, and noise-free superconducting qubits.
KEYWORDS: interface, ab initio, Monte Carlo, aluminum, oxide, corrosion, dielectric, barrier

1. INTRODUCTION
Aluminum oxide (Al2O3) and aluminum (Al) are two of the
most foundational industrial materials and have the largest
weight-share of the ceramics1 and base metal2 world market,
respectively. This is due to their excellent properties: the
extreme hardness, electrical resistivity, corrosion resistance,
refractoriness, and biocompatibility of Al2O3; and, at the other
end of the spectrum are the high formability, thermal
conductivity, and low density of Al. Used together, the
aluminum oxide/aluminum (Al2O3/Al) interface is of sig-
nificant fundamental and practical importance in a wide range
of technological applications, such as corrosion barriers,3

superconducting qubits,4 micro-/nano-electronics,5 and catal-
ysis.6 The interfacial structure can play a critical role in
determining the performance of the above applications. For
example, reactions at the Al2O3/Al interface, such as
aluminum/oxygen vacancy formation and annihilation and
exchange of electrons and holes, are important for Al2O3
passive film growth.7 Defects at the interface, such as carbon8

and hydrogen,9 can alter interfacial adhesion, which can impact
its susceptibility to spallation. In the context of electronics,
two-level systems at the interface, such as oxygen vacancies10

and hydrogen interstitials,11 are hypothesized to be sources of
noise and decoherence in superconducting qubits. Trapping/
detrapping of electrons at the aluminum oxide/Al electrode
interface12 in resistive switching devices, Fermi level pinning at
the aluminum oxide/Al interface in metal-oxide-semiconductor
(MOS) devices,5 and Schottky barrier height (SBH) changes
in Al/Al2O3/Al tunnel junctions13 can alter the device behavior
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such as bipolar switching, threshold voltages, and tunneling
currents, respectively.

Given this importance of the Al2O3/Al interface, significant
experimental and computational effort has gone into under-
standing the structure and growth of Al2O3 on Al. Environ-
mental transmission electron microscopy14 of the oxide
morphology during oxidation of the Al surface has established
that oxide growth occurs primarily via island nucleation at
lattice kinks, followed by lateral island growth and oxide
propagation into the metal.14 Controlled thermal oxidation of
aluminum surfaces15,16 have concluded that crystalline oxide
grows epitaxially on Al.15 X-ray photoelectron spectroscopy
(XPS) studies17,18 report an interfacial Al 2p oxidic peak,
which has been attributed to deficiently coordinated Al cations
at the interface. However, these experiments primarily focus on
the morphological changes in the oxide during the initial
surface oxidation regime, rely on top−down, laterally-averaged
spectroscopy and microscopy techniques, and do not explicitly
characterize the structure of the buried interface. The atomic
and electronic structure of the oxide layer(s) at the interface
remain unresolved. In particular, identifying the interfacial
equilibrium concentrations and preferred positions of Al and O
atoms (such as the possibility of Al/O interfacial excess and
whether O dissolves into Al ahead of the interface plane as is
observed in the ZrO2/Zr system19,20) is still an open question.
Moreover, the structural and electronic changes that take place
at the interface as the oxide advances into the metal (especially
beyond the initial surface oxidation regime) remain largely
unclear.

Computational studies have investigated the Al2O3/Al
interface using density functional theory (DFT) and molecular
dynamics (MD). First principles studies have primarily focused
on identifying stable oxide terminations at the interface,21,22

thickness-dependent phase stability of Al2O3 on Al,23 and
evaluating properties such as the work of adhesion8,24 and
tunneling efficiency across Al/Al2O3/Al tunnel junctions.25

DFT studies have also investigated the early stage growth of
the oxide on Al,26−28 proposing a barrierless mechanism for

the initial oxidation of Al via Al extraction by adsorbed oxygen
atoms26 and identifying the favorable surface and subsurface
sites for oxygen adsorption.27,28 Al2O3 growth on Al has been
studied using ab initio29 and classical MD30,31 as well, by
sequentially adding O2 molecules over the Al surface.
However, the open questions from experiments mentioned
above remain unanswered by prior computational work as well.
Namely, understanding of the equilibrium atomic structure of
the interface, interfacial Al and O concentrations and
preferential positions, atomistic processes and electronic
structure changes at the interface as the oxide advances into
the metal beyond the initial surface oxidation regime, and the
effect of the interface configuration on electronic properties, is
still lacking. Moreover, the prior computational studies rely on
significant approximations. In particular, ab initio studies
usually limit the investigation to only two layers of O
adsorption on Al,26−29 hand-select oxygen incorporation
sites,26,27 and study only select terminations of Al2O3 on
Al.21,23,28 MD studies usually rely on artificially high pO2 to
enhance dynamics31 and may be limited by kinetic
barriers.25,29−31 Neither DFT nor MD studies systematically
study different stoichiometries at the interface due to the large
number of compositional possibilities. The interfacial compo-
sition and configuration phase space are vast, and therefore, the
above approximations that rely on manual construct may
overlook the true, equilibrated structure of the interface.

In this paper, we identify the equilibrium Al2O3/Al interface
structure and initial stages of Al2O3 propagation into Al metal
using ab initio grand canonical Monte Carlo (GCMC). A key
advantage of ab initio GCMC is that by stochastically
inserting/removing atoms and relaxing the structure, the
simulation is able to explore a drastically wide configuration
and chemical space. This enhances ergodicity. Moreover, the
simulation samples the configurations according to the
Boltzmann distribution at a given realistic chemical potential
and temperature to find the structures favored at thermody-
namic equilibrium. Thus, this enables a physically motivated,
unbiased exploration of the configuration space. This method

Figure 1. (a) α-Al2O3(0001)/Al(111) interface model used in GCMC simulations. This is the idealized starting structure which is used as a
reference, while calculating relative interface formation energies. Blue and red spheres correspond to Al and O atoms, respectively. The relaxed
interfacial and fixed bulk regions are marked. Further details can be found in the Computational Methods Section. (b) Relative interface formation
energy as a function of ΔμO for all the interface structures accepted by GCMC. The lowest interface formation energies are denoted with a thick,
maroon line. The transition ΔμO is marked with dotted lines.
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has recently been used to study oxidation of the Ag (111)
surface32 and to compute the average hydrogen excess at
vacancies in FCC metals.33 We extend this promising new
method to a solid/solid interface in this study. At the outset, it
seems contradictory to employ equilibrium arguments to a
kinetically determined process like Al oxidation. While the
oxidation of Al is indeed kinetically limited over long length-
scales due to the low electronic and ionic conductivity of
Al2O3, interfaces (like Al2O3/Al) in general present short
length-scales and are efficient sources and sinks for point
defects. These factors can cause the kinetics at the interface to
be rapid enough such that the local equilibrium can be
reached, allowing the application of equilibrium thermody-
namics concepts, as in this study. Moreover, such thermody-
namic analysis is critical, as equilibrium states and their relative
stabilities frequently dictate the rate (or kinetics) of a process.

