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ABSTRACT
Negative charging of amorphous alumina (a-Al2O3) films is important for many applications, but its nature is not yet fully
understood. We investigate whether intrinsic electron traps in a-Al2O3 can contribute to film charging before and after high-
temperature anneal. Amorphous and partially crystallized alumina models are created using the melt-quench approach. Analysis
of a large set of models covering a wide range of film densities using hybrid density functional theory shows both spontaneous and
activated trapping of electrons in a-Al2O3. Spontaneous trapping is found to bemore prominent in high-density, partly crystallized,
models. Two types of traps are found: single-center traps and two-center traps. In the single-center case, electrons localize on
five-coordinated Al ions in tetragonal pyramid coordination. Two-center traps have electron states shared between close Al-
Al pairs. The optical ionization energies of these traps are in the range of 1–4 eV. We discuss these findings in the context of
exhaustive photo-depopulation spectroscopy (EPDS) measurements of trapped electrons in as-deposited and partially crystallized
a-Al2O3 films.
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Introduction

morphous oxide films play an important role in many technolo-
ies as dielectrics in field effect transistors and memories (SiO2,
fO2, Al2O3, for example) and semiconductors (indium gallium
inc oxide (IGZO), Ga2O3, and others) in thin-film transistors
1–4]. Their performance in devices is affected by various degrada-
ion effects attributed to pre-existing and generated defects. Such
efects can trap carriers [5, 6], leading to oxide charging, which
an be detrimental to device performance, for example, through
henomena such as threshold voltage shift in complementary
etal-Oxide-Semiconductor (CMOS) devices. Therefore, studies
f oxide defects and their possible charge states are important
or developing new technology and improving the reliability of
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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devices. Although there is a large number of experimental inves-
tigations into the charging of oxide films, atomistic simulations
are often required to assist the interpretation of the experimental
data and identify defects responsible for charging.

In particular, it is well established that the films of amor-
phous aluminium oxide Al2O3 (a-Al2O3) grown using different
deposition techniques contain a significant density of negative
charges [7–12]. Understanding electron trapping in a-Al2O3 films
is important in the development of charge trap flash memory
cells [11, 12] and amorphous IndiumGalliumZincOxide (a-IGZO)
transistors [13], as well as in understanding the combustion
mechanisms of aluminised solid fuels [14]. Furthermore, in some
applications, the presence of charge is desirable. For example,
se, which permits use, distribution and reproduction in any medium, provided the
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FIGURE 1 Density of trapped electrons per unit area released upon
illumination with monochromatic light with stepwise increase of the
photon energy and normalized to the energy size of the increment. The
results are shown for ALD-grown 20 nm Al2O3 (a) and 19 nm HfO2 (b)
layers in the as-deposited state and after high-temperature crystallization
anneal in N2 ambient at the indicated temperatures.
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-Al2O3 layers in silicon solar cells are often used for electrostatic
urface passivation, and their charging behavior is a key factor in
ell performance [15–17] by introducing substantial band bending
t the silicon side of the Si/a-Al2O3 interface.

he formation of negative charges in alumina can result from
lectron transfer from Si to deep electron traps inside the oxide. A
ide variety of models for electron traps have been introduced,
anging from interstitial oxygen [18] to oxygen vacancies [19]
nd aluminium vacancies [15], as discussed in ref. [20]. Negative
harging of amorphous oxide films can also be caused by electron
rapping at intrinsic sites in the amorphous network, as predicted
n amorphous SiO2, HfO2, and TiO2 [5]. However, the conduc-
ion band minimum (CBM) of crystalline alumina has a high
ispersion (see e.g., [21]) that prevents the formation of electron
olarons. Initial attempts to investigate intrinsic electron trapping
n a-Al2O3 proved unsuccessful, and it has been concluded that
here is no electron trapping in a-Al2O3 [22]. However, later stud-
es have shown that electrons can be trapped at a small number
f Al sites in a-Al2O3 [23] and this can facilitate the formation
f oxygen vacancy - oxygen interstitial pairs contributing to the
ielectric breakdown of a-Al2O3. These studies have shown that
t remains challenging to identify intrinsic electron trapping sites
n a-Al2O3 and other amorphous oxides. In materials where such
rapping has been predicted, such as SiO2 [24], HfO2 [25], TiO2

