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Dielectric oxide films in electronic devices undergo significant structural changes during
device operation under bias. These changes are usually attributed to aggregation of
oxygen vacancies resulting in formation of oxygen depleted regions and conductive
filaments. However, neutral oxygen vacancies have high diffusion barriers in ionic oxides
and their interaction and propensity for aggregation are still poorly understood. In this
paper we briefly review the existing data on static configurations of neutral dimers
and trimers of oxygen vacancies in technologically relevant SiO» and HfO» and then
provide new results on the structure and properties of these defects in amorphous SiO»
and HfO,. These results demonstrate weak interaction between neutral O vacancies,
which does not explain their quick aggregation. We propose that trapping of electrons,
injected from an electrode, by the vacancies may result in creation of new neutral
vacancies in the vicinity of pre-existing vacancies. We describe this mechanism in a-
SiO» and demonstrate that this process becomes more efficient as the vacancy clusters
grow larger.

Keywords: dielectric oxides, oxygen vacancies, Density Functional Theory, SiO5, HfO5

1. INTRODUCTION

Crystalline and amorphous SiO; and HfO, are important materials for microelectronics as
dielectric layers in transistors and memory cells, fiber optics, mirror coatings, resistive random
access memory (ReRAM), and neuromorphic cells (see [1-3]). Under an applied stress bias,
field-effect transistors (FETs) experience a gradual increase in gate leakage, noise signal, threshold
voltage shift, decrease of trans-conductance, and other degradation effects, which are accelerated
by strong bias and may lead to dielectric breakdown [1, 4]. These effects have generally been
attributed to defect generation and aggregation in oxide layers [1, 4, 5]. The creation of new
defects is associated with structural changes in the oxide and requires significant energy [1, 6, 7]. In
particular, the aggregation of oxygen vacancies as a result of electrically stressing sub-stoichiometric
amorphous SiOy (x = 1.32) films is thought to facilitate the dielectric breakdown of complementary
metal-oxide-semiconductor (CMOS) devices [8-10] and electroforming in resistive random access
memory cells [3, 11, 12]. However, the fundamental atomistic mechanisms behind these processes
are still poorly understood. Both the creation of additional oxygen vacancies and the interaction of
diffusing vacancies have been proposed as mechanisms for vacancy aggregation.

Clustering of O vacancies is known to occur in the bulk and at surfaces of reducible oxides, such
as e.g., TiO, [13, 14], CeO; [15, 16], and SrTiO3 [17]. It is much less understood in nonreducible
wide band gap oxides, such as MgO, SiO,, and HfO,. The formation of pairs of O vacancies has been
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suggested in heavily thermochemically reduced MgO [18].
Recent simulations [19, 20] have shed some light on
the formation of O-vacancy clusters in SiO, and HfO,;.
Computational modeling was used to investigate the structures
and binding energies of vacancy dimers and trimers in
amorphous (a)-SiO,, the energy barriers for the diffusion
of individual vacancies, and whether this diffusion can be
stimulated by trapping of injected electrons at vacancies [19].
The calculations of di- and tri-vacancy clusters demonstrate
that there are favorable sites for vacancy aggregation in a-SiO;
with maximum binding energies of approximately 0.13 and
0.18 eV, respectively. However, an average neutral vacancy
diffusion barrier was calculated to be 4.6 eV [19], rendering
the clustering of randomly distributed neutral vacancies via
diffusion unfeasible.

The calculations performed in Bradley et al. [20] demonstrate
that the formation of neutral oxygen vacancy dimers, trimers
and tetramers in monoclinic HfO, is accompanied by an energy
gain with respect to the separated vacancies, which depends
on the size and shape of the aggregate. In the most strongly
bound configurations, vacancies are unscreened by Hf cations
and form voids within the crystal, with the larger aggregates
having larger energy gain per vacancy (0.11-0.18 eV). The
negatively charged di-vacancy was found to have similar binding
energies to the neutral one, while the positively charged di-
vacancy was found to be unstable. Thus, the aggregation process
of either neutral or negatively charged oxygen vacancies in m-
HfO; is energetically feasible. However, the energy barrier for
the diffusion of neutral O vacancies is about 2.4 eV [21], again
suggesting that aggregation of vacancies via diffusion processes is
too slow to explain e.g., electroforming in HfO, films.

