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Carrier trapping centers in a two-dimensional silica bilayer: Strongly localized
shallow gap states and resonances induced by oxygen vacancies
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Structural and electronic properties of neutral native defects in a two-dimensional SiO, bilayer (2D-SiO;)
are examined using the SIESTA ab initio approach. We identify scissor and rotation modes of oxygen atoms,
in the middle of Si-O-Si chains, as low-energy structural excitations responsible for the response of the 2D-
SiO; lattice to the formation of all native defects in the present study. Furthermore, we find that oxygen native
defects (single vacancies and interstitials) should be the most abundant defect species in thermal-equilibrated
samples. Regarding native-defect electronic states, single oxygen vacancies and interstitials are found to be
amphoteric trapping centers in 2D-Si0,. Silicon vacancies and interstitials introduce several strongly localized
states spanning a large fraction of the gap. Generally, we identify a marked tendency for the appearance of
strongly spatially localized defect states, be their energies shallow or deep within the band gap, as well as the
emergence of strongly localized resonances in the valence and/or conduction bands. Strong spatial localization of
defect states, a hallmark of systems displaying trapping and polaronic effects, is a result of quantum confinement
and enhanced Coulombic effects in this 2D system. Carrier trapping and polaron formation are thus expected to
be a common feature of defect states and added carriers in 2D-SiO,.
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I. INTRODUCTION

Stackings of two-dimensional (2D) materials that inter-
act through van der Waals interactions (usually called van
der Waals stackings) are the current paradigm for the in-
vestigations of prospective electronic devices built from 2D
materials, because they offer the possibility of modulating the
electronic and structural properties of the ensuing materials
along the stacking direction.

Over the last decade, SiO, has been synthesized in 2D
forms (2D-Si0;) [1-4], with potential applications as a highly
permselective membrane and also as a prototype material
where the glass transition can be directly observed [5]. This
2D-Si0, bilayer is the thinnest possible system with SiO;
stoichiometry that is fully chemically saturated, i.e., devoid
of dangling bonds. It interacts weakly with the substrates on
which it is grown, via van der Waals interactions [1].

Being the thinnest possible chemically saturated SiO,
layer, and a mechanically and chemically stable van der
Waals—interacting 2D material with an experimental band gap
of 6.7 eV [1], the most important prospective application of a
2D-Si0; bilayer should be as an ultrathin insulating layer in
van der Waals stackings.

As in most of the three-dimensional (3D) polymorphs of
silica, 2D-SiO, is built from a structural motif of corner-
sharing tetrahedra, where oxygen atoms in each of the four
shared vertices are bonded to two silicon atoms in the centers
of adjoining tetrahedra, resulting in a SiO, stoichiometry. In
the case of 2D-Si0,, this motif is structured as a bilayer con-
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sisting of two mirror-image layers of SiO, tetrahedra sharing
an oxygen layer in the middle. Oxygens in this middle layer
sit on the vertices shared by the mirror-image tetrahedra from
the “top” and “bottom” external layers, as shown in Fig. 1.
On the two external layers, each oxygen atom sits on a vertex
shared by two adjoining tetrahedra.

Systematic investigation of the fundamental physical
properties of silicate-based 3D compounds have been of
paramount importance in the development of silicon-based
technology, ranging from fiber optics to semiconductor de-
vices. In the solid form, three-dimensional SiO, (3D-SiO,)
appears in several crystalline phases such as « quartz and
B quartz, among others, and also in amorphous phases such
as natural silica, glass, and opal. Most of these 3D solids
consist of networks of the aforementioned structural motif of
corner-sharing tetrahedra.

Experimental and theoretical studies of the properties of
native defects and impurities in the 3D-SiO, polymorphs have
a long history, and a large body of work on the topic is
available in the literature [6—14]. We mention explicitly here
only previous studies that are directly related to our results for
native defects in the crystalline form of 2D-SiO;.