26], Ge2Sb2Te5 [27], and Al2O3 [23], these electron traps can
ccommodate two electrons, making them invisible to ESR.

herefore, theoretical modeling remains one of the main direct
ethods of studying the atomic nature of these traps.

n this work, we discuss the challenges in modelling these elec-
ron states in amorphous oxides and further develop models of
ntrinsic electron trapping in a-Al2O3 using DFT simulations. In
articular, we investigate whether spontaneous electron trapping
s possible in a-Al2O3. We find a number of structural motifs in
he amorphous structures, which facilitate trapping of electrons
rom the conduction band into highly-localized trap states, which
ay contribute to negative charging. We discuss how these
indings can help to understand the results of exhaustive photo-
epopulation spectroscopy (EPDS) measurements of trapped
lectrons in as-deposited and partially crystallized a-Al2O3 films
resented in the next section.

Experimental Background

he structural identification of the electron trapping sites in a-
l2O3 is hampered by the absence of electron spin resonance
ignals associated with these electron states [15, 18, 28–32]. In this
ontext, EPDS has proven to be a very efficient and accurate tool
or the analysis of the energies of electron trapping sites in thin
xide films, including a-Al2O3 [11]. EPDS measures the energy
evels of the defects bymonitoring the density of electronic charge
emaining in the film after the photo-excitation of electrons
nto the conduction band [11, 33, 34]. Based on the principles
f internal photoemission spectroscopy, it has provided the trap
ensity at various depths in a wide variety of oxide films [35].

n this section, we recap the results of previous EPDS measure-
ents on Al2O3 and HfO2 films. Figure 1 compares the energy
of 10
distributions of trapped electrons emitted from the trapping sites
by optical excitation in Al2O3 (a) and HfO2 (b) layers deposited
on top of tunneling SiO2 layer (4–5 nm thick) thermally grown
on (100)Si substrate [11, 36, 37]. In both cases deep traps, in the
range 2 – 3.5 eV are observed.We note that detection of deep traps
in HfO2 is hampered by electron photoemission from the silicon
valence band (VB) into the conduction band (CB) of tunnel SiO2

resulting in compensating electron trapping in the high-k oxide
at photon energies approaching 4 eV. This results in negative
charging seen in Figure 1b [37].

However, the most remarkable difference between electron trap-
ping in Al2O3 and HfO2 is observed after high-temperature
annealing inN2 atmosphere, which leads to partial crystallization
of oxide films (see, for example, ref. [38]). In the case ofHfO2, the
density of trapped electrons decreases after anneal. In contrast,
the crystallization of alumina into cubic 𝛾-phase results in
significant increase of electron trapping. The high density of
trapped electrons in Al2O3 in combination with lower dielectric
permittivity than in HfO2 induces a retarding electric field
sufficient to block electron photo-injection from Si substrate. As
Advanced Functional Materials, 2026
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result, the trapped electron energy distribution can be studied
ver a wider range of energies below the Al2O3 conduction band
inimum (CBM). It should be mentioned that the position of the
BM is shifted upward by 0.5 eV upon full crystallization due to
he bandgap widening in 𝛾-Al2O3 [39, 40], which can result in a
hift in the position of the levels of electron traps with respect to
hose found in the amorphous phase.

n the following, we discuss whether the formation of single- and
wo-electron traps in a-Al2O3 can contribute to the spectra in
igure 1(a) and explain the difference with a-HfO2 upon anneal.