The realization that the formation of oxygen vacancy clusters
in a-Si0; and m-HfO, via thermally activated diffusion is
inefficient implies that an alternative mechanism should be
responsible for the aggregation of oxygen vacancies under
electrical stress. In particular, O-vacancy aggregation could result
from creation of new vacancies near the pre-existing vacancies.
To achieve that, an O atom should be displaced from its lattice
position to an interstitial site, creating an O-vacancy at the
original site and an interstitial O ion, i.e., a Frenkel defect pair.

To put this mechanism in the context of previous studies,
we briefly review the structure and characteristics of vacancy
dimers and trimers in a-SiO; and crystalline and a-HfO,. We
then discuss the mechanisms of Frenkel defect creation in SiO,
and HfO, facilitated by electron injection and show how similar
mechanisms can produce new O-vacancies in the vicinity of pre-
existing O-vacancies on the example of a-SiO,. We demonstrate
that two electrons trapped at a pre-existing O-vacancy facilitate
the formation of a new O-vacancy and an interstitial 0>~ ion and
that this process becomes more probable as the vacancy clusters
grow larger.

2. METHODS OF CALCULATIONS

The initial non-defective amorphous structures of SiO, and HfO,
were obtained using classical molecular dynamics and a melt

and quench procedure, which is described in detail in prior
publications [22, 23]. DFT was then used to optimize starting
amorphous geometries, calculate their electronic structures, and
study the properties of neutral and charged O defects in the
material. Ten periodic models of a-SiO, containing a total
of 216 atoms each were produced using the ReaxFF force-
field [24, 25] implemented in the LAMMPS code [26] and an
NPT ensemble. ReaxFF was selected because it was originally
parameterized to reproduce the properties of small clusters
and silica polymorphs [24, 25] and reproduces the structural
characteristics of silica glass well [27]. The initial models of a-
HfO, structures were created using the pair potentials [28] and
the LAMMPS package [26]. Nine periodic models of a-HfO,,
each containing 324 atoms, have been generated using classical
molecular dynamics and a melt and quench procedure in an NPT
ensemble. The Berendsen thermostat and barostat were used to
control the simulations. The melt cooling rates were 8 and 0.75
K/ps for SiO; and HfO,, respectively. We note that using an NPT
ensemble creates distribution of densities of amorphous samples.
In this work we used densities corresponding to experimental
samples, as discussed in El-Sayed et al. [22] and Kaviani et al. [23].

Most DFT calculations were performed using the Gaussians
and Plane Waves [29] method as implemented in the CP2K
code [30]. The PBEO-TC-LRC [31] nonlocal functional was
selected to accurately reproduce the band gap of a-SiO, and
used in conjunction with the auxiliary density matrix method
(ADMM) [32] to mitigate the computational expense. Finally, we
used the MOLOPT basis set [33] along with the corresponding
pseudopotentials (GTH) [34] and a 400 Ry plane wave cutoff.
This method predicts an average band gap of 8.1 eV for
amorphous SiO;. The densities, radial distribution functions,
distributions of Si-O bonds and Si-O-Si angles, as well as neutron
structure factors of a-SiO, models used in this work have been
evaluated in El-Sayed et al. [22] and showed good agreement
with prior theoretical [27, 35] and experimental [36] studies. This
analysis demonstrated that these amorphous models are able to
produce disordered continuous random networks that accurately
represent the structure of a-SiO,.

The densities of the DFT optimized a-HfO, structures used
in this work are in the experimentally determined range of
9.6-9.7gcm® [23]. Contrary to a-SiO,, a-HfO, samples are
characterized by distributions of coordinations of Hf and O ions
and bond lengths. In particular, around 56% of the Hf atoms are
bonded to 6 oxygen atoms, 38% are bonded to 7, and 6% to 5
oxygen atoms. On the other hand, 83% of the oxygen atoms are
3 coordinated, and there are about 6% of 2 coordinated oxygen
atoms. These are in good agreement with previous studies, as
discussed in detail in Kaviani et al. [23]. The one-electron band
gap of initial structures does not contain localized states due
to under-coordinated atoms and the band gap determined as a
difference between the energies of HOMO and LUMO Kohn-
Sham (K-S) energies is equal to 6.0 eV on average (ranging from
5.8 to 6.2 eV in different structures).

