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We present a procedure for addressing extrinsic defects in amorphous oxides, in which the most sta-
ble defect configurations are identified through ab initio molecular dynamics in various charge states and
studied through hybrid functional calculations. The protocol is further complemented with an electron
counting scheme based on maximally localized Wannier functions, which allows one to identify the nom-
inal charge state and the composition of the defect core unit. Here, we apply this approach to the study
of hydrogen, carbon and nitrogen impurities in amorphous alumina (a-Al2O3), a highly relevant material
for technological applications. Hydrogen is found to be amphoteric with a thermodynamic +1/−1 charge
transition level lying at ∼4.6 eV above the valence band maximum, in qualitative agreement with results
obtained with crystalline models, but at a substantially different energy level. Hydroxyl groups are further
shown to lead to the same defect states as observed for hydrogen. Application of our procedure to carbon
and nitrogen impurities leads to structural configurations that are found to depend on the total charge set in
the simulation cell. Through the adopted electron counting rule, we assess that carbon and nitrogen impu-
rities are only found in neutral and in singly positive charge states, respectively. This indicates that neither
carbon nor nitrogen give charge transition levels in the band gap, in strong contrast with results achieved
for crystalline models. In addition, the defect core units are shown to incorporate a varying number of
oxygen atoms, by which their formation energy depends on the oxygen chemical potential μO. In oxygen-
poor conditions, both the carbon and the nitrogen impurities favor bonding to Al atoms, while they tend to
form single or double bonds with oxygen atoms as μO increases. Based on the band alignment of a-Al2O3

with three technologically relevant semiconductors (GaAs, GaN and α-Fe2O3), we discuss the possible
role of point defects in degrading the performance of electronic devices and in favoring hole transport
across the oxide in water-splitting setups.
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I. INTRODUCTION

Amorphous oxides are an important class of materi-
als and have found numerous technological applications,
e.g., as electron collection electrodes in organic solar cells
[1], channel layers in transparent thin-film transistors [2,3],
high-capacity negative electrodes in lithium batteries [4,5]
and resistance switching layers in non-volatile memory
devices [6]. It is experimentally demonstrated that these
oxides inevitably contain a large number of defects, either
intentionally or unintentionally, as a result of the depo-
sition process [7–11]. Therefore, there is considerable
interest in understanding how defects, either intrinsic or
extrinsic, affect the electronic properties, and consequently,
the performance of the material in the various applications.
The general understanding of defects in crystalline mate-
rials has progressed noticeably through a profitable inter-
action between experiment and theory, the latter having
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evolved over the years and grown into relatively standard
protocols for evaluating defect energies and concentra-
tions [12,13]. However, the study of defects in amorphous
oxides has lagged behind. Two types of approaches are
typically followed. One approach consists in putting aside
the disordered nature of the oxide and taking various crys-
talline phases as suitable models for the amorphous oxide.
In an alternative approach, one adopts a truly disordered
model structure of the amorphous oxide, for instance, as
generated by a quench from the melt through molecular
dynamics (MD). In the latter case, the actual defect inves-
tigation then follows the standard protocol developed for
studying defects in crystalline materials. However, neither
scheme fully captures the ability of the amorphous oxide
to incorporate defects through structural rearrangements.

The study of defects in a model structure of the amor-
phous oxide requires the consideration of various aspects,
which are not common to the study of defects in a crys-
talline solid. First, a variety of sites needs to be taken under
consideration to properly account for the different chemical
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environments occurring in the amorphous system. This
aspect is generally dealt with in a statistical manner by
considering a set of defect configurations that encompass
the diversity in the amorphous oxide. A second difficulty
arises when extracting the proper energetics. It is then
necessary to disentangle the energy associated with the
defect from the relaxation energy of the amorphous struc-
ture, which is only partially captured in a model of finite
size and is subject to change upon defect generation or
charge transition. To minimize this effect, it has been pro-
posed to introduce a cycling procedure to optimally capture
the relaxation energy of the amorphous structure [14,15].
Third, the potential energy surface of amorphous materi-
als can be rather complex with many local energy minima,
so that the relaxation of a defect created in an amorphous
model generally leads to a local minimum, which may
differ significantly both in structure and in energy from
the equilibrium configuration. The use of MD and thermal
annealing cycles facilitates the exploration of the potential
energy surface and generally leads to more stable defect
configurations [14,15]. Fourth, the nominal charge state of
an extrinsic defect can differ from the charge added to the
simulation cell due to its (partial) localization on intrin-
sic defects. All these considerations indicate that the study
of defects in an amorphous oxide requires particular care,
which goes well beyond the trivial extension of the proce-
dure generally applied to defects in crystalline materials. In
particular, it also appears that it is recommended to have a
deep understanding of the possible intrinsic defects before
considering the investigation of extrinsic impurities.

As a case study, in this work, we focus on amor-
phous alumina (a-Al2O3), an earth-abundant oxide with
a wide electronic band gap, low-leakage current and a
modest value of dielectric constant. For these reasons,
a-Al2O3 is widely used in a variety of technological
applications. These include gate dielectrics in metal-oxide-
semiconductor (MOS) devices [16–20], coating layers for
protecting cathodes in lithium-ion batteries from corrosion
[21–23] and overlayers on hematite photoanodes for reduc-
ing the overpotential of the water splitting reaction [24].
In these applications, the atomic layer deposition (ALD)
technique is often used to deposit a-Al2O3 [25–27]. The
ALD procedure features metal-organic precursors, which
always undergo incomplete decomposition due to low-
temperature growth conditions. This, in turn, leads to the
incorporation of a sizeable number of impurities [28,29].
Concentrations up to 0.2 at. % of carbon [8] and ∼5.0
at. % of nitrogen [9] have been detected. ALD processes
also make use of water, thus giving non-negligible con-
centrations of hydrogen in the amorphous material [30].
However, despite clear evidence for the occurrence of
such extrinsic impurities in a-Al2O3, much less is known
about the effects of these defects on the electronic prop-
erties of the material. For instance, it is not clear whether
such defects give rise to deep levels in the band gap that

could lead to leakage channels, and thereby affect the per-
formance of a-Al2O3 as an insulator in MOS devices.
Similarly, given the large band gap of a-Al2O3 (6.1–7.0
eV [31–33]), it is unclear by what mechanism holes that
are photogenerated in the valence band of hematite pho-
toanodes migrate through the alumina overlayer in water
splitting devices [24]. Point defects could underlie these
observations and their possible role should hence be clari-
fied.