Methodology

.1 DFT Calculations

e useDFT implemented in the CP2KQuickstep code [41]. CP2K
ses a primary linear combination of atomic orbitals (LCAO)
asis set with an auxilliary planewave basis set. The Goedecker-
eter-Hutter (GTH) pseudopotentials and basis sets are used
42, 43], which use a molecularly-optimized double-𝜁 basis for
he valence electrons in all cases, with higher 𝑙 orbitals used
or polarisation basis functions. An auxiliary planewave basis
et with a cutoff of 7875 eV is used. Due to computer time
imitations, all calculations with an even number of electrons are
on spin-polarized performed in the singlet spin state.

he hybrid functional PBE0-TC-LRC [44] is used to calcu-
ate exchange-correlation (XC) energy. The parameters of this
unctional were tuned to enforce the piecewise linearity with
espect to fractional particle occupations. This parametrization
as previously been used to predict the properties of trapped holes
n a-Al2O3 [45]. Hybrid XC functionals use a non-local operator
o calculate the exchange energy, which is very computationally
xpensive. Therefore, we use the auxiliary density matrix method
ADMM) [46] to improve the efficiency of our calculations,
llowing us to study systems containing several hundred atoms.
ll calculations are performed at the Γ point. In the calculation of
he defect charge transition levels, we used the charge correction
ethod from reference [47]. In no case does the total correction
xceed 0.2 eV.

nalysis of the electronic structure is assisted by calculating the
nverse participation ratio (IPR) of the Kohn-Sham (KS) states.
he IPR exploits the atom-centered basis to give a measure of
ocalization of the KS states. If the KS orbitals are written as
𝑛 =

∑𝑁

𝑖=1 𝑎𝑛𝑖𝜙𝑖 , then the IPR is defined as

IPR(𝜓𝑛) =
∑𝑁

𝑖=1 𝑎
4
𝑛𝑖(∑𝑁

𝑖=1 𝑎
2
𝑛𝑖

)2 (1)

he IPR takes a value from 0 to 1, where zero means that the state
s completely delocalized.

.2 Modelling of Amorphous Structures

n previous calculations, we used ten a-Al2O3 periodic cells
ontaining 360 atoms produced using the melt-and-quench
dvanced Functional Materials, 2026
(M&Q) method in the NPT ensemble and the modified Matsui
interatomic potential [48]. This potential has shown good results
inmodeling liquid and amorphous alumina, as discussed recently
in ref. [49]. The geometries of the generated structures were
further optimized using DFT and are described in detail in
ref. [22]. In ref. [22], however, the models had cell parameters
optimized in PBE and atomic positions optimized with the PBE0-
C-LRC functional. In this work, we have fully optimized both
the cell parameters and atomic positions of the models using the
PBE0-TC-LRC functional. This leads to an increase in the average
density of these models compared to ref. [22], from 3.14 gcm−3

to 3.26 gcm−3, but without change in the distributions of the
coordinate numbers. This density as well as the distribution of
coordination numbers agree well with the experimental data for
the ALD grown films andmodeling of a-Al2O3 samples presented
in ref. [50].

The concentration of electron trapping sites in a-Al2O3 is lower
compared to amorphous HfO2 where a few electron trapping
sites were detected in each periodic cell [25]. Therefore, a much
larger ensemble of amorphous structures is needed for more
reliable predictions. In this work, we extended this ensemble by
including 100 amorphous periodic cells containing 300 atoms
created using the same M&Q procedure and a classical force
field [48], as described in detail in ref. [22] (Figure 2a). In
amorphous structures, the distributions of coordination numbers
change substantially with respect to crystal phases. For example,
in corundum, all Al ions are six-coordinated ([6]Al). However,
in our amorphous Al2O3 models, only 3% are [6]Al, with most
(55 %) being [4]Al, in agreement with [50] (see also discussion in
ref. [51]).

3.3 Modelling Electron Trapping

It is well established that electron localization to form a polaron
in a crystal can require overcoming an energy barrier [52]. In
static DFT calculations, an extra electron added to a periodic cell
is initially delocalized at CBM. Finding a localized solution for
this electron in a perfect crystal requires mimicking the lattice
distortion to initiate the electron localization in a particular lattice
region andbreak the crystal symmetry [53, 54], (a ‘bonddistortion’
method) accompanied by full lattice relaxation.