By performing ab initio GCMC at different oxygen chemical
potentials (μO), we identify the equilibrium interface structure
and the thermodynamically stable structures as Al2O3 grows
into the aluminum metal. Examining the GCMC trajectory
enables us to identify the local events that lead to oxide
formation at the interface. We also analyze the electronic
structure of the obtained interfaces, in terms of the density of
states, SBHs, and core-level shifts. By connecting our electronic
and geometric analyses, our findings provide new insights into
the initial stages of Al2O3 propagation into Al, help understand
multiple experimental hypotheses and trends, and have

implications for the performance and engineering of the
fundamental Al2O3/Al interface in its different technological
applications.

2. RESULTS
2.1. Equilibrium Atomic Structures and Stoichiome-

tries at the Interface as a Function of ΔμO. Figure 1a
shows the interface model used in our GCMC simulations,
which is described in detail in the Computational Methods
Section. Figure 1b shows the relative interface formation
energy as a function of ΔμO for all the configurations (∼2000)
accepted by the different GCMC runs carried out at various μO
at 800 K. Each blue line corresponds to the DFT calculation of
a trial configuration accepted by GCMC (i.e., calculation of
Esystem in eq 6). We see that the envelope (thick maroon line in
Figure 1b) denoting the lowest relative interface formation
energies comprises four regions. The structures corresponding
to the four regions are shown in Figure 2a−d. Layer-wise
oxygen and aluminum “coverage” [i.e., the ratio of the number
of oxygen and aluminum atoms present per layer near the
interface to that present per layer in bulk α-Al2O3 (12 and 8,
respectively)] are also indicated on the right and left,
respectively. All structures are generated with VESTA.34

From 0 ≤ ΔμO < 0.004 eV, the interface favors 12.5%
aluminum vacancies on the oxide side (the vacancy is denoted
as a black cube in Figure 2a). From 0.004 ≤ ΔμO < 0.15 eV,
the interface favors one monolayer of oxygen incorporated at

Figure 2. (a−d) Interface structures with the lowest interface formation energies across ΔμO. Only layers near the interface are shown. The
location of the original interface oxygen plane is marked with a black dashed line. Blue spheres represent aluminum atoms, and red spheres
represent oxygen atoms. The black cube denotes an aluminum vacancy. Layer-wise aluminum coverage is marked in blue on the left, and oxygen
coverage is marked in red on the right of each structure. In (d), Al2O3 formed at the interface is marked with a dotted box, and the A−B−A HCP
stacking formed by oxygen layers is also denoted on the right.
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the FCC sites of the metal layer at the interface. As seen in
Figure 2b, aluminum is extracted from the interfacial metal
layer and forms Al−O tetrahedra. Given that the structures in
Figure 2a,b are close in energy at ΔμO = 0 eV, it is possible that
both these structures occur at equilibrium. From 0.15 ≤ ΔμO <
0.28 eV, another complete layer of oxygen is incorporated at
the interface at the tetrahedral B (tB) interstitial sites of the
metal layer, and the interface aluminum plane at the oxide side
has an aluminum excess of ∼37.5% compared to stoichiometric
Al2O3 (seen in Figure 2c). Note that aluminum atoms in the
oxide side of the interface are now primarily octahedrally
coordinated, compared to the predominant tetrahedral Al−O
coordination in Figure 2b. At ΔμO ≥ 0.28, another complete
oxygen layer is incorporated at the interface at the tB
interstitial sites of the metal layer. The interface aluminum
plane at the oxide side is once again Al-rich, with an aluminum
excess of ∼25% compared to stoichiometric Al2O3 (seen in
Figure 2d), and the interfacial aluminum atoms in the oxide
side are octahedrally coordinated. Importantly, the aluminum
plane above the interface oxide plane (which previously had an
aluminum excess of 37.5%, as shown in Figure 2c) has regained
its stoichiometry. Moreover, Al2O3 is now formed at the
interface (highlighted with the dotted box), with oxygen
forming a hexagonal close-packed lattice (note the A−B−A
stacking) and aluminum primarily occupying the octahedral
interstitial sites.

The findings above reveal a number of important properties
of the Al2O3/Al interface and the thermodynamically stable

structures that form during its propagation. In all cases, the
interface is atomically sharp. Interface propagation occurs in a
layer-by-layer fashion, with no oxygen penetration into the
aluminum metal layer ahead of the oxide/metal interface.
Oxygen is incorporated in the next metal layer only after
saturating the preceding layer. Structures with partial coverages
of oxygen per layer are not stable, that is, at a given ΔμO, the
structure with a complete monolayer of oxygen per layer has
lower interface formation energy (and is therefore more stable
and will preferentially occur) than any other structure with <1
monolayer of oxygen per layer. The aluminum plane at the
oxide side of the propagating interface is always Al-rich and
regains its stoichiometry once oxygen is incorporated in the
next layer. Moreover, the Al−O coordination changes from
tetrahedral to octahedral as oxygen in incorporated in
successive aluminum metal layers, and Al2O3 is fully formed
only after three layers of oxygen incorporation into the
aluminum metal. Thus, the interface does not propagate as
Al2O3; instead, it forms Al2O3 when at least three metal layers
near the interface oxidize.
2.2. Building Blocks for Al2O3 Formation at the

Interface. The relative interface formation energy plot in
Figure 1b reveals the thermodynamically stable interface
structures as ΔμO is gradually increased. However, it does
not show the mechanism behind the formation of these
structures. Examination of the GCMC trajectory provides
insights into the evolution of the stable structures, that is, the
building blocks and local events caused by oxygen incorpo-

Figure 3. Evolution pathway followed by GCMC to form Al2O3 upon oxidation of aluminum metal layers near the interface. Red spheres represent
oxygen, blue spheres represent oxidized aluminum atoms, grey spheres represent aluminum metal atoms, and black squares indicate aluminum
vacancies. (a) Oxygen incorporation leads to aluminum extraction (indicated by arrows) from the metal layer at the interface, leading to aluminum
vacancies in the metal layer. (b) Oxygen incorporation also leads to oxidation of Al metal atoms and formation of additional aluminum vacancies in
the metal layer at the interface. (c) Further oxygen incorporation leads to annihilation of aluminum vacancies by addition of aluminum back to the
interstitial sites (marked by solid arrows) at the oxidizing interface plane. This also leads to change in Al coordination from tetrahedral to
octahedral in the Al layer above the oxidizing interface plane (marked with a dashed arrow). (d) Complete oxygen incorporation in this layer leads
to aluminum excess at the oxide side of the interface plane (marked with a solid arrow). (e) Oxygen incorporation leads to aluminum vacancy
formation in the interfacial metal plane and oxidation of metal atoms. (f) Complete oxygen incorporation in this layer leads to aluminum excess in
the oxide side of the interface plane (marked with a solid arrow) and stoichiometric number of aluminum in the plane above the oxidized interfacial
plane. This is a simplified schematic; the actual structures generated during the evolution trajectory can be found in Supporting Information Note
S2.
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ration, which lead to interfacial advancement. Figure 3 shows a
schematic of the key stages of the evolution pathway,
elucidating the processes that take place at the interface
during oxide growth into the Al metal.