While native defects in a-Al2O3 have been the object of
several experimental and theoretical investigations [15,34–
38], far less attention has been devoted to extrinsic defects
in the literature, especially in theoretical works. Indeed,
theoretical studies on impurities, such as carbon, nitrogen
and hydrogen have been carried out by taking into con-
sideration only the crystalline phases of Al2O3 [39–44]. In
particular, Choi et al. [39] investigated the defect levels
associated with carbon and nitrogen impurities in α-Al2O3.
Carbon has been found to induce charge transition levels
near the conduction-band edges of semiconductors such
as III-As, Si and GaN, and has been indicated as a pos-
sible origin of border traps and/or leakage currents [7,45],
while nitrogen was postulated to act as a source of negative
fixed charge [39]. Interstitial hydrogen impurities in α and
κ-Al2O3 have been reported to be amphoteric with a +1/1
defect level lying at 5.3–5.8 and 3.3 eV above the respec-
tive valence band maxima (VBM) [40,43,44]. This very
different location with respect to the VBM impairs the use
of crystalline phases as models for the amorphous oxide.
More generally, the crystalline phases differ from the amor-
phous one in structure, density and band gap [46], making
it difficult to carry over results achieved for crystalline
Al2O3 to the amorphous phase. Therefore, it is necessary to
explicitly account for the disordered nature of the structure
when addressing defects in a-Al2O3.

The combined use of ab initio molecular dynamics
simulations and hybrid-functional electronic-structure cal-
culations has been successfully demonstrated in the study
of intrinsic defects in a-Al2O3 [15]. In particular, oxygen
vacancies and interstitials were addressed and it has been
found that such defects do not give rise to any localized
electronic state in a-Al2O3, unlike in crystalline phases of
alumina. The amorphous structure is systematically able
to assimilate the generated defect through structural rear-
rangements. The imbalance of oxygen simply leads to a
nonstoichiometric compound in which the oxygen occurs
in the form of O2− ions.

In this work, we study extrinsic defects in amorphous
alumina focusing on hydrogen, carbon and nitrogen impu-
rities. We aim at describing the formation energies and
the thermodynamic charge transition levels of stable defect
states. To this end, we use a combination of ab initio
molecular dynamics simulations and hybrid functional
calculations. The charge state of the extrinsic defect is
clearly defined in the case of hydrogen and is analogous
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to the descriptions achieved for crystalline phases. In the
case of carbon and nitrogen impurities, our simulations
reveal defect first-neighbor shells with a variety of com-
positions. To identify the nominal charge state of such
extrinsic defects, we apply an electron counting rule based
on maximally localized Wannier functions, and identify,
on the basis of the local charge, the atoms of the amor-
phous system that should be considered inherent to the
inserted impurity. We find that all the identified defect
configurations are neutral for the carbon impurity and posi-
tively charged for the nitrogen impurity without any charge
transition level in the band gap for either impurity. Fur-
thermore, our scheme allows us to highlight that the most
stable form of the defect depends on the oxygen chem-
ical potential. Finally, we discuss the alignment of the
identified defect levels with respect to the band edges of
technologically relevant semiconductors.

This paper is organized as follows. In Sec. II, we
describe the theoretical framework employed here for cal-
culating defect formation energies, provide computational
details and define the protocol used for generating defects
in a model structure of a-Al2O3. The latter includes a
cycling procedure to properly achieve the energetics of
defects in amorphous oxides. In Sec. III, we present defect
formation energies for extrinsic hydrogen, carbon and
nitrogen impurities. The defect levels identified in a-Al2O3
are aligned in Sec. IV with respect to the band edges of
GaAs, GaN and α-Fe2O3. Finally, we draw conclusions in
Sec. V.

II. METHOD

A. Defect formation energy

The formation energy Ef [X q] of a defect X in its charge
state q as a function of Fermi energy εF referred to the
VBM is given by the following equation [13,47]:

Ef [X q] = Etot[X q] + Eq
corr − Etot[Al2O3]

−
∑

i

niμi + q[εF + εv + �υ0/b], (1)

where Etot[X q] is the total energy of the supercell with
a defect X in the charge state q, Etot[Al2O3] is the total
energy of bulk a-Al2O3, ni is the number of added or
subtracted atoms of the species i needed to create the
defect X and μi is the respective chemical potential. εv

is the valence band maximum of bulk a-Al2O3. Here,
unless stated otherwise, the chemical potentials of hydro-
gen (μH ), nitrogen (μN ) and oxygen (μO) are set to half
the energy of an isolated hydrogen, nitrogen or oxygen
molecule, respectively. The chemical potential of carbon
is defined as μC = Etot[CO2] − 2μO, where Etot[CO2] rep-
resents the energy of an isolated carbon dioxide molecule.
The potential alignment term �υ0/b accounts for the poten-
tial shift between the pristine bulk and the neutral defect

calculation [13]. Finally, Eq
corr corrects for finite-size effects

due to the long-range nature of the Coulomb interaction,
which affects charged systems under periodic boundary
conditions (PBC). Here, we adopt the scheme proposed by
Freysoldt, Neugebauer and Van de Walle (FNV) [13,48].
In the FNV framework, the electrostatic finite-size correc-
tion energy is expressed as follows:

Ecorr = Elatt − q�q/0, (2)

where Elatt is the classical interaction energy of a Gaussian
model charge distribution in a neutralizing background and
q�q/0 is a potential alignment term, which is related to the
extent of the charge distribution. This term can be deter-
mined by comparing the electrostatic potential obtained
from the model charge to the difference between the
potentials of a charged and neutral defect in the density-
functional-theory calculation at a large distance from the
defect.