The computational procedure in the amorphous phase is similar;
however, electrons and holes often localize without initial bond
distortions because the structural disorder breaks the symmetry
and can create the so-called “precursor” sites for electron or hole
trapping. Such sites can be identified by analyzing the character
of the localization of electronic states calculated using the IPR
method. The results of IPR calculations given in ref. [22] show
that there are no localized states at the CBM of a-Al2O3 structures
described there. However, some degree of localization is found in
several structures of a-Al2O3 studied in this work, as discussed in
detail below. If an extra electron is localized without any initial
bond distortion, we refer to this as “spontaneous” because it is
barrier free. However, in some cases, a localized state can only
be found after bond distortions are induced, and without such
distortions the electron remains in a delocalized state at the CBM.
This suggests the presence of an energy barrier between the
delocalized and localized states. We call this trapping “activated”.
3 of 10
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FIGURE 2 (a) Ball-and-stick structure of a unit cell of one of the
low-density a-Al2O3 periodic cells. (b) Ball-and-stick structure of a unit
cell of a high-densityAl2O3model. The density of themodel shown is 3.47
gcm−3. The model has a higher amount of crystallinity, however, disorder
is still clearly observable in the system. Peach balls indicate Al ions, read
balls indicate O ions.
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o characterize the thermal stability of the electron traps, we
alculate the trapping energy as:

𝐸t = 𝐸CBM − 𝐸trap (2)

here 𝐸CBM is the total energy of the -1 charged system
ith an electron in the CBM, and 𝐸trap is the total energy
f the relaxed system with an electron localized into a trap
tate. A positive trapping energy indicates a thermodynami-
ally favorable trapping. The trapping energy is equivalent to
he polaron thermal ionization energy. However, calculations
f energy barriers for polaron trapping are quite challenging
ue to the non-adiabatic character of transformation between
elocalized and strongly localized states (see e.g., discussion in
ef. [55]).
of 10
Amorphous structures have large variations in morphology
and local environment. Such variations can affect properties of
interest, and this leads to the need to sample many different
morphologies and calculate statistical properties such as mean
averages and standard deviations. All 110 structures, which span
a wide range of densities, were investigated for the existence of
spontaneous electron trapping.

In the case of activated trapping in amorphous structures, sites
that are amenable to electron trapping are unknown and finding
them is a daunting task. To choose which initial distortions
to apply, we turn to the previous literature on the topic. In
these studies [5, 6, 24, 25], trapping sites are often characterized
by features such as extended cation–anion bonds and atypical
coordination numbers. For example, an electronmay be expected
to trap on a low-coordination Al ion, as the lower number
of nearby anions will result in a lowering of the electrostatic
potential (as seen by the electron). Therefore, to try and find
electron traps, we focus mainly on four-coordinated ([4]Al) ions.
In addition, we extend Al-O bonds by approximately 0.1 Å, and
also displaced Al ions toward each other by approximately 0.1
Å in multiple locations in amorphous structures. The choice
of 0.1 Å corresponds to the bulk vibrational amplitude of 0.12
Å at room temperature, as suggested in ref. [56]. The system’s
geometry is fully optimized following these initial displacements
to find stable structures. We also attempted a second type of
distortion, where O-Al-O bonds were widened. However, in no
case did we successfully find a stable non-spontaneous trap
using this perturbation. Because these calculations require large
computational resources they were carried out only for ten
structures described in ref. [22], which are completely disordered
and have lower densities.

4 Results of Calculations

4.1 Spontaneous Electron Trapping

The set of models produced using the melt-quench spans den-
sities from 3.10 to 3.67 gcm−3, with an average density of 3.23
gcm−3. We note that the range of alumina densities studied in
our work corresponds well to the experimental values indicating
the increase of the film density from 3.0–3.2 gcm−3 for the as-
deposited ALD alumina [57] to ≈3.7 gcm−3 (0.93 of the bulk
sapphire density) reported in ref. [58] upon annealing at 950◦C.
Two of these models are shown in Figure 2. The average KS
bandgap of the models is 5.6 eV. The concentration of aluminium
ions with different coordination with respect to oxygen ions,
averaged in all 110 structures, is [4]Al = 55.2%, [5]Al = 32.9%
and [6]Al = 11.9%. The highest-density models show signs of
crystallization as indicated by high-coordinated aluminium. One
such model is shown in Figure 2b, where the coordination
number distribution of Al ions with respect to O ions is: [4]Al =
30.8%, [5]Al = 20.8% and [6]Al = 48.3%. High concentrations of
[6]Al are indicative of the crystal phases of alumina, for example
corundum, in which all Al ions are six coordinated. In the highest
density model, 73% of the Al ions are six coordinated with respect
to oxygen.