The formation energy of a vacancy was calculated using the
standard formula

Er = Evac — Epulk + 10 + g(Epermi + Evem)s (1)
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where Ev,c and Ep,i are the total energies of the vacancy and
pure cell, respectively. po is the chemical potential of oxygen,
q is the charge state of the vacancy, and Epermi is the Fermi
level referenced to the energy eigenvalue of the valence band
maximum, Eygy. When modeling charged vacancies, charge
corrections due to the interaction of periodic images were
evaluated using the Lany and Zunger method [37, 38], with a
dielectric constant of 3.9 for a-SiO;, and 20 for a-HfO,, and a
Madelung constant of 2.8373 for the cubic cells. The population
analysis of electronic states was carried out using the Bader
method [39]. For the sake of convenience, all charges will be given
in units of electron charge.

3. NEUTRAL DI- AND TRI-VACANCIES IN
A-SIO02 AND A-HFO,

3.1. Vacancy Clusters in a-SiO»

As observed consistently in previous work, the removal of an
oxygen atom results in the formation of a Si-Si bond at the
vacancy site ranging from 2.20 to 2.80 A in length [19, 40-43].
This creates a doubly occupied defect state within the band gap
between 0.39 and 1.34 eV above the valence band maximum
(VBM), with the LUMO also positioned within the band gap
between 7.04 and 8.20 eV above the VBM [40, 42]. However,
such data with regards to di- and tri-vacancy clusters has not been
previously published.

In the current study, we have analyzed a total of 25 di-vacancy
structures and 12 tri-vacancy clusters using the sampling method
described in detail in Munde et al. [19]. Typical configurations
of di- and tri-vacancies in a-SiO, are shown in Figure 1. As
illustrated, an oxygen tri-vacancy can exhibit three possible
configurations: (i) the three vacancies are situated within a 3-
member ring; (ii) the three vacancies diverge from a central Si
atom to give a “Y” configuration; and (iii) the three vacancies

form a chain. Our previous results have suggested that the 3-
member ring and Y-geometry are energetically favorable when
compared to the vacancy chain [19]. In all cases, the removal of
additional oxygen atoms results in further network distortion. Si-
Si bond lengths range from 2.20 to 3.00 A and 2.40 to 3.00 A in
di- and tri-vacancy clusters, respectively. One can attribute the
increase in the lower limit to bond length to a decrease in atomic
density around the vacancy cluster site.

In all cases considered, occupied states are observed within
the band gap. For the di-vacancy case, a single state is observed
between 1.27 and 1.97 eV above the VBM with a mean of 1.52 eV.
For the tri-vacancy case, two states are observed at 0.35 to 2.04
eV and 1.40 to 2.47 eV above the VBM, with mean values of 1.23
and 1.97 eV, respectively. These states result from the pairing up
of electrons from the remaining Si atoms when an oxygen atom
is removed. The LUMO is positioned 5.64 to 7.68 eV and 6.10
to 6.92 eV above the VBM for di- and tri-vacancies, with mean
values of 6.86 and 6.54 eV, respectively. Figure 2 illustrates how
the LUMO state consists of an electron localized around a cluster
site, with the shape of the orbital being dependent on the cluster
geometry. In the di-vacancy and 3-member ring tri-vacancy cases
(Figures 2A,B), the orbital lobes are situated above and below the
plane of three Si atoms. This is different for the “Y” geometry
and vacancy chain cases (Figures 2C,D), where orbital lobes are
shared between the four Si atoms making up the vacancy. Typical
density of states plots are shown in Figure 3 for a monovacancy
and its corresponding di-vacancy and tri-vacancy. The formation
of these states on average ever deeper in the band gap suggests
that larger clusters may facilitate conduction processes such as
trap-assisted tunneling.