The predominant native defect in 3D-SiO; is the oxygen
vacancy, which is regarded as the culprit behind the degrada-
tion of SiO,-based electronic devices [15,16]. Experimentally,
it is well established [6,8,9] that the most frequent O-vacancy
defect in quartz is the so-called E’ EPR center, with an un-
paired electron (S = 1/2), but an E” center with two unpaired
electrons in a triplet (S = 1) state has also been reported
[9]. In amorphous 3D-SiO, (a-SiO,), an E; defect shows
an EPR profile very similar to that of the E’ center. Both
E' and E; have been assigned to the positively charged O

©2022 American Physical Society
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(a)

FIG. 1. Atomic structure of a 2D-SiO, bilayer. (a) Side view
of the structural motif of mirror-image tetrahedra sharing a vertex.
Oxygen atoms (red spheres) sit on the vertices and silicon atoms
(green spheres) at the center of each tetrahedron. (b) Top view of
the 2D-SiO, bilayer. Si atoms form top and bottom AA-stacked
honeycomb sublattices with an O atom in the middle of Si-O-Si
links. The diamond-shaped primitive 12-atom cell, a rectangular
24-atom unit cell, and the 192-atom [(4 x 2)x the rectangular unit
cell] supercell used in most of our calculations are indicated by black
lines. (c) Side view showing the structural parameters of the 2D-SiO,
bilayer. Definitions and values of the bond angles and bond lengths
shown in the figure are included in Table 1.

vacancy, based on theoretical ab initio calculations [16]. A
more recent first-principles study [17,18] suggests that Sij
dimers could be responsible for an unidentified paramag-
netic center in vitreous 3D-SiO; (v-3D-SiO;). By examining
nondimer configurations in positively charged states, these
authors consider puckered, unpuckered, doubly puckered, and
forward-oriented configurations and find that the calculated
EPR parameters of the puckered and unpuckered configura-
tions support the assignment of an Ej center in v-3D-SiO; to
an unpaired spin localized at a threefold-coordinated silicon
dangling bond. Moreover, the forward-oriented configurations
are suggested as the assignment of an E, center in v-3d-SiO5.

A feature of oxygen vacancies in the 3D polymorphs of
Si0O; that deserves mention, in the context of the present work,
is the bistability of this defect in o quartz: in the neutral state,
the O vacancy is stable in a dimer configuration, where a
Si-Si bond is formed between the two Si dangling bonds that
appear due to the removal of the O atom, while in the posi-
tively charged state the defect assumes the so-called puckered
configuration, where one of the Si atoms relaxes across the

plane of its other three oxygen nearest neighbors and bonds
with another O atom in the 3D network, to restore its fourfold
coordination [9,10,16].

Overall, several experimental studies have addressed
defects associated with oxygen and silicon vacancies in 3D-
Si0;,, and have found that the latter appears mostly in quartz
crystallized at relatively low temperature (<250°C) from
amorphous silica precursors due to rapid cooling [19-21].

The 3D polymorphs of SiO, are prone to carrier trap-
ping and polaron formation. Intrinsic (involving polaron
formation) and extrinsic (involving Ge or Li impurities)
electron-trapping phenomena have been investigated using
ab initio methods in o quartz and amorphous SiO; [22,23].

In the case of 2D crystals, an issue that requires attention
in the context of defect states is the influence of quantum
confinement and enhanced Coulombic effects on the character
of the wave function of the electronic states introduced in
the fundamental band gap (and possibly strongly localized
resonances and antiresonances in the valence and conduction
bands) by native defect and impurities. Regarding the issue
of enhanced Coulombic effects, it is well know that, often,
exciton binding energies in lower-dimensional systems are
one to two orders of magnitude larger than in 3D crystals
[24,25].

The current work is a systematic theoretical investigation
of the electronic structure and atomic geometry of native
defects (single vacancies and interstitials), in crystalline 2D-
Si0,. We consider a freestanding 2D-Si0, bilayer; i.e., effects
of interaction with the substrate are not accounted for in our
calculations.

A previous work on defects in the 2D-SiO, bilayer [26]
has considered only the fully reconstructed topological lattice
defects, in the form of non-hexagonal rings that appear in
amorphous 2D-Si0O, (a-2D-SiO;) and in defects such as the
Stone-Wales defect and the double vacancy in the crystalline
form. These are defects with a similar morphology to that
observed for the same type of defects in graphene [27-31]. In
this work, we consider single vacancies and interstitials, with
a morphology that is markedly different from similar defects
in graphene.

We employ the SIESTA-code implementation [32] of
Kohn-Sham density functional theory (KS-DFT) [33,34] to
address the electronic structure and atomic geometry of neu-
tral native defects in crystalline 2D-SiO,. The work is a first
exploratory step toward addressing the properties of native-
defect and impurity states in a system that is bound to become
relevant for the foreseeable applications of 2D semiconduc-
tors and insulators, given its central role in “traditional”
3D-materials electronic devices.