In general, oxygen incorporation leads to aluminum
deficiency in the metal layer at the interface, either via
aluminum extraction or by the formation of aluminum
vacancies (Figure 3a,b). Further oxygen incorporation in the
aluminum metal layer then leads to addition of aluminum back
to the interstitial sites of the Al-deficient metal plane (Figure
3c), thus annihilating the aluminum vacancies and ultimately
causing aluminum excess at the (now oxidized) interface
aluminum plane (Figure 3d) and change in Al−O coordination
from tetrahedral to octahedral in the aluminum plane above
the interfacial oxide plane (Figure 3c). Oxygen incorporation
in the next layer follows the same cycle of oxygen
incorporation → aluminum vacancy formation in the
interfacial metal layer (Figure 3e) → further oxygen
incorporation → aluminum interstitial addition and vacancy
annihilation at the oxidizing interface metal plane → aluminum
excess at the oxidized interfacial plane and ultimately resulting
in the stoichiometric number of aluminum in the layer above
the oxidized interfacial plane (Figure 3f).

Encouragingly, this examination of the GCMC evolution
pathway matches hypotheses from experiments35 and crystallo-
graphic theory analysis,7,36 which propose that aluminum
vacancies and oxygen are incorporated at the interface metal
plane during oxide growth via counter-diffusion of oxygen and
aluminum through Al2O3, and interfacial aluminum vacancies
are annihilated by injecting vacancies into the metal sink.7,36

This study reveals the atomic structures obtained during such
scale/metal reactions at the interface. The relaxed structures
and local rearrangements that resemble Al2O3 generated during

this evolution trajectory can be found in Supporting
Information Note S2.

Note that the thermodynamically stable phases that make up
the lowest energy envelope, as shown in Figure 1b, always have
complete monolayers of oxygen in each layer, that is, interfacial
configurations with partial coverages of oxygen in each layer
always have higher interface formation energies and therefore
are never stable. This seems counter-intuitive as one would
expect the oxygen coverage per layer to increase gradually with
increasing μO due to the energy cost of incorporating
additional oxygen atoms. As explained in detail by Finnis et
al.,37 this trend is because point defects (such as aluminum
vacancies and interstitials as seen in Figure 3), combined with
structural relaxation and rearrangements upon oxygen
incorporation, cause the structures with complete monolayers
of oxygen in each layer to resemble Al2O3 most closely. These
structures therefore overcome the energy cost of incorporating
additional oxygen atoms37 and have the least energy and are
the most stable compared to interfacial configurations with
partial oxygen coverages per layer.

Note that although Al2O3 forms at the interface upon
incorporation of the third oxygen layer, the positions of some
of the aluminum atoms in the oxide side of the interface are
different from that of Al in bulk α-Al2O3 (α-Al2O3 is the only
thermodynamically stable polymorph of Al2O3). For example,
the Wyckoff positions of several octahedral interstitial Al atoms
are different from that of Al in bulk α-Al2O3. We discuss the
possible reasons behind this (such as the effect of strain and
presence of mid-gap states within the Al2O3 band gap near the
interface) in Supporting Information Notes S4 and S5;
however, we emphasize here that the main results of this
section (layer-wise propagation of the interface, aluminum
excess at the oxide side of the interface plane, and oxygen

Figure 4. Layer-wise PDOS and partial charge density profiles of the occupied mid-gap states of configuration 1. The location of the original
interface oxygen plane is marked with a black dotted-dashed line on the partial charge density profile. The partial charge density of the defect state
corresponding to the aluminum vacancy at the interface is also shown. Note that the partial charge density profiles of the occupied mid-gap states
have a minor, finite contribution from MIGS; however, these are not seen in the plots because their density is low compared to the contribution of
under-coordinated Al to the mid-gap states. The dotted line on the PDOS plot marks the Fermi level. Isosurface = 0.01 electrons/Å3. PDOS scale is
the same in Figures 4−7.
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incorporation → aluminum vacancy formation → aluminum
interstitial addition → aluminum vacancy annihilation being
the local building blocks for interfacial evolution) still hold.
2.3. Electronic Structure Analysis of Equilibrium

Interfacial Structures. Figures 4−7 show the layer-wise
partial densities of states (PDOS) of the thermodynamically
stable configurations discussed in Section 2.1 and the
corresponding partial charge density plots of their occupied
mid-gap states. Each layer of aluminum and oxygen and their
corresponding PDOS panel are labeled Al1−Al6 and O1−O6,
respectively. In all cases, we find a finite, continuous
distribution of states in the band gap of Al2O3 at the interface.
These gap states are interfacial states, primarily made of O 2p
and hybridized Al 3sp orbitals of the atoms from Al2O3 at the
interface, decaying away from the interface. The Al2O3 bulk

band gap is regained from the second or third Al/O layer away
from the interface. The interfacial states also have a minor
contribution from the extended states of Al metal (metal
induced gap states, i.e., MIGS) as the latter has continuous
DOS present within the Al2O3 band gap. The gap states below
the Fermi level are occupied, despite these energies being
formally forbidden in bulk Al2O3. Additionally, for all the
configurations, the PDOS profiles of the oxygen layer near the
interface (labeled O1) do not match those of oxygen in bulk α-
Al2O3. Instead, the features look like those of oxygen in γ-
Al2O3,

38 likely due to the presence of threefold coordinated
oxygen at the interface.

Here, we highlight the specific aspects of the PDOS profiles
for each configuration:

Figure 5. Layer-wise PDOS and partial charge density profiles of the occupied mid-gap states of configuration 2. Isosurface = 0.009 eV/Å3.