3.2. Vacancy Clusters in a-HfO,

To study the interaction between vacancies in a-HfO, we
performed calculations for 15 different vacancy configurations.
To produce di-vacancy models we take a subset of 9 single

Di-vacancy

Y-geometry

configurations: a 3-member Ring; a “Y-geometry”; and as a vacancy chain.

i

FIGURE 1 | Typical geometries of (A) Oxygen di-vacancy in a-SiO», (B-D) Oxygen tri-vacancies in a-SiO». Oxygen tri-vacancies can occur in one of three

3-member ring

Vacancy Chain
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vacancies, and for each vacancy in this subset produce 3 di-
vacancies by removing adjacent oxygen atoms. This produces 27
di-vacancy models in total. The choice of the original set of parent
vacancies reflected the distribution of coordination numbers
of oxygen atoms in our a-HfO, models. In this approach,

Y-geometry

Vacancy Chain

FIGURE 2 | Typical LUMOs from (A) Oxygen di-vacancy in a-SiO»,

(B) 3-member ring type tri-vacancy in a-SiOo, (C) Y-geometry type tri-vacancy
in a-SiOy, (D) Vacancy chain type tri-vacancy in a-SiO». Positive and negative
iso-surfaces are shown in blue and red with iso values of £0.05, respectively.
The Si atoms belonging to each vacancy cluster are labeled.

the second vacancy probes the local environment around the
preexisting vacancy. Vacancy dimers can form as a result of
vacancy diffusion, which is inefficient for neutral vacancies, or
as a result of formation of new vacancies as a result of electron
trapping by pre-existing vacancies discussed below. Efficiency of
these processes is governed by energy barriers.

The interaction between neutral vacancies in a di-vacancy
can be quantified by comparing the energy required to produce
the first vacancy and then the second vacancy nearby. The first
formation energy is calculated using Eq. 1. The second formation
energy, E%“d , is calculated using Ev,c in place of Epyy, that
is E%nd = Epivac — Evac + no. If E%nd is lower than Ep, the
vacancies are said to be “attractive,” If E%nd > Ep, the vacancies
are said to be “repulsive.” We note that the notion of “attractive,’
and “repulsive” is blurred in amorphous structures as defect
formation energy strongly depends on the local environment.
We have checked that all geometric configurations of vacancy
dimers are fully converged and hence variations in second
vacancy formation energy are caused by the difference in the local
environment of each site as well as by the overlap of the vacancy
wavefunctions forming bonding states (see Figure 4). We have
also carried out “reversibility" tests where the O atom is placed
back into the vacancy and the geometry is optimized again. In
all cases the system returns to the original geometry and total
energy, indicating that the formation of the second vacancy does
not cause topological changes of the local environment.

The standard deviation of vacancy formation energies for
our set of vacancies is 0.2 eV. Therefore we investigate the
shift of the formation energy distribution by comparing average
formation energies. On average, the second vacancy formation
energy is 0.1 eV lower than that of the first. The standard
deviation, however, is 0.4 eV. This means that some di-vacancy
configurations will be of the “repulsive” type, even though the

Fermi Energies

DOS

L

1
I
1
1

T T T T T

-1 0 1 2 3 4

—Monovacancy

Energy/eV

Di-vacancy

FIGURE 3 | Example density of states plots for a monovacancy together with its corresponding di-vacancy and tri-vacancy. For clarity, the energy levels on the plot
have been broadened using Gaussians with a FWHM of 0.1 eV. The dotted lines indicate the position of the Fermi energy for each configuration.

5 6 7 8 9 10

—Tri-vacancy
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L2 Y,

)
-

'y

FIGURE 4 | A typical oxygen di-vacancy in a-HfO,. The pink and blue
surfaces show the |w\2 of the defects states. In this configuration, the vacancy
states combine and look similar to bonding and antibonding orbitals.

average case is “attractive.” A typical di-vacancy configuration in
a-HfO, is shown in Figure 4. Interaction between the vacancies
is visualized by the plot of the di-vacancy doubly occupied
electron states. Instead of two localized states adjacent to one
another, the plot shows two states which are extended across
the vacancies in a bond-like fashion. This type of molecular
bonding type configuration corresponds to the majority of cases
(approximately 80 %).