The formation energies vs εF also give the charge transi-
tion levels. For a transition between charge states q and q′,
the charge transition level ε(q/q′) corresponds to the spe-
cific value of εF for which the formation energies of the
defect in the charge states q and q′ are equal: Ef [X q] =
Ef [X q′

]. This gives the following expression for ε(q/q′):

ε(q/q′) = (Etot[X q] − Etot[X q′
]) + (Eq

corr − Eq′
corr)

q′ − q

− (εv + �υ0/b). (3)

B. Computational details

In this work, we investigate all defects by using a com-
bination of ab initio MD simulations and hybrid functional
calculations. All the calculations performed in our work
are carried out with the freely available CP2K/QUICKSTEP
package [49], which takes advantage of a combined atomic
basis sets/plane waves approach. Analytical Goedecker-
Teter-Hutter pseudopotentials [50,51] are used to treat
core-valence interactions. We use a triple-zeta correlation-
consistent polarized basis set (cc-pVTZ) [52] for H, O,
C, and N atoms, and the shorter range molecularly opti-
mized double-zeta basis set with one polarization function
(DZVP-MOLOPT-SR-GTH) [53] for Al atoms. A cut-off
of 500 Ry is employed for the plane waves. Structural
relaxations and MD simulations are carried out within
the generalized gradient approximation (GGA) through the
use of the Perdew, Burke and Ernzerhof (PBE) functional
[54]. It is well known that GGA functionals underestimate
band gaps. This failure of GGA is particularly dramatic for
materials with a wide band gap, such as a-Al2O3. Since
the incorrect description of the band gap can also affect the
accuracy of the defect energy levels, all electronic structure
calculations in this work are performed with the Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional [55,56], upon
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the achievement of structural configurations at the PBE
level. In particular, we set the fraction of Fock exchange
α to 0.44 and keep the inverse screening length fixed at
its default value (μ = 0.11 bohr−1), in order to preserve
the accuracy of the functional [57]. This computational set-
up correctly reproduces the experimental gap of α-Al2O3
at zero temperature (9.13 eV) [46,58]. For the band gap
of a-Al2O3, we then obtain 6.64 eV in accord with the
experimental range (6.1–7.0 eV) [31–33] and previous cal-
culations (6.67 eV) [46]. When the structure is relaxed
at the HSE level, we find a decrease of about 1.3% in
the lattice parameters of the supercell and a correspond-
ing increase of the band gap by 0.2 eV. This effect is
within the uncertainty of our density functional scheme
and will be neglected in this work. Calculations within the
hybrid functional scheme are carried out using the aux-
iliary density matrix method (ADMM) implemented in
CP2K [59–61]. This method, which features the calcula-
tion of exchange integrals in a small auxiliary basis set,
largely speeds up the otherwise computationally expensive
calculations at the hybrid functional level.

C. Model generation

We use the model of a-Al2O3 generated in Ref. [46],
which features an orthorhombic supercell containing 64 Al
and 96 O atoms, with lattice constants of 11.47, 11.24,
and 12.78 Å, corresponding to a mass density of 3.29
g/cm3 in accord with the experimental range (3.05–3.65
g/cm3) [62–64]. This bulk model has been produced via
ab initio MD simulations through a quench from the melt.
The obtained structure shows good agreement with neutron
diffraction experiments [46,62]. Defect structures are gen-
erated by a two-step procedure. First, we identify available
voids in the amorphous structure, in which the extrinsic
impurity (H, C, or N) is placed. For this, we carry out a
Voronoi analysis, which determines the position and the
size of the available voids. For each considered impurity
and for each considered charge state, 10 such voids with
radii between 1.7 and 2.5 Å are selected and 10 different
initial configurations are generated by placing the impurity
at their centers. Next, each initial configuration is allowed
to evolve through ab initio MD simulations in the NVT
ensemble for a duration of 3 ps. The temperature is set at
1000 K through a Nosé-Hoover thermostat [65,66]. In this
way, the extrinsic impurity can optimize its structural con-
figuration on an affordable time scale. It should be noted
that the barriers that can be overcome with such a temper-
ature are just of the order of 0.1 eV. In our simulations,
these barriers are overcome in a couple of picoseconds.
Hence, the corresponding barriers should easily be over-
come at typical experimental growth temperatures when
much longer relaxation time scales of the order of minutes
or hours are allowed. We then sample structural configu-
rations at simulation times of 1, 1.5, 2, 2.5, and 3 ps from

every MD trajectory and fully relax the structures until the
forces are smaller than 10−4 Ha/bohr. Among these five
relaxed configurations, only the lowest-energy one is kept
for further investigation, resulting in 10 models for each
extrinsic species in a given charge state. During the MD
runs, the structural rearrangement induced by the defect is
always accompanied by a general relaxation of the amor-
phous structure. To minimize the influence of this effect
on the defect formation energy, we carry out a cycling
procedure, as proposed earlier in the study of defects in
amorphous HfO2 [14] and Al2O3 [15]. In this procedure,
we first remove the inserted impurity from its relaxed
configuration and relax the resulting structure. Then, we
reinsert the impurity and relax the structures again. The
cycling is continued until the total energies of both the
defective and the pristine bulk systems converge within
10−3 eV. In this procedure, we only retain the model when
the final configuration for the pristine amorphous system
shows an energy that is lower than its initial energy and a
band gap that does not differ by more than 0.2 eV from the
initial one.