Figure 3 shows the IPR spectrum of a typical amorphous Al2O2

model. The conduction band states are delocalized, as illustrated
Advanced Functional Materials, 2026
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FIGURE 3 IPR of a typical a-Al2O3 model without spontaneous
electron trapping. The VB edge states are part-localized, whereas the CB
edge states are delocalized, similar to those in the crystal. Inset: Shows the
CBM state (blue surfaces) in the bulk a-Al2O3 model.

FIGURE 4 Correlation between densities of 100 amorphous struc-
tures and IPR values or degree of localization of the CBM state. Data
points highlighted with a red square are those found to have spontaneous
electron traps. In total seven structures out of 100 can trap an electron.
The structure with the largest IPR value of the CBM state contains two
unique electron traps.
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n the inset of Figure 3. The valence band has states localized
t the edge, with a gradual transition to delocalized states at
pproximately 1 eVbelow the valence band edge. This localization
f states near the valence band edge is common in amorphous
xides and has been reported in other materials [26, 59, 60]. It
as been linked to the formation of deep, intrinsically trapped
oles that are predicted to be stable at room temperature. The
ack of localization in the conduction band is conducive to the
act that most of the a-Al2O3 models analyzed do not contain
pontaneous traps.

e do, however, see a degree of localization of KS states at the
BM in some models. Figure 4 shows a correlation between the
ensities of the 100 amorphous alumina structures and the IPR of
he CBM before extra electrons have been introduced. Structures
apable of trapping an electron tend to have a CBM state with
larger IPR value, indicating partial localization of the electron
dvanced Functional Materials, 2026
states even before ions have been displaced via the polaronic
formation mechanism.

Upon injecting extra electrons and geometry optimizationwe find
that electrons trap spontaneously in seven of the 100 amorphous
alumina structures (indicated in Figure 4), one of which contains
two unique traps. The electrons localize strongly near either one
Al (single-center, Figure 5a) or between two Al atoms (bond-like,
Figure 5b), resulting in a significant increase in the spin density
around the Al atom(s) and an in-gap KS energy eigenvalue. The
single-center traps tend to be five-coordinated [5]Al with close to
90 and 180 degree bond angles exposing an open face where the
electron can localize. That is, the Al polyhedron is a distorted
square pyramidal structure (Figure 5a; and Figure 6b).

In the case of the bond-like configurations, there is significant
displacement of Al ions toward one another. On average, the Al-
Al distance is reduced by 0.45 Å, forming a dimer with an average
distance of 3.2 Å. The trapping energies range from 0.5 to 1.1 eV.
These are similar to trapping energies found in previous studies in
amorphous oxides [5], and the depth suggests that the traps will
be stable at room temperature. Although the electron-trapping
structures have a wide range of densities, the distribution is
skewed, with nearly half of the electron traps found in higher-
density models with larger IPR values. Analysis of the structures
shows that the traps here have a distorted square pyramidal
structure. The KS levels of the traps range from 1.7 to 3.0 eV below
the CBM.

The fact that three (nearly half) of the spontaneous traps appear
in the higher density models demonstrates the importance of
morphology to electron trapping. In real amorphous films, the
lower-density structures may correspond to as-deposited amor-
phous thin films, for example, which tend to show higher degrees
of disorder. The higher-density structures may correspond to
annealed films, which tend to show a more complex morphology
with a higher degree of crystallinity [39]. Therefore, we suggest
that as-deposited, highly disordered films have traps which are
bond-like in nature, whereas part-crystalline films have more
single-center intrinsic traps which can localize electrons barrier-
free. For the case of low-density amorphous films, we are able
to make an estimate of the trap density based on the frequency
of spontaneous trapping sites we have observed in our models.
In total, four of the low-density amorphous Al2O3 models show
spontaneous trapping. This means precursors to spontaneous
trapping have a density of 0.9 × 10−19cm−3. We cannot reliably
estimate the trap density in the high-density polycrystalline
models because in this case it depends sensitively on the degree
of crystallinity of a given film and its grain boundary density.
Such morphological properties will strongly depend on the film
fabrication technique and conditions, implying that a general
precursor concentration does not exist.