As such, we employ the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) functional to de-
scribe exchange and correlation effects [35]. It is well known
that the GGA approximation underestimates the band gaps
of semiconductors and insulators, but it turns out that in the
case of 2D-SiO, this is not too severe an issue, because the
GGA-calculated band gap of 5.6 eV that we obtain in our
calculations is underestimated by 16% only, when compared
with recent experimental values of 6.7 eV. As discussed in
the following, with this computational scheme we obtain a
description of the structural features of the pristine bulk of
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2D-Si0; in excellent agreement with available experimental
results.

Our calculations for the electronic structure of the pristine
bulk of 2D-Si0; show that at —1.73 eV below the top of the
valence bands there emerges a very strong van Hove singular-
ity, associated with a set of flat valence bands in this energy
range, that should give rise to a strong peak in the ultraviolet
absorption signal of a 2D-Si0O, layer. No such strong elec-
tronic singularity is observed in the 3D forms of 3D-SiO;.

We address the properties of four native defects in the
neutral charge state in 2D-Si0,: single O and Si vacancies, Vg
and Vg;, and single O and Si interstitials, I and Ig;. In order to
examine the thermodynamic stability of these native defects,
we consider a range of chemical potential values for silicon
and oxygen, from Si-rich conditions to O-rich conditions.

Generally, in our study oxygen native defects are found to
be the most abundant species in thermal equilibrated samples,
under the synthesis conditions encoded in our choices of
chemical potentials. Oxygen vacancies are more stable in the
intermediate layer of O atoms than in the external layers, by
0.44 eV, the opposite being true for the oxygen interstitials,
which are much more stable in the external layer, by 2.27 eV,
than in the intermediate layer. Overall, the middle-layer oxy-
gen vacancy is the most stable defect over the first three-fifths
of the range of chemical potentials we consider, starting from
the Si-rich limit, and the external-layer oxygen interstitial
becomes the most stable defect from there up to the O-rich
limit.

Regarding defect atomic structure, our calculations show
that the response of the atomic lattice to the presence of the
native defects is dominated by two types of displacements of
the O atoms in the middle of the Si-O-Si chains: (i) a rotation
mode, where oxygen atoms rotate about the axis joining the
two Si atoms; and (ii) scissor-mode displacements that change
the angle at the O vertex in a Si-O-Si chain. Rotation and scis-
sor modes are found to be low-energy structural excitations
of the 2D-Si0, atomic lattice, and constitute the mechanism
by which this system responds to the formation of all native
defects in the present study. The two honeycomb sublattices
of Si atoms remain nearly unaffected by the presence of the
defects, except at the very core of the defect, in all cases.
In a forthcoming publication, we will discuss the ubiquitous
role of these structural modes in the response of the 2D-SiO,
lattice to external stresses and deformations.

In the main text, we provide a detailed analysis of the
electronic states introduced in the fundamental band gap of
2D-SiO, by each native defect in our study. A general trend
we identify in the present work is a tendency, across all defect
species we consider, for the formation of strongly localized
defect levels, be their energy shallow or deep within the band
gap. Another trend we identify is the formation of localized
states that are resonant within the bulk bands, near the edges
of the valence and/or conduction bands.

More specifically, both oxygen monovacancies and single
interstitials are found to be amphoteric trapping centers in
2D-Si0,. In the case of the O vacancy, activation of donor or
acceptor states depends on whether the vacant site is on one
of the external layers or in the middle oxygen layer. Single
O interstitials display acceptor and donor levels in both stable
positions we identify in our calculations.

Our results indicate that in 2D-SiO,, even shallow de-
fect states may commonly exhibit strongly localized wave
functions, and trapping and polaronic effects may be a more
common feature of defect states in 2D-SiO, than in 3D-SiO,,
as a result of quantum confinement and enhanced Coulombic
effects in 2D systems.