Figure 6. Layer-wise PDOS and partial charge density profiles of the occupied mid-gap states of configuration 3. Isosurface = 0.01 electrons/Å3.
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(i) Configuration 1 (Figure 4) and configuration 2 (Figure
5) have similar PDOS and partial charge density profiles. Bader
charge analysis (see Supporting Information Note S3) reveals
that the interfacial Al atoms on the oxide side (layer Al4 and
Al3 in Figures 4 and 5 respectively) on average each have one
extra electron (compared to Al3+) due to under-coordination.
These extra electrons are accommodated in the mid-gap states
made of Al 3s, 3p, and O 2p from the oxide layer near the
interface, as seen in panels O1 and Al4 (Figure 4) and panels
O1 and Al3 (Figure 5) of the layer-wise PDOS and the partial
charge density plot of the occupied mid-gap states.
Interestingly, the partial charge density plots in Figures 4
and 5 also reveal that the orientation of the hybridized Al 3sp
charge densities are at 90° to each other, mimicking the
octahedral Al−O coordination in Al2O3. By comparing the
location of the Al 3sp charge density in Figure 4 and the
location of oxygen in layer O1 in Figure 5, it is clear that this
localized charge density dictates the positions where oxygen
incorporates in the next layer. Additionally, the interface in
configuration 1 has 12.5% Al vacancies on the oxide side.
These are localized defect states, made of O 2p orbitals of layer
O1, as shown in the O PDOS peak at ∼−3.7 eV and in the
defect partial charge density plot in Figure 4. Finally, in
configuration 2, the PDOS profiles of the aluminum layer
extracted due to oxygen incorporation (layer Al4) and layer
Al3 matches closely with that of aluminum in Al2O3, with
localized Al 3sp states beginning to be seen in the energy
ranges from −5 to −10 eV and +3 to +7 eV. Thus, addition of
just one layer of oxygen can rapidly change the electronic
structure of aluminum metal near the interface (i.e., localizing
Al 3sp states and decreasing the density of states near the
Fermi level), and can start to form Al2O3 at the interface.

(ii) Configurations 3 (Figure 6) and 4 (Figure 7) have
PDOS and partial charge density profiles similar to each other
but slightly distinct from configurations 1 and 2. In both cases,
we see that the contribution to the mid-gap states primarily
comes from O 2p orbitals at the interface. The contribution of
Al 3sp orbitals to the density of mid-gap states is lower than
that of configurations 1 and 2, which is likely due to the

complete coordination of Al at the interface (layer Al3 and Al2
in Figures 6 and 7, respectively). Importantly, this shows that
for the Al2O3/Al interface, under-coordinated interfacial Al
atoms from the oxide largely determine the density of mid-gap
states at the Al2O3/Al interface vs that of other phenomena like
MIGS. However, MIGS still contribute to a minor, finite
density of states in these interfacial Al layers. In fact, excess Al
interstitials introduce additional electrons that are accom-
modated in defect levels near the conduction band minimum
in bulk Al2O3 (see Supporting Information Note S4). Thus, it
is possible that unoccupied mid-gap states contributed by
MIGS stabilize the excess aluminum interstitials found at the
interfacial Al plane in the oxide side by accommodating
additional electrons introduced by the excess Al interstitials.

Note that we do not observe such excess Al in configurations
1 and 2 as the oxidized Al plane (layer Al5 and Al4 in Figures 4
and 5, respectively) is considerably farther away from the Al
metal layer (∼4 Å) than layer Al3 (Al2) in Figure 6 (Figure 7)
(∼3 Å) and thus likely do not feel the stabilizing effect of
MIGS. Furthermore, although Al occupies the octahedral
interstitial sites of the HCP lattice created by O, as shown in
Figure 7 (similar to bulk α-Al2O3), the Wyckoff positions of
several Al atoms are different from that of Al in bulk α-Al2O3.
It is possible that the presence of mid-gap states within the
Al2O3 band gap near the interface stabilize these sites.
Additionally, the charge density is seen in the tetrahedral
sites of the Al metal layer at the interface, made of hybridized
Al 3sp orbitals. By comparing the location of the Al 3sp charge
density in Figure 5 (Figure 6) and the location of oxygen in
layer O1 in Figure 6 (Figure 7), it is clear that this localized
charge density dictates the positions where oxygen incorpo-
rates in the next layer.

It is important to emphasize here that the DOS analyses
above employed the Perdew−Burke−Ernzerhof (PBE) param-
eterization of the generalized gradient approximation (GGA)39

exchange-correlation functional, which is known to have
limited accuracy in describing the electronic structure of
materials. We already see charge localization at the interface
(such as due to under-coordinated Al) with this approximate

Figure 7. Layer-wise PDOS and partial charge density profiles of the occupied mid-gap states of configuration 4. Isosurface = 0.009 electrons/Å3.
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functional; however, for applications such as investigating noise
in Al/Al2O3/Al superconducting qubits,40 accurately modeling
the electron correlation and localization of MIGS at the
interface with higher-order functionals will be critical.

In total, in all cases, we see that incorporation of oxygen
rapidly changes the electronic structure of aluminum metal at
the interface. The mid-gap states are interfacial states, primarily
made up of the O 2p and Al 3sp orbitals of the oxide. Thus,
these are Bardeen states,41 that is, semiconductor surface
states, which may influence the Fermi level alignment and thus
the effective work function of Al, SBH of the interface, cause
deviation from the Mott−Schottky rule, and may also explain
the scatter in experimentally measured SBHs. The contribution
of MIGS to this interface is minor; however, MIGS likely plays
a role in stabilizing the interfacial Al excess and Al occupation
in different Wyckoff positions. Moreover, from the orientation
and localization of the Bardeen states seen in the partial charge
density plots of Figures 4−7, it is clear that these states likely
cause the layer-by-layer advancement of the interface to form
Al2O3 by dictating where subsequent oxygen incorporates at
the interface.
2.4. Effect of the Interfacial Composition on the

Schottky Barrier Height. It is now well established that the
SBH can strongly depend on the atomic structure and
chemistry of the metal/semiconductor interface.42 We
investigated this dependence of the SBH on the interface
composition to understand the factors that may govern the
SBH at the Al2O3/Al interface and give insights into possible
ways to engineer it. This is relevant for its use in applications
such as superconducting qubits, resistive switching devices, and
radiation detectors.