Further stabilization is possible for tri-vacancy clusters. The
interaction in tri-vacancies can be quantified in a similar manner
to di-vacancies by comparing the third vacancy formation energy
with that of the second. It is found that the third vacancy
formation energy is, on average, 0.2 eV lower than the second.
Oxygen tri-vacancies have two general configurations, they can
be organized in a linear or triangular fashion (see Figure 5).
Similar to a-SiO,, the interaction between vacancies in a more
compact triangular configurations is stronger-the formation
energy of triangular clusters is, on average, 0.2 eV lower than
that of linear clusters. The standard deviation of the tri-vacancy
formation energy distribution is 0.5 eV. This means that, similar
to the di-vacancy case, there exists tri-vacancy aggregates that
are of the repulsive type, despite the fact that, on average, tri-
vacancies are attractive.

Therefore, the vacancy aggregation mechanism is the one
in which the presence of a vacancy (or vacancies) lowers the
formation energy required to produce an adjacent vacancy. This
increases the rate of multi-vacancy generation relative to isolated
vacancy generation.

4. ROLE OF ELECTRON INJECTION IN
O-VACANCY CREATION

In many applications, amorphous SiO, and HfO, films are
sandwiched between electrodes with often strong (of the order
of 1V/nm) electric field applied across them. Under such

conditions, extra electrons can tunnel into the oxide conduction
band or into defect states inside the oxide by TAT. These effects
are known to cause degradation of performance of oxide layers
as dielectric in devices [1, 4]. In particular, it has recently been
suggested that electrons injected into a-SiO; can be trapped in
the amorphous matrix at structural precursor sites and form deep
electron states in the band gap [44]. These intrinsic trapping
sites have been identified as wide O-Si-O angles (> 132°) in
the continuous random network structure and can accommodate
up to two electrons (see Figure 6). The formation of these bi-
electron states lowers the energy barrier to create a neutral O-
vacancy in a-SiO; from about 8 eV to an average of 0.7 eV [45].
As a result of this process, an interstitial O~ ion is created
in the amorphous network, as shown in Figures 6A-C. The
concentration of precursor sites for intrinsic electron traps in a-
SiO, has been estimated at 4 x 10'° [44]. More information
on the structure of electron traps, their optical absorption,
EPR signatures, and a detailed description of electron injection
facilitated Frenkel defect creation in a-SiO; can be found in prior
publications [44, 45].

We note that neutral O-vacancies and negatively charged
O”~ interstitial ions created by this mechanism have an average
recombination barrier of 0.8 eV [45]. The formation energy
diagram for O vacancies in a-SiO; is shown in Figure 7. The
structural disorder of the amorphous material results in a wide
range of local structures and hence a wide range of formation
energy values. The charge transition levels of these vacancies
exhibit a similar spread with an average 0/-1 charge transition
level of 6.9 eV and an average —1/-2 charge transition level of 7.0
eV. Our results indicate that the charge transition levels which
correspond to negatively charged vacancies are well positioned
in relation to the conduction band of Si [46] and Fermi level
position of some metal electrodes [47]. Thus, the newly created
O vacancies can support trap assisted electron tunneling through
a-Si0, in Si/SiO,/metal stacks. The O%~ ions can diffuse away
through the oxide via a previously studied pivot mechanism [45]
which is characterized by a low 0.3 eV energy barrier. Under
some conditions, oxygen has been observed to release into the
gas phase [11].

A qualitatively similar mechanism for the formation of pairs
of neutral O-vacancies and interstitial O>~ ions in monoclinic
and amorphous HfO, has been proposed in Bradley et al. [48]
and Kaviani et al. [49]. Extra electrons injected into monoclinic
(m)-HfO; can form relatively shallow polaron and bi-polarons
with trapping energies of about 0.3 eV [50]. Simulations [48]
demonstrate that the formation of stable pairs of neutral oxygen
vacancies and interstitial oxygen ions assisted by extra electrons is
thermodynamically feasible and requires overcoming activation
barriers of about 2.0 eV. This barrier is reduced to <1.3 eV if two
extra electrons are initially trapped at a pre-existing O-vacancy.
This results in the formation of another O-vacancy nearby and a
mobile interstitial O?~ ion. The created O di-vacancy is stabilized
by weak attraction between neutral vacancies, as described above.
This leads to further lowering of the formation energy of the
defect pair. The binding energy per vacancy in larger oxygen-
vacancy aggregates increases as the aggregate grows, facilitating
the formation of defect pairs next to larger vacancy aggregates.
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On average, triangular type tri-vacancies are lower in energy.