We plan to revisit the main results of this work with cal-
culations employing hybrid and GGA + U functionals in a
forthcoming publication. A natural next step for our investiga-
tions of 2D-Si0; is to address the problem of charged defects,
such that stable charge states and related transition levels are
identified. A proper description of the fundamental band gap
is an essential step in such study. While in 3D-SiO,, inclusion
of a Hubbard-U term has been found to correct the band gap
only partially, from 40% underestimated within GGA to 33%
within GGA 4+ U [36], no such study has been performed
in the case of the 2D form of SiO,. Given that we find the
gap underestimated by 16% only within GGA, inclusion of
a Hubbard-U term may prove enough to fully fix “the gap
problem” and allow an accurate prediction of the transition
levels in this material.

Another extension of the present work that we plan to un-
dertake in the future is the first-principles calculation of defect
migration barriers of the native defects we consider in the
present work. While ab initio molecular dynamics (MD) may
also be considered in the context of defect migration in this
system, migration barriers of the fully reconstructed defects
involve covalent-bond breaking and tend to be quite high,
which renders ab initio MD quite prohibitive in these cases. In
the partially reconstructed defects, that show dangling bonds
at the core of the defect, the lubrication of the migration
pathway by the dangling bonds [37] may allow ab initio MD
to provide useful insight on the migration path in these cases.
To our knowledge, so far MD dynamics has been applied only
to model the ring statistics of the amorphous form of 2D-SiO,
[38-42].

II. METHODOLOGY

In our ab initio calculations, we have employed DFT in
the Kohn-Sham framework, as implemented in the SIESTA
software [32]. In order to model the structural and electronic
properties of the pristine 2D-SiO, bilayer, a 12-atom primitive
cell was used, with tight convergence parameters to obtain
well converged structural properties, band structure, and den-
sity of states: a mesh cutoff of 800 Ry, with a 128 x 128 x 1
Monkhorst-Pack (MP) grid [43], and a Gaussian smearing of
0.01 eV to draw curves for the density of states (DOS) and
orbital-projected DOS (PDOS). For the structural relaxation
of internal parameters, a tolerance on the residual forces of
<0.001 eV/A was imposed. All calculations in this work were
performed using the experimental lattice constant of 5.42 A,
obtained by LEED, STM, and AFM measurements on ordered
films of 2D-SiO, grown on Ru(0001) substrates [1,44].

For the calculations of the properties of native defects,
very good convergence with respect to supercell size was
obtained with 192-atom supercells, except for the case of
the external-layer oxygen vacancy, that required a 432-atom
supercell in order to avoid spurious overlap between the defect
states and their periodic images. For the self-consistency of
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the electronic charge density and the convergence of structural
parameters, a 2 x 2 x 1 MP k-point grid and a mesh cutoff of
250 Ry were used in the 192-atom-supercell calculations, and
a I'-point sampling was used for the 432-atom calculation.
In all supercell calculations, tolerance of < 0.01 eV/A was
imposed on the residual forces in every atom. In order to
obtain well converged DOS and PDOS for the defect su-
percells, MP grids of 16 x 16 x 1k points were employed.
In all cases, a double-{ pseudoatomic basis set augmented
with polarization orbitals (DZP basis) was employed, with
an energy cutoff of 0.01 Ry, and the PBE-GGA functional to
account for exchange and correlation effects [35]. Interactions
between valence electrons and ionic cores were described
by Troullier-Martins pseudopotentials [45]. Spin polarization
was considered in all cases.

In what follows, we discuss the spatial distribution of the
electronic states that appear in the band gap due to the forma-
tion of each native defect we consider. We also discuss some
examples of resonances that appear in the valence and con-
duction bands. We propose a simple scheme [46] to analyze
the spatial structure of the defect-state wave functions, based
on the orbital-projected density of states, that is described in
detail in the Supplemental Material [54]. In a few words, we
analyze the PDOS to quantify and add up the contributions of
the atomic-basis orbitals of each atom to the defect states (and
resonances, in some cases), and plot this as a function of the
distance of the atom from the defect center. We refer to these
defect-state plots as the wave-function spatial profile, Pyt (R).

With this simple scheme, we can distinguish between gap
states and resonances that are very strongly localized, usually
within ~5 A from the defect center, and effective-mass-theory
(EMT) states that show weaker exponential decay. EMT
states, which are the standard description of shallow doping
gap states in 3D crystals, are more delocalized, extending over
a much larger portion of the lattice, away from the defect
center. Furthermore, plots of isosurfaces of the charge density
of the defect-state wave functions are also analyzed.