In our study, we consider only interstitial impurities, but
in all possible charge states. Such a study comprehensively
covers other defect generation schemes, such as those used
when creating substitutional defects. In fact, substitutional
defects lead to a modification of the relative amount of Al
and O atoms, which can be accounted for by modifying
the charge added to the simulation cell (cf. Ref. [15]). For
instance, the case of a C impurity substitutional to O in the
neutral charge state is equivalent to that of an interstitial C
in the charge state −2.

III. EXTRINSIC DEFECTS

A. Hydrogen

We first focus on hydrogen, which has been extensively
investigated in crystalline Al2O3 [40–43], as well as in
numerous other oxides [14,42,43,67–73]. In our calcula-
tion, three charge states are considered: +1, 0, and −1.
Upon MD, the H+ is found to bond either to a twofold
[Fig. 1(a)] or to a threefold coordinated O atom [Fig. 1(b)].
On average, configurations with attachments to twofold
coordinated O atoms are found to be 0.75 eV more stable
than those involving threefold coordinated O atoms. Simi-
larly, H− can form single bonds to Al atoms [Fig. 1(d)], but
it can also bridge two Al atoms [Fig. 1(c)], with the latter
configuration being ∼0.9 eV more stable.

In order to investigate the stabilization effect resulting
from the MD simulations, the configurations achieved by
MD and by structural relaxation only are compared. For
H+ and H−, the achieved structural configurations show a
similar first-neighbor coordination shell. However, a differ-
ent description applies to the case of the neutral hydrogen
atom (H0). After structural relaxation without performing
any MD, H0 stays at the center of the void, minimizing
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(a)

(c) (d)

(b)

FIG. 1. Relaxed atomic configurations of H+, bonding (a) to a
twofold coordinated O atom and (b) to a threefold coordinated O
atom, and of H− (c) bridging two Al atoms and (d) bonding to a
single Al atom. Al atoms are shown in cyan, O atoms in red, and
H atoms in white.

the interactions with the surrounding atoms, as previously
found in other oxides [14,42,43]. At variance, upon MD,
the H atom bonds to an O atom [cf. Figs. 1(a) and (b)].
This implies that the neutral H atom undergoes oxidation
and becomes positively charged (H+). The missing elec-
tron has been donated to the conduction band (CB) of
a-Al2O3, as attested by the delocalized nature of the high-
est occupied Kohn-Sham orbital (HOMO). In experiments,
the detached electron may give rise to the formation of neg-
atively charged defects. In any event, the present results
clearly indicate that neutral H cannot occur in a-Al2O3.

The formation energies of H in a-Al2O3 are shown in
Fig. 2(a) as a function of Fermi level for the charge states
+1, −1, and 0. For each charge state, we find that the
average formation energies upon MD are lower than those
achieved without MD by ∼0.6 eV, indicating that the MD
runs significantly contribute to the stabilization of hydro-
gen impurities in amorphous oxide models. As found in
numerous semiconductors and oxides [43,74], the stable
states correspond to the charge states +1 and −1. We also
note that when the Fermi level is in the CB, the energy of
H0 is higher than that of H+ upon MD, further supporting
that H0 is unstable. Upon MD, the +1/−1 charge transition
level is found in the gap of a-Al2O3 at 4.63 eV above the
VBM. Otherwise, when only structural relaxations are per-
formed, this level is found at 4.65 eV, barely different from
the case with MD. For both H+ and H−, we also exam-
ine the density of states (DOS) and do not observe any
single-particle energy level in the band gap of a-Al2O3.
In Fig. 2(b), the calculated defect level due to hydrogen is
compared with previous calculations for crystalline phases

(a)

(b)

FIG. 2. (a) Average formation energies of hydrogen in a-Al2O3
as a function of the Fermi energy (εF ) referred to the VBM,
obtained with (solid) and without (dashed) MD simulations. The
+1/−1 charge transition level is marked by black arrows. (b) The
calculated defect level is compared with corresponding ones in
κ-Al2O3 [40] and in α-Al2O3 [43,44]. The band structures of
the three phases of alumina are aligned through the 2s level of
twofold coordinated O atoms following Ref. [46]. The univer-
sal hydrogen level (red dotted) of Ref. [74] is included through
the alignment between GaAs and a-Al2O3 measured in Refs.
[31–33].

of Al2O3 [40,43,44]. One notices that the level found in
the amorphous oxide differs noticeably from both results
obtained with crystalline models. Interestingly, the former
falls within 0.4 eV of the universal hydrogen level of Van
de Walle and Neugebauer [74], while the latter differ from
this level by more than 1 eV.

Experimental work has revealed that an ultrathin layer
of a-Al2O3 deposited on hematite can greatly enhance its
performance in splitting water [24]. However, hydroxyl
ions in water may penetrate into the voids of a-Al2O3, and
corrode the overlayer. With the aim of clarifying the nature
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FIG. 3. Average formation energies of interstitial OH−, H+,
and O2− in a-Al2O3 as a function of Fermi level referred to the
VBM, as obtained upon MD runs. The sum of the formation ener-
gies of H+ and O2− is also given (black) to be compared with that
of OH− (red).

and the potential impact of hydroxyl ions, we include
this impurity in our study and consider two charge states
(OH− and OH0). Upon MD simulations, the interstitial
OH− in a-Al2O3 is found to merge with the amorphous
network, the inserted O atom bonding to two or three Al
atoms. The obtained configurations precisely correspond to
those of H+ in a-Al2O3 [cf. Figs. 1(a) and 1(b)]. The full
assimilation of the OH− into the amorphous structure is
also supported by the energetics. Indeed, Fig. 3 shows that
the formation energy of OH− barely differs from the sum
of the formation energies of O2− and H+. Insofar that OH−

is equivalent to the combination of H+ and O2−, there are
no single-particle energy levels in the band gap associated
with OH−. As far as OH0 is concerned, the same behavior
is observed as for OH−. Inspection of the lowest unoccu-
pied molecular orbital (LUMO) reveals that the extra hole
is found in a localized state shared by two O atoms of the
amorphous oxide. Full relaxation of the structure at the
HSE level also confirms this picture.