4.2 Activated Electron Trapping

In all other structures considered, an initial perturbation is
required to find the localized state. Without this perturbation,
an extra electron is delocalized across all of Al ions, as shown
in the inset in Figure 3. Applying distortions to ten unit cells
of a-Al2O3 with lower densities, we find a total of 6 sites where
5 of 10
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FIGURE 5 (a) A single center electron trap state in a-Al2O3. Peach spheres indicate Al ions and red spheres indicate oxygen. The blue surface is a
representative iso-surface of the spin density of the trapped electron. (b) A two-center (bond-like) intrinsic electron trap in a-Al2O3.

FIGURE 6 (a) A typical [5]Al ion from an a-Al2O3 model which does not have spontaneous electron trapping. (b) A [5]Al ion which acts as a
precursor to spontaneous trapping.

s
I
o
t
p
t
d
c
a
e
i
A
i
i
b
a
i
o
b
t
a
A
0

6

 16163028, 2026, 55, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202526647 by IM
E

C
, W

iley O
nline L

ibrary on [17/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reat
table intrinsic traps can form, giving a density of 1.6×1020 cm−3.
t is likely that this forms a lower bound for the concentration
f potential trapping sites, since it is possible that more activated
raps exist which we have not yet found. However, full occu-
ations of all potential trapping sites may not be achievable, as
he Coulomb repulsion between traps may limit the total trap
ensity. All but one intrinsic trap configuration have “bond-like”
onfigurations, where electron density is shared between two
djacent Al ions (Figure 5b), and the two Al ions move toward
ach other with an average displacement of 0.3 Å. The two ions
nvolved are mostly [4]Al, and the electron trap is similar to the
l–Al bond defect found in the oxygen deficient a-Al2O3 structure
n ref. [51] where electrons are shared between neighboring [3]Al

ons. Also, the two Al ions share either a single or no O ion
etween them - in no case did we identify a trap existing on
djacent Al ions sharing two O ions. An alternative description
s that the trap occurs between either corner-sharing polyhedra,
r between unconnected but adjacent Al polyhedra, but never
etween edge-sharing Al polyhedra. Across all of the bond-like
rap configurations, the Al-O bonds are stretched by 0.06 Å, on
verage. The main relaxation comes from the movement of the
l–Al pair, which displace toward one another by, on average,
.3 Å. In one case, a single-center trap configuration is found,
of 10
with the electron localized on a five-coordinated Al ion in the
polyhedron with a distorted square pyramidal structure. This
configuration is similar to the spontaneous single center traps
(Figure 6a).

The average trapping energy of the activated traps is 0.3 eV,
ranging from 0.0 to 0.7 eV. In general, it is seen that the
electron traps with shorter Al–Al distances are deeper. This can
be understood as follows: A closer Al–Al distance will produce
a deeper potential well into which the electron can localize.
However, displacing Al ions costs energy as it deforms the
network. Therefore, traps on a short-separation Al–Al pair can
achieve a more favorable configuration without paying too much
energy to distort the lattice and bring Al ions close together. The
KS eigenvalues for the activated traps spread from 1.7 to 2.4 eV
below the CBM, covering a range roughly similar to that of the
spontaneous electron traps.

We note that activated electron trapping should be possible
in some other amorphous models of our ensemble. However,
identifying such traps and calculating the activation barriers for
electron trapping require extensive computational resources and
are beyond the scope of this study.
Advanced Functional Materials, 2026
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ince the trapping of these configurations are thermally activated,
he rate of trapping is determined by the energetic barrier. The
our calculated barriers for the activated trapping process are very
ow (near 0.1 eV). However, we could not converge the barrier
alculations in all cases considered due to the breaking of the
diabatic approximation.