A Lo

FIGURE 5 | Schematic of the two types of oxygen tri-vacancy in a-HfO». (A) shows the the linear type of configuration. (B) shows the triangular type of configuration.
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FIGURE 6 | Schematic illustrating how trapping of two electrons at a precursor
site facilitates creation of neutral O vacancy and interstitial 02~ ion [45]. (A)
Wide angle intrinsic traps in the amorphous network can trap two electrons.
(B) Trapped electrons on the precursor reduce the barrier for O interstitial to be
displaced. (C) 02~ ionis displaced to create a vacancy-ion pair.

In amorphous HfO,, extra electrons injected from an
electrode form deep polaron and bi-polaron states [23]. Extra
electrons localize in energetically deep states at intrinsic
structural traps in a-HfO, such as under-coordinated Hf ions or
Hf ions with elongated Hf-O bonds, both of which are associated
with a lowering of the electrostatic potential for an electron.
The estimated density of such sites [23] in a-HfO, is about
2x10%! ¢cm™3. The structure and spectroscopic properties of
these electron traps are described in detail in Kaviani et al. [23]
and Strand et al. [51]. The bi-polaron formation causes strong
Hf-O bond weakening manifested in significant (about 0.8 A)
ionic displacements. Similar to a-SiO;, thermal activation of
these bi-polarons may cause the formation of Frenkel defects in
a-HfO, [49].

How electron trapping at pre-existing O-vacancies could
facilitate the formation of new O-vacancies in a-SiO, is
discussed below.

5. CREATION OF VACANCIES NEAR
EXISTING VACANCIES

As discussed above, O-vacancies in amorphous SiO, and HfO,
create deep states in the band gap where electrons can tunnel
from Si and other electrodes. One of the possible mechanisms of
O-vacancy aggregation is via creation of new vacancies near the
pre-existing ones. Below we consider whether this process can
be facilitated by electron trapping by O-vacancies in a-SiO;. The
cost of creating an oxygen vacancy depends greatly on the local
environment. Not only is there a spread of formation energies
owing to the disorder, but pre-existing vacancies can affect both
the position and the barrier for forming a new vacancy. The
presence of an existing vacancy close to the bi-polaron may either
facilitate or hinder the next vacancy-creation process.

This can be manifested in several ways: (i) Electron trapping
in a vacancy can facilitate the formation of a new vacancy
nearby. (ii) Distortion of the surrounding network caused by
electron trapping in a vacancy can create another precursor
site for electron trapping nearby. Further electron trapping
at these precursor sites can facilitate the creation of new
vacancies. (iil) Aggregation of several vacancies can distort the
surrounding network and enhance local electric field under
electrical stress, facilitating creation of new vacancies. Below
we consider mechanisms of some of these processes on the
example of a-SiO,.

5.1. Correlated Vacancy Creation in SiO»

In a-Si0;, an O-vacancy can trap up to two electrons [52]. When
two electrons localize onto an O-vacancy, the defect distorts as
the two 3-coordinated Si atoms displace to point away from each
other, as shown in Figure 8. As a result of this distortion, there
is a small chance that one of the lobes of the HOMO localized
on Si atoms of the vacancy will point directly at a neighboring
4-coordinated Si atom, facilitating the Si-Si bond formation by
expelling an O atom. The HOMO of a negatively charged O
vacancy is shown in Figure 8.