B. Carbon

We investigate carbon as a possible impurity in a-Al2O3,
as metal-organic precursors are often used in the ALD
technique when growing this oxide [30,75,76]. In mono-
clinic HfO2, carbon has been suggested to occur in various
configurations with the charge imbalance being compen-
sated by an additional defect, such as an oxygen vacancy
[77]. In order to broadly explore carbon-related configura-
tions in a-Al2O3, the carbon impurity is positioned at the
centers of 10 different voids after which the geometry is
optimized by performing MD. This procedure is repeated
for different total charges Q of the simulation cell. Since
carbon atoms assume even oxidation states in their oxide
(e.g., CO and CO2) and hydride (e.g., CH4 and C2H4)

molecules, we start our investigation by first considering
the total charge Q = +4, +2, 0, −2, and −4. It is impor-
tant to realize that the nominal charge q carried by the
carbon impurity and appearing in the definition of the for-
mation energy in Eq. (1) does not necessarily correspond
to the total charge Q, as the added charge could localize
elsewhere in the simulation cell.

The configurations of the carbon impurity resulting from
our investigation for each total charge Q are shown in
Fig. 4. For Q = 0, we identify two kinds of structures.
In one of them, the C impurity shows sp3 hybridiza-
tion and bonds to two oxygen atoms and two aluminium
atoms [cf. Fig. 4(d)]. In the other one, the C impurity is
sp2 hybridized and shows a first-neighbor shell with one
double-bonded O atom and two single-bonded Al atoms
[cf. Fig. 4(c)]. For Q = −2 and Q = −4, we find car-
bon in sp3 configurations, with either three Al atoms and
one O oxygen atom or four Al atoms in the first-neighbor

(a) (c)

(d)

(b)

(e) (f)

FIG. 4. Carbon-related defect configurations and their skeletal
formulas, as obtained with total charge Q = +4, +2, 0, −2, and
−4. In the atomic configurations, Al, O, and C atoms are shown
in cyan, red, and blue, respectively. In addition, the centers of the
relevant maximally localized Wannier functions are indicated by
small green spheres.

024040-6



EXTRINSIC DEFECTS IN AMORPHOUS OXIDES... PHYS. REV. APPLIED 11, 024040 (2019)

FIG. 5. Absence of charge transition levels of carbon and nitro-
gen impurities in a-Al2O3 compared with the levels for the same
impurities in α-Al2O3 reported in Ref. [39]. The latter include
defect levels from substitutional sites to Al (red), substitutional
sites to O (green) and interstitital sites (black). The alignment
between a-Al2O3 and α-Al2O3 is taken from Ref. [46].

shell, respectively. For Q = +2 and Q = +4, the carbon
impurity is sp2 hybridized. In the case Q = +2, the first-
neighbor shell of the carbon atom consists of one alu-
minium atom and two oxygen atoms, one of the latter being
double bonded, i.e., showing a π bond in addition to a σ

bond. For Q = +4, the defect configuration corresponds
to a planar CO3 structure, in which one of the O atoms is
double bonded.

In order to rationalize the electronic structure of these
defect configurations, we adopt an analysis based on maxi-
mally localized Wannier functions (WF) [78], which yields
a real-space representation of the electron localization. The
centers of these WFs are indicated by small green spheres
in Fig. 4. Such a WF analysis allows us to distinguish the
nature of the chemical bonds (single vs double bonds), and
hence to determine the nominal charge state of the C impu-
rity. The WF analysis enables electron counting, which
reveals that four electrons can be assigned to the carbon
impurity in all defect configurations (cf. Fig. 4), corre-
sponding to a nominally neutral defect state with q = 0.
Since all the identified defect states are locally neutral,
there are no thermodynamic charge transition levels in the
band gap. This important result is illustrated in Fig. 5,
where the absence of any charge transition level in a-Al2O3
is contrasted with the multitude of charge transition lev-
els found for the carbon impurity in crystalline α-Al2O3
[39]. We note that the nominal charge of the defect cor-
responds to the charge added to the simulation cell in the
case of crystalline materials. The differences in Fig. 5 high-
light that the properties of defects in an amorphous oxide

cannot be inferred by relying on the study of crystalline
counterparts.

From the configurations found in Fig. 4, we note that
the number of O atoms in the first-neighbor shell reduces
with Q decreasing from Q = +4 to Q = −4, suggesting
a connection between total charge and available O atoms.
This is consistent with a previous study on intrinsic defects
in a-Al2O3, in which it was found that adding or remov-
ing O2− just produces a defect-free nonstoichiometric
oxide (a-Al2O3±δ) [15]. Following these lines, the charge
imbalance resulting from Q �= q can be associated with
the addition or removal of O2− ions to the core of the
defect, similar in spirit to the dopant compensation found
in HfO2 [77].