Figure 8 shows the calculated n-type SBH (n-SBH) as a
function of the total number of oxygen atoms incorporated in

the three aluminum layers near the interface. A general trend
can be seen, namely, the barrier heights of the four
thermodynamically stable configurations discussed in Sections
2.1 and 2.2 are among the lowest (marked as stars), ∼1.76 eV
on average (marked with a dotted line). Furthermore,
structures with oxygen coverages less than one layer at the
interface tend to increase the n-SBH. Structures with oxygen
coverages greater than one layer but less than two layers start
to decrease the n-SBH (but the barrier heights are still greater
than the thermodynamically stable structures). Finally, those
with oxygen coverages greater than two layers but less than
three layers do not increase the n-SBH. As discussed in Section
2.2 and Supporting Information Note S3, the thermodynami-
cally stable configurations 1 and 2 have on average ∼1 e excess
per interfacial oxide Al atom, and interfacial oxide Al atoms are
completely oxidized to Al3+ in configurations 3 and 4. In
contrast, interfacial Al atoms in structures with partial oxygen
coverages <1 layer tend to have partial charges up to ∼2.2 e.
Such partial charges possibly lead to an increase in n-SBH by
increasing the negative charge density at the interface as
compared to the thermodynamically stable configurations. The
decrease in n-SBH beyond one layer oxygen incorporation at
the interface could be due to a decrease in the excess partial
charge on interfacial Al atoms as the Al layers near the interface
oxidize. Interfacial Al atoms have partial charges up to ∼1.5 e
in structures where oxygen begins to incorporate in the second
and third layer, with multiple aluminum atoms being
completely oxidized to Al3+ as the third layer of oxygen is
incorporated. This decrease in the excess charge could lead to
the observed reduction in barrier heights as the interface
aluminum layers oxidize. Note that while Figure 8 shows plots
of n-SBH as a function of the total number of oxygen atoms,
the n-SBH depends on the number of aluminum atoms at the
interface as well. This dependence can be seen from the n-SBH
values at 4, 12, and 18 oxygen atoms, which show different
values at the same total number of oxygen (marked as
triangles). Examination of the structures show that the
structures with aluminum vacancies have larger n-SBH (at
same number of oxygen atoms, see Supporting Information
Note S6), again highlighting the effect of negative charges
(aluminum vacancies are acceptors) on n-SBH. It must be
mentioned that our use of GGA−PBE likely leads to inaccurate
absolute values of the calculated n-SBH due to the under-
estimation of the Al2O3 band gap. However, the trend of n-
SBH dependence on oxygen incorporation (and therefore,
dependence on excess charge on under-coordinated interfacial
Al atoms) is unaffected by these inaccuracies. In fact, despite
DFT-related potential inaccuracies, our calculated n-SBH
matches the values measured in the literature, which range
from 0.9 to 3.2 eV.43−49

Thus, for the Al2O3/Al interface, a possible mechanism
behind the “interface dipole” that screens out the effect of the
metal42 could be the incomplete oxygen incorporation at the
interface. This leads to under-coordinated Al cations which
alter the SBH.
2.5. Effect of the Coordination Environment on

Interface Core Level Shifts. Angle-resolved XPS (AR-
XPS) experiments on Al2O3 grown on Al via thermal oxidation
have revealed that the Al 2p spectra consist of three
components, assigned to Al contributions from the bulk
metal, deficiently coordinated Al cations at the interface, and
Al contributions from the bulk oxide film.17,18 The study also
found the O 1s spectra to constitute three peaks, assigned to O

Figure 8. Calculated n-SBH for the Al2O3/Al interface as a function
of the total number of oxygen atoms incorporated in three layers of
aluminum. Yellow stars denote the n-SBH of the four thermodynami-
cally stable structures shown in Figure 2; the black dotted line
indicates their average (1.76 eV). The orange, green, and blue panels
denote the regimes where n-SBH increases, decreases, and remains
nearly constant, respectively. Note that while the n-SBH shows a
correlation with the partial coverage of oxygen per layer, it also
depends on the presence of aluminum vacancies. This dependence is
shown as green triangles, where the n-SBH value differs at the same
total number of oxygen due to the presence of aluminum vacancies in
these structures.
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contributions from the interface, bulk oxide, and oxide
surface.17 However, the exact composition and structural
features that give rise to these shifts at the interface is still
unknown. We therefore computed the Al 2p and O 1s
interfacial core-level shifts (ICLS) using the final state
approximation method50 to provide more insights into the
interfacial bonding features that give rise to the experimentally
observed shifts.

In Figure 9a, we plot the ICLS of Al 2p as a function of the
number of nearest neighbor oxygen atoms to the selected
aluminum atom. Interfacial aluminum atoms with different
numbers of nearest neighbor oxygen were selected from the
four thermodynamically stable configurations (see Supporting
Information Note S7), and their ICLS was computed. We also
mark the range of Al 2p ICLS values measured from
experiments at the Al2O3/Al interface and in bulk oxide
grown on Al. From this plot, we see that the ICLS for Al atoms
with three nearest neighbor oxygen matches the shift seen for
the Al 2p interface component in experiments (∼1.5 eV higher
than bulk metal). Thus, this analysis reveals that the
experimental interfaces that report under-coordinated alumi-
num at the interface likely consist of aluminum coordinated
with three oxygen atoms. Since configurations 1 and 2 in
Figure 2a,b have interfacial aluminum atoms primarily
coordinated with three oxygen atoms, this indicates that
similar structures are likely present at the experimental
interfaces formed upon oxidizing Al. We also see that the
ICLS for aluminum atoms with 4−5 nearest neighbor oxygen
matches the shift seen for the Al 2p bulk oxide component

from experiments. This is reasonable as the experiments likely
grow amorphous or γ-Al2O3, which primarily consist of 4 and 5
coordinated Al atoms.

In Figure 9b, we plot the ICLS of O 1s as a function of the
total number of oxygen incorporated in three layers of
aluminum. We see that as the number of oxygen incorporated
increases and the Al layers near the interface oxidize to form
Al2O3, the O 1s ICLS also gradually shifts to ∼0, matching O
1s binding energies in bulk Al2O3. At lower numbers of oxygen
incorporation, we note an ICLS of ∼−2 eV, similar to that of
experimentally observed O 1s interfacial core-level shifts. Thus,
this also points toward experimental interfaces having
structures similar to configurations 1 and 2, which have not
yet oxidized completely to form bulk Al2O3.

In Figure 9c, we plot the ICLS of O 1s as a function of the
number of nearest neighbor Al. Similar to Figure 9a, interfacial
O atoms with different numbers of nearest neighbor Al were
selected from the four thermodynamically stable configurations
(see Supporting Information Note S7), and their ICLS was
computed. In our thermodynamically stable configurations, O
was found to exist coordinated with either three or four Al
atoms. However, we do not see any clear dependence of ICLS
values on the coordination environment of O. Thus, from
Figure 9b,c, it is possible that the O 1s ICLS depends on the
long-range order (rather than its immediate coordination
environment). This could also be the reason why we observe a
shift toward ICLS ∼0 eV as more oxygen is incorporated (in
Figure 9b) due to the formation of bulk oxide.

Figure 9. ICLS for (a) Al 2p as a function of the number of nearest neighbor O, (b) O 1s as a function of the total number of O incorporated, and
(c) O 1s as a function of the number of nearest neighbor Al.
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3. DISCUSSION
We use this section to discuss the implications of our study, in
the context of providing insights into experimental observa-
tions and furthering our understanding of the atomic and
electronic structure and propagation of this fundamental
interface. We also discuss the broader impact of our findings
on the different technological applications of this interface. We
end with a comparison of our GCMC-derived interfaces with
the models frequently utilized in the ab initio literature and a
brief examination of the approximations made in this study and
their potential effect on the results.