To determine the likelihood of creating another O vacancy
near an existing one, 144 possible vacancy geometries were
investigated. In 97% of these geometries, the vacancy simply
trapped two electrons by distorting, as shown in Figures 8, 9B.
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FIGURE 7 | O vacancy formation energies in a-SiO, at various charge states
as a function of Fermi level. 144 vacancy geometries were calculated for each
charge state due to the amorphous nature of our material. The average
formation energy of each charge state is plotted using solid lines, while the
minimum and maximum values for each charge state is plotted using dotted
lines. The crossing point between positive and neutral vacancies is shown to
be between 0.5 and 1.0 eV while the crossing point between neutral and
negatively charged vacancies is between to be 6.2-7.5 eV.

/

O Vacancy

¢
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L

FIGURE 8 | A typical configuration of a doubly-charged O-vacancy in a-SiOs.
Two electrons have been trapped at this vacancy and the Si atoms within the
vacancy pivot to point away from each other. Si atoms are shown in yellow
while O atoms are shown in red. An iso-surface of the HOMO is shown in blue
and pink.

In 2 cases the HOMO happened to point at a neighboring 4-
coordinated Si atom, as shown schematically in Figure 9C. This
configuration facilitates the creation of another O vacancy and O
interstitial ion through a process with an average barrier of 1.1
eV. A schematic of formation of another vacancy correlated with
the pre-existing vacancy is shown in Figures 9A-D. However, it
is important to note that this process is relatively rare and was
only observed in 2 out of 144 cases considered here.

Another possibility is that new wide O-Si-O angle precursor
sites for electron trapping are created when O vacancies are
occupied by electrons. Trapping two electrons at these new
precursors can lead to creation of O vacancies by the mechanism
illustrated in Figures 6A-C. The creation of these traps is directly
related to the amount of local strain present in the system. Both
the creation of new vacancies and the localization of electrons
at existing vacancies result in an increase of local network
distortion. After the geometry of each doubly negatively charged
O vacancy was relaxed, another electron was added into the
system to probe whether precursor sites for electron trapping
were created. Out of a total of 142 geometries (excluding the
two examples of correlated defect creation) a new wide O-Si-O
angle intrinsic trapping site was found 38 times. In these cases
new wide O-Si-O bond angle sites, which did not exist before,
were created by the network distortion induced by the charged
vacancy relaxation, as shown in Figure 10. Due to flexibility of
a-SiO, network, wide angle precursors created in this way are
not necessarily at neighboring sites to the vacancy responsible for
distorting the local geometry. The probability of creating these
new precursor sites is about 25%. Trapping two electrons at these
new precursor sites generates new O vacancies and interstitial
O~ ions, as described above.

Since creation of additional wide O-Si-O angle intrinsic
electron traps is associated with the local strain due to
the presence of defects, one can expect that increasing the
concentration of such defects should increase the probability
of generating new precursor sites for electron trapping. As
additional vacancies are created near pre-existing ones, the
amount of local strain produced increases as well. To investigate
this effect, we examined 40 di-vacancy geometries using 214 atom
periodic cells. As electrons were added into these simulations,
they can either localize in one vacancy, creating an equivalent
of one negatively charged vacancy and one neutral vacancy or,
if the di-vacancy exhibits a high degree of symmetry, they can
be shared between the two, as shown in Figure 2. When up to
2 electrons are localized into the di-vacancy, creation of new
precursor sites was observed 10 times, the same as for single
vacancies. However, when the defect states are fully occupied by 4
electrons, it was observed that in 20 cases out of 40 wide O-Si-O
bond angle sites were created due the network distortion caused
by electron trapping at existing vacancies. This demonstrates that
indeed clustering of O vacancies and electron trapping in them
increase the probabilities of creating new vacancies nearby and
these of growing new vacancy clusters.

We further investigated this trend by examining whether O
tri-vacancies will also induce wide O-Si-O angle precursor sites.
To accommodate such large vacancy clusters, we created a library
of 648-atom a-SiO; cells using the melt and quench procedure
described above. These larger amorphous structures were then
screened for existing defects or wide O-Si-O angle intrinsic traps
and 5 defect-free geometries were selected. Using these large cells,
three libraries of tri-vacancy geometries were created to account
for the more variable structure of these larger clusters. The first
set of tri-vacancy geometries consisted of examples where the
three defects were tightly clustered. The second set was composed
of examples where the three defects were arranged in a linear
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array. Finally, in the third set of geometries each contained three
loosely associated vacancies within two nearest neighbor sites
of each other. Ten geometries from each set were selected for
analysis at random and each of them was simulated with 1-6
extra electrons in the system.