Let us focus, for instance, on the case Q = +4. In this
case, a neutral defect with q = 0 is obtained by consider-
ing that two O2− ions of the amorphous structure should
actually be considered as an inherent part of the defect, as
illustrated graphically in Fig. 6. We, therefore, effectively
focus on a neutral defect core unit composed of C4+ and
two O2−. The formation energy of such a neutral defect
unit can then be expressed with respect to a host consisting
of Al2O3 with two missing O2− ions:

Ef [C4+ ⊕ 2O2−] = Etot[Al2O3 ⊕ C4+] − μC − 2μO

− Etot[Al2O3 � 2O2−], (4)

where Etot[Al2O3 ⊕ C4+] refers to the total energy of the
simulation cell with the carbon impurity and Q = +4,
and Etot[Al2O3 � 2O2−] to the total energy of a pristine
amorphous system of the same size from which two O2−

ions have been removed. Following the same rationale,
defect core units can be established for the other values
of Q and have been summarized in Table I. We give the
corresponding formation energies explicitly:

Ef [C2+ ⊕ O2−] = Etot[Al2O3 ⊕ C2+] − μC − μO

− Etot[Al2O3 � O2−], (5)

Ef [C0] = Etot[Al2O3 ⊕ C0] − μC − Etot[Al2O3], (6)

FIG. 6. Schematic representation of charge compensation
induced by the insertion of carbon in the simulation cell under
the condition of total charge Q = +4.
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Ef [C2− � O2−] = Etot[Al2O3 ⊕ C2−] − μC + μO

− Etot[Al2O3 ⊕ O2−], (7)

Ef [C4− � 2O2−] = Etot[Al2O3 ⊕ C4−] − μC + 2μO

− Etot[Al2O3 ⊕ 2O2−]. (8)

A general expression for Eqs. (4)–(8) can be cast in the
form

Ef [CQ � nO2−] = Etot[Al2O3 ⊕ CQ] − μC + nμO

− Etot[Al2O3 ⊕ nO2−], (9)

where n = −(Q − q)/2, with q = 0 and Q = +4, +2, 0,
−2, and −4. In Eq. (9), all quantities are known except the
last term, Etot[Al2O3 ⊕ nO2−], with n = −2, −1, 0, +1,
and +2. Such terms can be related to the formation energy
of n O2− ions:

Ef [nO2−] = Etot[Al2O3 ⊕ nO2−] − nμO − Etot[Al2O3]

− 2n(εF + εv), (10)

where finite-size corrections and alignment terms have
been omitted for clarity. Assuming linearity, we further
express the formation energy of n O2− ions in terms of that
of a single O2− ion:

Ef [nO2−] = n · Ef [O2−], (11)

where the formation of a single O2− ion can be expressed
as [15]

Ef [O2−] = Etot[Al2O3 ⊕ O2−] − μO − Etot[Al2O3]

− 2(εF + εv). (12)

Combining Eqs. (10)–(12), we obtain the following
expression in terms of total energies that can explicitly be
calculated:

Etot[Al2O3 ⊕ nO2−] = n · Etot[Al2O3 ⊕ O2−]

− (n − 1) · Etot[Al2O3]. (13)

Our analysis shows that the defect core units contain a
variable number of oxygen atoms. Therefore, their defect
formation energies show a different dependence on the
oxygen chemical potential μO, as can be seen from Eqs.
(4)–(8). To study this dependence, we allow the oxygen
chemical potential to vary from oxygen-rich conditions
to oxygen-poor conditions. In oxygen-rich conditions, the
chemical potential is set to half the total energy of an
isolated O2 molecule: μrich

O = 1
2 Etot[O2]. In oxygen-poor

conditions, μO is set by taking μAl from Al metal and by

TABLE I. Charge in the simulation cell Q, nominal defect
charge q, inferred defect core unit and observed atomic structure
for the carbon impurity in a-Al2O3.

Q q Core unit Atomic structure

+4 0 C4+ ⊕ 2O2− CO3

+2 0 C2+ ⊕ O2− AlCO2

0 0 C0 Al2CO2 and Al2CO
−2 0 C2− � O2− Al3CO
−4 0 C4− � 2O2− Al4C

imposing the equilibrium condition between μO and μAl in
Al2O3. This gives

μ
poor
O = Efu

tot[Al2O3] − 2Eat
tot[Al]

3
, (14)

where Efu
tot[Al2O3] is the total energy per formula unit

for our bulk a-Al2O3 model and Eat
tot[Al] the total energy

per atom for Al metal, which we calculate using a
face-centered cubic bulk. Taking μrich

O as reference, we
determine μ

poor
O to be −5.33 eV.

In Fig. 7, we display the formation energies of C-related
defects in a-Al2O3 as a function of oxygen chemical poten-
tial. As μO decreases from 0 to −5.33 eV, the most stable
defect configurations sequentially change from CO3 to
Al3CO, and Al4C. In particular, we note that the two
configurations found for Q = 0, i.e., Al2CO and Al2CO2,
which differ in formation energy by only 0.18 eV, are
both metastable. This result is consistent with experimental
FTIR observations, which have identified the coexistence
of C=O and O—C—O moieties [79]. It is also of interest
to compare the formation energies obtained for the amor-
phous with corresponding ones obtained in Ref. [39] for
the crystalline phase of α-Al2O3. This comparison can be

FIG. 7. Formation energies of various defect configurations
related to the carbon impurity as a function of oxygen chemi-
cal potential. The latter is referred to its value in oxygen-rich
conditions.
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(a) (c) (d)(b) FIG. 8. Nitrogen-defect-related
configurations and their skeletal
formulas, as obtained with total
charge Q = +3, +1, −1, and −3.
In the atomic configurations, Al,
O, and N atoms are shown in cyan,
red and purple, respectively. In
addition, the centers of the rele-
vant maximally localized Wannier
functions are indicated by small
green spheres.

made for the neutral O interstitial at μO = −0.65 eV, for
which we calculate a formation energy of about 2.2 eV (cf.
Fig. 7), much lower than the value of ∼9.5 eV found for
the crystal [39].