By performing GCMC over a range of realistic μO at 800 K,
we were able to simulate the oxidation of several layers of Al
metal near the Al2O3/Al interface. As discussed in Section 2.1,
the stable interfaces formed as the oxide propagates are always
atomically sharp, interfacial advancement occurs in a layer-by-
layer fashion, oxygen incorporates into the next layer of
aluminum only after saturating the previous layer and does not
penetrate into the metal ahead of the interface front, and the
interfacial aluminum plane at the oxide side is always Al-rich.
Our study reveals the atomic and electronic structure of the
interface as it propagates, including the preferred sites and
layer-wise saturation concentrations of oxygen and aluminum
as the interface advances. Importantly, our study also reveals
that incorporation of oxygen at the interface immediately
begins to change the electronic structure of the interfacial Al
metal layer, localizing the Al 3s and 3p states and reducing the
density of states near the Fermi level. In fact, this depletion of
states near the Fermi level and the specific (octahedral)
orientation and localization of the excess Al 3sp charge density
from under-coordinated interfacial Al cations likely promote
the layer-wise propagation of oxygen layers and prevent the
dissolution of oxygen ahead of the interface front. This is in
sharp contrast to the ZrO2/Zr

19,20,51 interface, which is known
to form interfacial sub-oxides. Unlike Al, oxygen addition to Zr
does not change the density of states at the Fermi level,52

which could be the reason behind the high oxygen solubility in
Zr ahead of the ZrO2/Zr interface front, leading to the
formation of interfacial sub-oxides.52 The changes in the
interfacial electronic structure also explain the high corrosion
resistance and self-healing nature of the Al2O3/Al system:
addition of oxygen to the interface immediately begins to
create a band gap within the first layer of Al metal, thus
reducing the electron density and preventing electron transfer
necessary for scale/metal reactions.7 By providing atomistic
and electronic insights, our findings go beyond previous
experimental14,15 and classical MD31 studies of Al2O3 growth
on Al (111) via thermal oxidation, which also observe a sharp
interface14,15 and a layer-by-layer growth of the oxide into the
metal31 but do not resolve the explicit atomic and electronic
structure of the interface. It is interesting to note that MD
studies of Al2O3 growth on Al (which simulate the kinetics of
oxide growth on Al) report layer-by-layer growth of Al2O3 into
Al,31 similar to our thermodynamically stable structures. This
shows the close relationship between thermodynamics and
kinetics of this process.

In Section 2.2, we discussed the local events that lead to
interfacial advancement and Al2O3 formation at the interface,
namely, oxygen incorporation → aluminum vacancy formation
in the interfacial metal plane → further oxygen incorporation
→ addition of aluminum back to the interstitial sites of the
aluminum-deficient plane (i.e., vacancy annihilation) →

oxygen incorporation in the next layer, and so forth.
Experimental studies35 propose that Al2O3 growth occurs
both at air/Al2O3 and Al2O3/metal interfaces via a counter-
current grain boundary diffusion of aluminum toward the air/
Al2O3 interface and oxygen toward the Al2O3/metal interface
(but the latter is predominant). Annihilation of the resulting
interfacial aluminum vacancy is hypothesized to occur via
vacancy injection into the Al metal reservoir.36,53 While the
scale/metal reactions have only been indirectly inferred in
prior experiments and phenomenological models, our study
explicitly reveals the reactions at the scale/metal interface that
lead to the formation of Al2O3 by focusing on the Al2O3/Al
interface during oxide growth and by incorporating three
oxygen layers. Moreover, by inserting and removing aluminum
and oxygen in the GCMC simulation, this study uniquely
provides insights into the structures that could arise from the
counter-diffusion mechanism of Al2O3 growth.

Our findings also provide additional insights into the
experimental observations related to the electronic properties
of the Al2O3/Al interface. In particular, multiple experi-
ments16,45,54,55 postulate Al excess near the interface region
(up to depths of ∼4 nm into the oxide16,54), which is
hypothesized to be a positive space charge region, based on
Al−O chemical and binding state analyses,16,54 electron force
microscopy measurements,55 and tunneling current vs voltage
analysis.45 Our study provides insights into a potential reason
behind the positive space charge region: as discussed in
Section 2.3, the interfacial mid-gap states (of configurations 1
and 2, which likely form at equilibrium) accommodate the
excess negative charge density from under-coordinated
interfacial Al atoms from Al2O3. Thus, when this interfacial
negative charge density becomes sufficiently high, it can result
in the formation of a positive space charge region, as observed
in experiments. Additionally, experimental measurements of
SBHs at Al2O3/Al interfaces report a wide range of n-SBH
values, ranging from 0.76 to 3.2 eV.43−49 Our findings in
Section 2.4 indicate a possible reason behind the experimental
scattering, thus providing a strategy to control the n-SBH. We
show that the calculated n-SBH depends strongly on the
interface composition: interfaces with partial O coverages per
layer (i.e., reduced interfaces) display increased n-SBH. Thus,
the n-SBH can be engineered by altering the Al2O3 growth or
Al deposition environments (e.g., changing surface preparation,
annealing conditions, etc.). In fact, comparison of oxidizing
environments in different experimental studies shows that
there may be a tendency for stronger oxidizing environ-
ments,45,47,48 resulting in lower n-SBH. Finally, our findings in
Section 2.5 reveal that three-coordinated Al atoms at the
interface are the reason behind the higher binding energies of
the interfacial Al 2p peaks,17 and the lower binding energies of
interfacial O 1s peaks could be due to the lack of the long-
range order at the interface before it oxidizes to form Al2O3.
This provides new perspectives into analyzing XPS data of this
interface.

It is relevant to discuss the implications of the computed
atomic and electronic properties of the Al2O3/Al interface on
the performance of electronic devices and corrosion barriers.
Al2O3 is used as a gate dielectric and capping layer in MOS
technology,5,56,57 where the metal/Al2O3 interface plays an
important role in determining the threshold voltage and drive
current by altering the effective work function of the gate
metal. At high densities, the occupied interfacial mid-gap states
reported in our study can pin the Fermi level, thereby making
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the effective work function independent of the metal. This can
prevent the favorable tuning of the device performance of
Al2O3-based microelectronics. The presence of occupied
interfacial mid-gap states can also give rise to flux noise in
superconducting qubits,40 limiting their coherence time and
preventing their scale-up. By revealing the nature of these mid-
gap states and their dependence on the interfacial composition,
this study can aid in engineering of the interface to reduce the
contribution of these states to qubit decoherence. On the other
hand, the interface also has a finite density of unoccupied mid-
gap states. These states can accommodate excess electrons and
can alter the defect formation energy, as has been computed
for oxygen vacancy formation at TiO2/Pt