In 23 out of 30 geometries, strain-induced wide O-Si-O angle
electron traps were observed after all the pre-existing vacancies
were charged. These newly created intrinsic traps were evenly
distributed between the three types of tri-vacancy geometries,
indicating that their exact configuration does not have a large
effect on the correlated creation of new defects. When the tri-
vacancy structures were charged with up to 2 electrons a new
intrinsic trap was observed in 8 cases and when they were
charged with up to 4 electrons a new intrinsic trap was observed
in 14 geometries.

These results suggest that, as the size of O vacancy clusters
increases, the likelihood of creating another vacancy nearby
increases as well. Single vacancies have a 25% chance of inducing
a wide O-Si-O angle intrinsic electron trap when charged, di-
vacancies have a 50% chance, and tri-vacancies are the most
likely to create a nearby intrinsic trap with a 77% chance. It also
indicates that a significant portion of the network distortion that
is responsible for the newly formed traps can be attributed to the
localization of injected electrons rather than the presence of the
vacancy cluster itself.

The mechanism of creation of a second O-vacancy facilitated
by an electron trapping at a pre-existing vacancy in m-HfO,
has been described in Bradley et al. [48]. The qualitative
similarities in vacancy formation and aggregation processes
in a-§5i0, and a-HfO, suggest that such mechanisms can
be operational also in a-HfO,. They will be discussed in a
separate publication.

6. CONCLUSIONS

Understanding the mechanisms of aggregation of oxygen
vacancies in dielectric oxides is important for improving
their performance in electronics, sensors, catalysis and other
applications under electrical stress and different types of
irradiation. We reviewed the initial stages of O-vacancy
clustering in two prototype wide bandgap oxides, SiO and
HfO,, and demonstrated that this is energetically favorable
in some vacancy configurations. However, barriers for neutral
O-vacancy diffusion in both materials are high and their
aggregation via thermally activated diffusion is unfeasible at
room temperature. As an alternative mechanism of vacancy
aggregation, we considered how new O-vacancies can be created
as a result of electron trapping by pre-existing ones on the
example of a-SiO;. These electrons can be injected via tunneling
from an electrode in a device or produced under irradiation
process. The results demonstrate that trapping two electrons at O
vacancy sites in a-SiO; induces local distortion in the amorphous
network such that new O-Si-O precursor sites for electron
trapping are created with a probability of about 25%. These sites
can trap two extra electrons, producing a new vacancy nearby.
As the size of the O vacancy clusters increases, the likelihood of

FIGURE 9 | Schematic illustrating the correlated defect creation mechanism.
(A) O Vacancies can trap up to two electrons; and (B) distort the amorphous
structure. (C) In rare cases, the HOMO of the charged vacancy points toward
a neighboring Si atom and forms a bond to (D) create a new vacancy and
interstitial O.

o, S0 Vecany |

S,

FIGURE 10 | The HOMO of a doubly negative O vacancy and a strain-induced
wide O-Si-O angle intrinsic electron trap. In about 25% of geometries the third
electron injected into a system which already contains a doubly negatively
charged O vacancy localized onto a newly created intrinsic trap. Si atoms are
shown in yellow while O atoms are shown in red. An iso-surface of the HOMO
is shown in blue and pink.

creating another vacancy nearby increases as well. Di-vacancies
have a 50% chance, and tri-vacancies are the most likely to create
a nearby intrinsic trap with a 77% chance.

These results suggest that electron trapping at oxygen
vacancies in amorphous and crystalline oxides may facilitate
the creation of new vacancies and this process becomes more
efficient as vacancy clusters grow larger because this requires
less activation. Previous results suggest that a similar mechanism
can be also operational in m-HfO,. We hope that these results
will stimulate further studies of oxygen vacancy aggregation in
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other functional oxides, such as Al,O3; and Ga,O3; as well as
in nitrides.
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