For the carbon-related defects identified here, we further
investigate the DOS to determine the occurrence of single-
electron energy levels in the band gap. In our scheme, such
single-particle levels can be taken as a good approxima-
tion of vertical charge transition levels since the adopted
hybrid functional accurately reproduces the band gap of
a-Al2O3 [80]. For the CO3 and AlCO2 configurations,
there are no such energy levels in the gap, in analogy to
the CO3 defect in HfO2 [77]. At variance, the Al2CO and
Al2CO2 structures give rise to an occupied defect state at
∼2.0 eV above the VBM. Similarly, two and three occu-
pied defect states occur in the range from 1.5 to 3.0 eV
above the VBM for Al3CO and Al4C, respectively. The
occurrence of such states is consistent with the exper-
imental finding that photocurrents are induced by sub-
band-gap photons in amorphous samples of anodic-barrier
Al2O3, which contain a sizeable concentration of carbon
impurities [79].

To complete our investigation of carbon-related defects,
we also consider the case of odd values of total charge
Q. Upon MD, we find that for all odd values of Q
carbon defect states show an unpaired electron. Next,
we investigate a double-sized simulation cell contain-
ing two such carbon defects and perform further MD.
In all cases, we observe disproportionation with the two
odd-Q-valued defects transforming to the carbon defect
configurations found above for Q − 1 and Q + 1 (cf.
Fig. 4). This transition is accompanied by a significant
decrease in total energy certifying that 2EQ

tot > EQ−1
tot +

EQ+1
tot for odd values of Q. On this basis, the carbon

configurations resulting from odd values of Q can con-
clusively be ruled out as thermodynamically stable defect
configurations.

C. Nitrogen

Nitrogen is often incorporated into a-Al2O3 either
intentionally or unintentionally due to the use of
metal-organic precursors during growth. Therefore, we
study this impurity in a-Al2O3 following the same protocol
adopted for carbon. However, unlike carbon, the isolated
N atom carries five valence electrons and we thus start
our investigation by considering odd values of Q, i.e.,
Q = +5, +3, +1, −1, and −3. The nitrogen-related con-
figurations that are identified as Q is varied are shown in
Fig. 8. In particular, we find AlNO2, Al2NO2, Al3NO, and
Al4N for Q = +3, +1, −1, and −3, respectively. We note
that the nitrate-like NO3 configuration does not occur. For
Q = +5, we find the same AlNO2 defect configuration
obtained for Q = +3 [cf. Fig. 8(a)], the two extra holes
being trapped through the formation of a peroxy linkage
[15]. More generally, one can note that the nitrogen defect
configurations identified for a total charge Q correspond to
the carbon ones for Q′ = Q − 1, accounting in this way for
the fact that N possesses one extra valence electron com-
pared to C. In the AlNO2 configuration, the N impurity
shows a sp2 hybridization, with a double bond between N
and one of the O atoms [see skeletal formula in Fig. 8(a)].
At variance, the nitrogen impurity is sp3 hybridized in the
other configurations. Inspection of the DOS reveals that the
AlNO2 configuration shows an unoccupied single-particle
energy level at 4.8 eV above the VBM, corresponding to
an antibonding π orbital. The Al2NO2, Al3NO, and Al4N
configurations give rise to occupied single-particle energy
levels in the lower part of the band gap, within 1 eV from
the VBM.

Adopting the electron counting rule based on a WF anal-
ysis, we find that in all configurations, four electrons are
associated with the nitrogen impurity. This implies that the
nominal charge state of the impurity is always q = +1, and
consequently, no thermodynamic charge transition level
associated with the nitrogen impurity occurs in a-Al2O3.
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TABLE II. Charge in the simulation cell Q, nominal defect
charge q, inferred defect core unit and observed atomic structure
for the nitrogen impurity in a-Al2O3.

Q q Core unit Atomic structure

+3 +1 N3+ ⊕ O2− AlNO2
+1 +1 N1+ Al2NO2

−1 +1 N1− � O2− Al3NO
−3 +1 N3− � 2O2− Al4N

As for carbon, this conclusion contrasts with results found
for crystalline phases (cf. Fig. 5) [39].

To account for the local defect charge q = +1, we define
defect core units by including a suitable number of O2−

atoms (cf. Table II). Their formation energies are then cal-
culated following the same rationale used for the carbon
impurity through the following general expression:

Ef (NQ � nO2−) = Etot[Al2O3 ⊕ NQ] − μN + nμO

− Etot[Al2O3 ⊕ nO2−] + εF + εv ,
(15)

where n = −(Q − q)/2 with q = +1 and Q = +3, +1,
−1, and −3. In Eq. (15), finite-size corrections and align-
ment terms have been omitted for clarity. Fixing the Fermi
level at the VBM, we display these formation energies as
a function of oxygen chemical potential in Fig. 9. It is seen
that the most stable defect configurations rapidly lose O
atoms from their first-neighbor shell as the oxygen chemi-
cal potential moves away from oxygen-rich conditions. In
particular, for μO < −1.3 eV, the prevalent defect structure
in a-Al2O3 is Al4N. This observation is quite consistent
with the conclusion reported in Ref. [39] that nitrogen
incorporates into the oxide by replacing O atoms (NO).

We also investigate the nitrogen impurity in our model
of a-Al2O3 by setting the total charge Q to even values,
i.e., Q = +4, +2, 0, and −2. For Q = +4, we find the
same defect configuration AlNO2 found in the case of
Q = +3, but with an extra hole in the valence band. For
Q = +2, 0 and −2, we find defect structures with unpaired
electrons on the nitrogen impurity, but all of them undergo
disproportionation to structures pertaining to Q + 1 and
Q − 1 when doubling the simulation cell in an analogous
way as seen for odd values of Q in the case of the carbon
impurity. Hence, we conclude that no other nitrogen defect
structures occur than those reported in Fig. 8.