58,59 and CeO2/Pd
60

interfaces. The presence of unoccupied mid-gap states can thus
aid in the preferential formation of defects like hydrogen
interstitials and oxygen vacancies at the Al2O3/Al interface,
which can form two-level systems and contribute to
decoherence in superconducting qubits.10,11,61 Changes to
the interfacial composition can also change the SBH, which
have consequences for qubit and tunnel junction applications.
In the context of barrier coatings, interfacial defect segregation
can prevent scale/metal reactions.53 As revealed by the GCMC
trajectory, such reactions (such as aluminum vacancy
formation and annihilation) are crucial building blocks for
interface propagation, whose inhibition can retard protective
scale growth.53 Charged defect segregation to the interface has
important implications for the use of Al2O3 as a corrosion
barrier as well since this can alter the space charge layer,
thereby altering the corrosion resistance performance. Our
study reveals that depletion of metallic states near the Fermi
level upon oxygen incorporation may be key to designing self-
healing corrosion-resistant coatings. Thus, the profound effects
of occupied and unoccupied interfacial mid-gap states on the
properties of microelectronics and barrier coatings employing
Al2O3/Al provide a route to engineer the performance of these
systems.

Note that apart from some structural and electronic
similarities, none of the four thermodynamically stable
structures correspond to the interfacial structures commonly
reported for the Al2O3/Al interface in the ab initio
literature.21−23 This indicates that the idealized interfaces
frequently used in DFT analyses of interfacial work of
adhesion, electronic structure, bonding character, and so
forth are likely metastable. It is worthwhile to add here that
the structure labeled configuration 1 in Figure 2, with 12.5%
VAl at the interface, corresponds well with the AIMD study of
the Al2O3/liquid Al interface.62 The latter study has also found
that the interface favors ∼10% VAl at Al2O3−Al equilibrium.
Our ab initio GCMC simulation was able to find this favorable
structure entirely on its own, underscoring the unbiased and
exhaustive exploration performed by this simulation.

We end this section with a discussion on the approximations
made in our study and their possible influence on the results:

(a) We model the coherent interface between α-Al2O3 and
Al by fixing the in-plane α-Al2O3(0001) lattice
parameters to match that of Al(111). This mimics
Al2O3 growth on Al and reflects experimental findings
that show that Al2O3 grows epitaxially on Al(111) as the
latter is oxidized.15,63 The misfit strain is ∼3%, so this
interface will likely have large regions of coherence
between misfit dislocations. While this strain config-
uration was opted to match experimental data, we note

that GCMC explores only that region of the potential
energy landscape where α-Al2O3(0001) is strained in-
plane to match Al(111) lattice parameters. This
limitation could influence our results. However, since
other computational studies of Al(111) surface
oxidation31 and those utilizing Al2O3 lattice parameters
while modeling the Al2O3/Al62 interface also show
similar layer-wise oxide propagation31,62 and Al vacancy
concentrations at the interface,62 we do not expect the
strain constraint to significantly influence our results.

(b) We do not include vibrational or electronic entropic
effects in our calculations, except for the temperature
dependence of μO and μAl, which we take from the
NIST-JANAF tables.64 However, since the GCMC
acceptance probability criteria are based on relative
energies of the different configurations, and since we are
dealing with solids, it is likely that the vibrational
contributions will cancel out, and the contribution of
electronic entropy is small. Thus, excluding vibrational
and electronic entropic effects is not expected to alter
our results.

(c) Finally, the interface system that we have chosen to
simulate is α-Al2O3/Al. While α-Al2O3 is the thermody-
namically stable phase at thicknesses above ∼1 nm on
Al,15,23 experiments primarily observe only amorphous
or metastable γ-Al2O3 grown on Al. This is because the
kinetic barriers to transform the metastable γ-Al2O3 or
other metastable phases of Al2O3 to α-Al2O3 are high65

(∼5 eV). However, since our focus in this work was to
use GCMC to evaluate thermodynamically stable
interfacial configurations, it was more reasonable to
build the interface with α-Al2O3. Since our results
indicate that the interface propagation mechanism
(layer-by-layer, with O incorporation, VAl formation,
VAl annihilation, etc.) and the interfacial electronic
properties depend largely on the local interfacial
interactions (and not on the phase of the Al2O3
above), the findings could still be applicable to studies
which deposit α-Al2O3 on Al (or vice versa) and those
that grow different phases of Al2O3 via Al oxidation.
However, the high computational cost of ab initio
simulations admittedly did limit our GCMC study to
only a single phase of Al2O3 and a single interface
orientation, with fixed lattice parameters. In the future,
utilizing machine-learning force fields to calculate the
energies of the configurations generated by GCMC (at
ab initio accuracy) might enable us to explore multiple
phases of Al2O3 and multiple interface orientations and
strain conditions, with larger number of GCMC moves
and larger supercell sizes.

4. CONCLUSIONS
By performing a physically motivated and unbiased exploration
of the interface composition and configuration space using ab
initio GCMC, this study addresses multiple open questions
related to the equilibrium structure of the Al2O3/Al interface,
concentrations of Al and O and their preferential positions at
the interface, and the evolution of the structural and electronic
properties during the initial stages of interface propagation into
the metal. We identified that the interface is atomically sharp
and contains 12.5% aluminum vacancies at the oxide side at
equilibrium. As ΔμO is slightly increased, interface propagation
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occurs in a layer-by-layer fashion, and the interfacial Al plane at
the oxide side is always Al-rich. Even as it advances, the
interface is always atomically sharp, and oxygen incorporation
in the subsequent metal layer occurs only after saturation of
the previous layer. By analyzing the GCMC trajectory, we
identified oxygen incorporation, aluminum vacancy formation,
and aluminum vacancy annihilation to be the local events at
the interface that lead to Al2O3 formation. Analysis of the
electronic structure revealed that under-coordinated interfacial
Al atoms at the oxide side strongly contribute to the interfacial
mid-gap states, and the incorporation of oxygen at the interface
immediately causes the localization and depletion of Al states
near the Fermi level. This prevents oxygen dissolution ahead of
the interface front and results in the layer-by-layer propagation
of the interface and also explains the important self-healing
nature of the Al2O3/Al system. This is in contrast to the ZrO2/
Zr system which forms interfacial sub-oxides. Metal-induced
gap states have a minor contribution but likely stabilize the
excess Al interstitials at the interfacial oxide plane.
Furthermore, the computed n-type SBHs were found to be
strongly dependent on the interfacial composition, and the
calculated interfacial Al 2p and O 1s core-level shifts were
found to be linearly dependent on the Al coordination and
long-range order, respectively. These findings have important
implications for the design of Al2O3/Al-based applications such
as protective coatings, transistor technologies, and super-
conducting qubits, where the atomic and electronic structure
of the oxide/metal interface affects properties such as
corrosion resistance, threshold voltages, and coherence times.