.3 Creation of Two-Electron Traps

ll single-electron trap models were found to be capable of
rapping a second electron in a -2 charge state of the system. Traps
ith two extra electrons are also called bipolarons in previous
tudies [5]. We define a second electron trapping energy as:

𝐸2t = (𝐸CBM + 𝐸trap) − (𝐸bulk + 𝐸double-trap) (3)

here 𝐸CBM is the energy of the CBM, 𝐸trap is the energy of the
ingle-electron trap, 𝐸bulk is the energy of the amorphous cell,
nd 𝐸double-trap is the energy of the trap with two electrons. 𝐸2t is
quivalent to the thermal ionization energy of one electron into
he CBM.

n the case of spontaneous traps, the range of trapping energies
or the second electron is from 0.3 to 1.3 eV, averaging 0.8 eV. The
ider range of values compared to the single trapping energies
eflects the fact that some of the electrons trap more deeply than
he first and some less deeply. In all cases, the second electron is
rapped onto the same Al ion as the first, though the distribution
s altered slightly with the electron KS state being more shared
ith some neighboring Al ions.

he activated electron trap models can all trap a second electron
o form a -2 trap state. In all cases the second electron traps spon-
aneously, that is, no additional perturbation is required to initiate
ocalisation of the second electron. In all cases, the trapping of two
lectrons creates a deeper electronic state than that of one. The
verage trapping energy of the second electron is 0.9 eV, ranging
rom approximately 0.5 eV up to 1.7 eV. Electron trapping distorts
he surrounding structure, causing atomic displacements of 0.1 to
.2 Å of the nearest neighbour ions.

e also find an interesting case of a single-center trap in the
1 charge state with a relatively low trapping energy for the
irst electron (0.1 eV) converting into the Al–Al bond trap upon
rapping the second electron with a much larger second trapping
nergy of 1.74 eV. This is caused by the significant relaxation
n a nearby Al ion, which moved toward the electron trap and
reated a shorter Al–Al bond, transforming the single-center trap
nto the bond-like configuration seen in the other five models. In
ddition, the local atomic reorganization is large enough so that a
4]Al ion transforms into a [3]Al ion. This makes this configuration
ery similar to Al–Al bonds found in oxygen defficient a-Al2O3 in
ef. [51].

Discussion and Conclusions

e have simulated electron trapping in a set of stoichiometric
-Al3O3 models using hybrid DFT. Similar to other amorphous
dvanced Functional Materials, 2026
oxides, electrons can trap in a-Al2O3 intrinsically, that is, without
oxygen deficiency or impurities.

Analysis of a large set ofmodels covering awide range of densities
shows spontaneous and activated trapping of electrons in a-
Al3O3. Spontaneous trapping is found to be more prominent in
high-density, partly crystallized, models. Two types of traps are
found - single-center and two-center traps.

In the single-center case, electrons localize on [5]Al ionswith large
O–Al–Oangles forming a tetragonal pyramid coordination shown
in Figure 6b exposing these Al ions to electron trapping. Such
structures are abundant on surfaces of 𝛾-alumina [61] and inside
grain boundaries in alumina [62, 63]. However, most [5]Al ions in
amorphous Al2O3 are not of this type, but instead have narrower
and more equal O-Al-O angles, resulting in O ions shielding the
Al ion more evenly (Figure 6a).

In the case of two-center traps, there is localization around [3]Al

or [4]Al ions and a sharing of electron density between the [4]Al

ions in a bond-like fashion.

Thus, the Al–Al pairing seems to be a fairly general feature of
localized electron states in alumina, as was found in the previous
work [51]. Similar metal-metal bonding has been predicted in
other systems [64], suggesting this as a defect motif not limited
to just Al2O3. We have also investigated the activated trapping
of electrons in alumina and found bond-like traps that can
form in amorphous alumina as a result of thermal fluctuations
and have lower trapping energies. Our results suggest that
spontaneous trapping is more probable in partially crystallized
samples; however, our sampling is insufficient for more accurate
predictions.

In the following, we discuss how these findings help us to resolve
the apparent difference in the behavior of a-HfO2 and a-Al3O3

after the high temperature anneal shown in Figure 1.