IV. ALIGNMENT TO SEMICONDUCTOR BAND
EDGES

In this section, we discuss the possible electrical activ-
ity of the defect levels identified in this work. For this
purpose, we first align the band structure of a-Al2O3 to
the band edges of three semiconductors (GaAs, GaN, and

FIG. 9. Formation energies of various defect configurations
related to the nitrogen impurity as a function of oxygen chem-
ical potential. The latter is referred to its value in oxygen-rich
conditions. The formation energies are determined for the Fermi
level fixed at the VBM.

α-Fe2O3), which are relevant for technological applica-
tions. The Fermi level is bound to the range that encom-
passes the band gap and its position determines the stable
charge states that can be found in the oxide. For GaAs and
GaN, we take the band alignment with respect to a-Al2O3
from photoemission experiments [31–33,81], which pro-
pose valence band offsets of 3.8 and 1.1 eV, respectively.
For α-Fe2O3, we rely on the band alignment put forward
in Ref. [82]. The band alignment obtained in this way is
illustrated in Fig. 10.

Additionally, we include the charge transition levels
determined for hydrogen, carbon and nitrogen impurities
in a-Al2O3. Since carbon and nitrogen do not give any
defect level in the band gap, this sums up considering
only the −1/+1 charge transition level of hydrogen.

FIG. 10. Band alignment between three different semiconduc-
tors, i.e., GaAs, GaN, α-Fe2O3, and a-Al2O3. The charge transi-
tion levels for hydrogen, carbon and nitrogen found in this work
are indicated together with the double-hole polaron (2 h+), cor-
responding to the formation of a peroxy linkage [15]. The band
alignment is taken from experiment [31–33,81,82].
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To complete the picture, we also include the +2/0 charge
transition level associated with the self-trapped double
polaron, as inferred in Ref. [15] from the study of intrinsic
defects in a-Al2O3.

For GaAs, only the −1/+1 charge transition level
of hydrogen lies in the range of the band gap. Hence,
hydrogen impurities in a-Al2O3 may contribute to gate
leakage currents and degrade the performance of MOS
devices based on GaAs. For GaN and α-Fe2O3, the hydro-
gen defect level in a-Al2O3 is found in the proximity of
the conduction band minimum, and might constitute a trap
for free electron carriers. Furthermore, this suggests that
hydrogen is in a positively charged state for most Fermi
levels in the band gaps of these materials.

Also, the +2/0 charge transition level associated with
the peroxy linkage falls in the range of the band gap
for GaN and α-Fe2O3. This level might thus constitute
a conduction channel for hole leakage in p-type doping
conditions for these materials. In particular, in the case
of α-Fe2O3, this level could explain the observations in
Ref. [24], in which hole conduction was observed across
an overlayer of a-Al2O3 on hematite. The +2/0 level of
the double polaron lies at only 0.25 eV from the VBM
of α-Fe2O3. This alignment favors the injection of holes
from α-Fe2O3 into a-Al2O3, which could diffuse across
the oxide through the sequential formation and breaking
of O–O pairs, as proposed for hole diffusion in a-TiO2
[83]. Furthermore, the small offset between the VBM of
α-Fe2O3 and the +2/0 level would not significantly affect
the energy of photogenerated holes and thus preserve the
catalytic properties of α-Fe2O3 in the oxidation of water.

V. CONCLUSION

In conclusion, we investigate the structural and elec-
tronic properties of hydrogen, carbon and nitrogen impu-
rities in a-Al2O3. We devote particular attention to finding
the most stable structural configurations through exten-
sive ab initio molecular dynamics in various charge states.
In the case of hydrogen, our approach does not lead to
qualitative differences with respect to calculations based
on straight structural relaxations. Hydrogen is found to be
amphoteric with a +1/−1 charge transition level lying at
∼4.6 eV above the VBM. Hydroxyl groups incorporated
in a-Al2O3 are shown to give rise to defect states equiva-
lent to those of the hydrogen impurity. At variance, in the
case of carbon and nitrogen impurities, we find a series
of structural configurations, which vary depending on the
total charge set in the simulation cell. To identify the nom-
inal charge of the defect, we adopt an electron counting
scheme based on maximally localized WF. In this way,
we infer that carbon and nitrogen impurities in a-Al2O3
only give rise to neutral and singly positive charge states,
respectively. This leads to the astonishing observation that
these impurities do not give any charge transition level in

a-Al2O3, in stark contrast with studies on crystalline mod-
els predicting a multitude of levels. To account for the local
charge of the impurity, we then redefine the core unit of
the defect by which the obtained configurations naturally
depend on the oxygen chemical potential. In oxygen-poor
conditions, both the carbon and the nitrogen favor bond-
ing to Al atoms, while they tend to form single and double
bonds with oxygen atoms as the oxygen chemical potential
increases.

From our study, a picture emerges by which only
two significant charge transition levels occur in a-Al2O3,
namely, the +1/−1 level of hydrogen and the intrinsic
+2/0 level related to the peroxy linkage. Relying on the
experimental band alignment, we can position these levels
with respect to the band edges of three semiconductors of
technological relevance (GaAs, GaN, and α-Fe2O3). The
+1/−1 level of hydrogen in a-Al2O3 falls in the band-gap
range of these semiconductors and can thus degrade the
electronic properties in MOS devices or trap free electron
carriers. On the other hand, the intrinsic +2/0 level is suit-
ably positioned with respect to the valence band maximum
of GaN and α-Fe2O3 for favoring hole transport across
a-Al2O3, thereby providing a rationale for experimental
observations [24].

Overall, the present approach reveals the importance of
identifying the most stable structural configurations when
studying defects in amorphous oxides. Furthermore, our
study highlights the importance of properly defining the
nominal charge of the defect and its core unit. We expect
the procedure outlined in this work to be transferable to
other impurities as well as to other amorphous oxides.
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