5. COMPUTATIONAL METHODS
We use ab initio GCMC to identify the equilibrium interfacial
configuration at a fixed volume, temperature, and oxygen and
aluminum chemical potentials. The theory behind GCMC is
described in detail in previous studies;32,66−68 therefore, we
summarize only the main points here. We sample the configuration
space via two moves: insertion of an Al or O atom (with equal
probability) into the interface region and removal of an Al or O atom
from the interface region. Translation moves did not improve the
acceptance ratio and therefore were not used to sample the phase
space. After every trial move, we relax the configuration and compute
the energy using DFT. The acceptance probabilities are given as
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where V is the volume of the system, Λ is the thermal de Broglie
wavelength of the inserted/removed atom (given by h

2 mk TB
= , h

is the Planck constant, m is the mass of the atom, kB is the Boltzmann
constant, and T is the temperature of the reservoir), N is the number
of atoms of the type being inserted/removed, U1 and U2 are the
potential energies of the relaxed configurations before and after the
GCMC move, respectively, calculated using DFT, and μ is the
chemical potential of the reservoir from which insertion/removal is
performed.

The relaxation step is necessary to allow for rearrangement of the
interface and lowering of the potential energy of the configuration;
however, it introduces a bias that disturbs detailed balance.67,68 We
therefore replace the system volume V in the acceptance probabilities
with an “accessible volume” Vacc to counter this bias, given as Vacc = V
− NAl4/3πrAl

3 − NO4/3πrO3, as discussed in previous studies,67,68

where NAl and NO are the number of Al and O atoms in the interface

region, respectively, and rAl and rO are their respective atomic radii (rAl
= 1.402 Å and rO = 0.9 Å, taken from the Wigner−Seitz radii reported
in the VASP69−71 POTCAR files for the respective elements). To
ensure relevant and efficient sampling of interfacial configurations, we
constrain the insertion/removal of the atoms to the interfacial region,
as described below. We also include a configurational bias to prevent
the inserted atom from being too close (1 Å) to its nearest atom.
These constraints do not affect the detailed balance as the
configurations eliminated by these constraints likely have high
energies and would not have been accepted. GCMC moves are
performed until the system energy converges. Ultimately, through this
scheme, we generate a large number of interface structures relevant to
the temperature and chemical potential of interest.

Our interface model is shown in Figure 1a. The starting structure
was obtained upon relaxing O-terminated α-Al2O3 (0001) (with 6 O
layers, ∼11 Å) on Al (111) (with 7 Al layers, ∼14 Å) in FCC stacking
with a periodic interface arrangement. This idealized interface
matches the close-packed planes and directions of Al2O3 and Al
( i . e . , ( 1 1 1 ) A l | | ( 0 0 0 1 ) A l 2 O 3 a n d 1 01 011 0Al Al O2 3

,

1 21 21 1 0Al Al O2 3
), which has been reported in experiments of

Al2O3 grown on Al15 and Al deposited on sapphire72,73 and is
reported to be the most stable across a wide range of μO.

21,22,24 To
mimic epitaxial growth of Al2O3 on Al, as observed during thermal
oxidation of Al,15,63 Al2O3 (0001) is strained in-plane to match Al
(111). To obtain the starting interface structure, the cell was allowed
to relax along the c-axis, keeping the a- and b-lattice parameters fixed.
For the GCMC calculations, the supercell lattice parameters are fixed,
and atoms in the interface region are relaxed, with the layers farther
away from the interface (including the opposite interface) fixed to
mimic the oxide and metal bulk, as shown in Figure 1a.

We perform the GCMC simulation at 800 K (to ensure reasonable
acceptance ratio and to reflect common Al oxidation conditions15,16),
over a range of μO near the equilibrium between bulk Al2O3(s) and
bulk Al(s). The chemical potentials are calculated as

E T( )Al Al
eq

Al
DFT

Al= = + (3)

E T( )Al O Al O
eq

Al O
DFT

Al O2 3 2 3 2 3 2 3
= = + (4)

2

3O
eq Al O

eq
Al
eq

2 3=
(5)

where the temperature-dependent terms are obtained from NIST-
JANAF tables.64 Starting from the idealized interface, atom insertion/
removal is performed in the interface region, as described above. μAl is
fixed to that of the metal (μAl = μAl

eq), and μO is slightly increased (ΔμO
= μO − μO

eq) to reflect the increase in the concentration as oxygen is
incorporated at the interface, and the interface propagates. This also
enables the sampling of a variety of interfacial structures and
compositions. We tested eight different ΔμO (0.0−0.35 eV in steps of
0.05 eV). The relative interface formation energies of the various
configurations explored by GCMC were calculated as

E E E N N( )relative system ref Al Al O O= + + (6)

where Esystem is the total DFT energy of the configuration, Eref is the
reference DFT energy of the idealized interface, as shown in Figure
1a, ΔNAl is the number of Al atoms relative to the idealized interface,
and ΔNO is the number of O atoms relative to the idealized interface.
Thus, since Eref is identical for all interface configurations, this
formalism enables the comparison of the relative stabilities of the
different interfaces explored by GCMC.

LAMMPS74 was used to carry out the GCMC moves, and VASP v.
5.4.369−71 was used to calculate the energies of each structure
generated by GCMC. Further details about the DFT calculation
settings are provided in Supporting Information Note S1.

The SBH for different interfacial structures were calculated using
the core-level alignment method.75,76 In this method, the p-type SBH
(ϕp) is calculated as the difference between the Fermi level of the
system (εF,sys) and the valence band maximum of the bulk oxide
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(εVBM,oxide). The deep O 1s core-level energy of an O atom [far from
the interface for the Al2O3/Al system (εO1s,sys) and in the Al2O3 bulk
(εO1s,oxide), respectively] is chosen as the reference level to align the
system Fermi level and the oxide VBM. A schematic band diagram
describing this method is given in Supporting Information Note S6.

p F,sys O1s,sys VBM,oxide O1s,oxide= [ ] [ ] (7)

In the above formalism, the O 1s core-level energies are calculated
in the initial state approximation50 with an 8 × 8 × 3 k-mesh. The n-
SBH (ϕn) is then calculated as the difference between the band gap of
the oxide (Eg, calculated to be 5.84 eV) and the p-type SBH

En g p= (8)

Al 2p and O 1s interface core-level binding energy shifts were
calculated using the final state approximation50 with an 8 × 8 × 3 k-
mesh. The Al 2p core-level shifts for interface Al atoms were
determined relative to a reference bulk Al atom from a separate bulk
calculation. Similarly, O 2p core-level shifts for interface O atoms
were determined relative to a reference O atom in bulk Al2O3 from a
separate bulk calculation.
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