Density Functional Theory (DFT) simulations have explained the
EPDS spectra in a-HfO2 shown in Figure 1b by the formation
of two kinds of deep electron traps energetically distributed at
around 2.0 and 3.0 eV below the oxide conduction band and
attributed to single and bi-polaron electron states, respectively
[37]. The reduction in the number of states that contribute to the
EPDS spectrum of a-HfO2 is consistent with the decrease in the
volume of the film occupied by amorphous or disordered hafnia
where electrons are trapped in deep polaron-like states [6]. These
data also suggest that anneal does not cause full crystallization
of HfO2 as polarons in crystalline samples have much lower
trapping energies [25, 53] absent in Figure 1b.

On the other hand, the calculations in ref. [20] have shown
that the results for a-Al2O3 in Figure 1a can be understood
assuming that negatively charged oxygen interstitials, O𝑖 , and Al
vacancies, V𝐴𝑙 in as-prepared samples are nearly compensated
for by positively charged H𝑖 , V𝑂, and Al𝑖 defects. Following
electron injection, the deep states of Al𝑖 , V𝑂, and H𝑖 in the
bandgap become occupied by electrons, and the sample becomes
negatively charged. The optical ionization energies of these states
into the oxide conduction band are consistent with the results of
EPDS measurements [20].
7 of 10
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he results of ref. [65] allow us to directly link the electron
rapping energies found in this work to the optical excitation
nergies measured in EPDS. Assuming similar behavior of the
lectron traps in amorphous HfO2 and Al2O3, we can apply the
atio between optical and thermal electron emission energies of
.2 found there. The resulting energies are consistent with the
resence of the low-energy tail at 1.2 – 2.2 eV in Figure 1a, which
an be attributed to single- and two-electron traps. Some of the
wo-electron states can also contribute in the energy range of 2 –
eV. However, these results cannot fully explain the significant
ncrease in intensity in the EPDS spectra in the energy range of
–5 eV seen in Figure 1a after the anneal.

n additional source of negative charge could stem from the
rain boundaries in polycrystalline alumina films formed as
result of anneal. They have been shown to contain a high
oncentration of [5]Al ions in tetragonal pyramid coordination
62, 63] structurally analogous to the electron traps found in
he bulk. Assuming that they are capable of trapping electrons,
hese states can contribute to negative charging after anneal-
ng. The high electron density localization at these sites has
een shown in ref. [63], however, electron trapping at these
ites requires further studies. We note that a similar effect
hould occur in polycrystalline hafnia. However, amorphous
afnia has a much higher concentration of deep intrinsic
lectron trapping sites, which vanish after crystallization and
re replaced by a lower number of under-coordinated Hf sites
t grain boundaries (see also discussion in ref. [66]). If this
ypothesis is correct, the electronic properties of electron traps
an be used as indicators of degree of crystallinity of amor-
hous films.

nother possibility is that high-temperature annealing causes
hanges in the chemical composition of alumina through reac-
ions at the interface. For example, it has previously been
uggested that the interstitial O near the interface of Al2O3 with
iO2/Si substrate contributes to to the fixed negative charge
67]. Oxygen vacancies can form inside a-Al2O3 film as a
esult of reactions with SiO molecules that form at the Si/SiO2

nterface during annealing in the N2 atmosphere at 1100◦C
68, 69].

n summary, our results show that electrons can trap in deep
tates intrinsic to amorphous alumina structures and that the
haracter of trapping and trapping energies depend on the
egree of crystallinity of initially amorphous films. However,
hese findings cannot fully explain the observed increase in the
umber of deep electron traps occurring after high-temperature
nnealing. These results are consistent with the fact that the
efect characteristics in deposited amorphous oxide films depend
n the film properties and deposition techniques. These insights
nto electron trapping in oxides improve our understanding of the
echanisms of negative charging of oxide films in applications
nd their role in the reliability of future nanoscale devices. In
articular, the results of previous works show that the formation
f two-electron traps can faciliate the formation of O vacancies
nd contribute to oxide degradation and dielectric breakdown
23, 70, 71]. These results can be useful for understanding the
lectronic component of the mechanism responsible for atomic
earrangements and crystallization of amorphous Al2O3 films
nder irradiation [72–74].
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