III. STRUCTURAL AND ELECTRONIC PROPERTIES
OF A CRYSTALLINE 2D-SiO; BILAYER

A. Structural parameters

The equilibrium structure of crystalline 2D-SiO, is a
bilayer composed of two (top and bottom) mirror-image ex-
ternal layers, with nominal Si,O3 stoichiometry, sharing an
intermediate (or middle) layer of oxygen atoms. Oxygen
atoms in the middle layer are bonded to two Si atoms, one di-
rectly above it in the top layer and another directly below it in
the bottom layer, resulting in the overall SiO, stoichiometry,
as shown in Fig. 1. The Si atoms in each of the two external
layers form AA-stacked honeycomb structures, with one oxy-
gen atom in the middle of each Si-O-Si link, forming oxygen
external sublayers. Overall, the lattice structure of 2D-Si0; is
a hexagonal lattice with 12 atoms per primitive cell, belonging
to the D¢, symmetry group, the same as graphene. The result-
ing values from our ab initio calculations for the structural
parameters shown in Fig. 1 are included in Table I. Si-O bonds
involving a middle-layer O atom (dg}ifo = 1.65 A) are slightly
smaller than Si-O bonds involving an external-layer O atom

TABLE 1. Geometric parameters of the structure of a 2D-SiO,
bilayer. Distances in A and angles in degrees. Available experimental
values, in parentheses, are from Refs. [47,48]. ds;_s; = distance
between the two external Si honeycomb layers. d§*, = distance
between nearest-neighbor Si and O atoms in the same external
layer. d§;_,, = distance between Si and O sublayers in the same
external layer. o' ,_g; = Si-O-Si angle at external-layer O atom
vertex. o)« = Si-O-Si angle at intermediate-layer O atom ver-
tex. B&;_o = tetrahedral O-Si-O angle involving external-layer O
atoms. B4, = tetrahedral O-Si-O angle involving one middle-
layer O atom.

ds;_si gty ds;_o
3.30 1.67 0.58

(1.67 £0.08, 1.66 + 0.06) (0.55+0.04)
agilosi “éniifo-$ o si—0 gi—dSi—O
139.6 180 108.8 110.2
(140.5) (180) (109.4 + 8.1, 110.1 £5.7)

d$t, = 1.67 A), both values being slightly larger than Si-O
bonds in 3D « quartz (1.61 A). The tetrahedral O-Si-O angles
involving one middle-layer O atom (ﬂgli—dSi—O = 110.2°) are
slightly larger than the O-Si-O angles with both O atoms on
a external layer (B&"'g;_o = 108.8°). The former (latter) are
larger (smaller) than the ideal tetrahedral angle of 109.5° by
0.7° only. The Si-O-Si angle is Olg}iilo,Si = 180° for bonds
joining Si atoms in the two sublayers, with an oxygen atom
in the middle layer, and ag’i“_O_Si = 139.6° for the Si-O-Si
bonds with the three atoms on the same external layer. The
distance between the two Si honeycomb sublayers is 3.30 A.
On each external layer, the O-atom sublayer is at a distance
of 0.58 A from the Si sublayer. All structural values are in
very good agreement with the scanning-tunneling-microscopy
(STM) results from Ref. [48], also included in Table 1.

B. Electronic structure

The band structure and DOS of 2D-SiO, are shown in
Fig. 2. In the top we show the electronic bands in the
(—11.7,2.0) eV interval, with the DOS shown on the right.
In the lower panels we show separately the DOS for the
valence (left panel) and conduction bands (right panel) in
the corresponding energy intervals, as well as the PDOS of
the atomic orbitals that give significant contributions to the
electronic bands shown in the figure.

Unlike the case of o quartz, which has an indirect band gap
(top of the valence band at the K and M points and bottom of
the conduction band at the I" point, in the Brillouin zone) [49],
in 2D-SiO; we obtain a direct gap with the two band extrema
at the I" point. We recall that a transition from indirect to direct
band gap, on going from the 3D to the 2D form, occurs also
in the case of 2D hexagonal metal dichalcogenides [50,51].

The Kohn-Sham-GGA value we obtain for the fundamen-
tal band gap is 5.6 eV. An important difference we obtain,
between the electronic bands of the 2D and 3D forms of SiO,,
is the width of the highest part of the valence band, which
is 3.2 eV in 3D « quartz [49] and only 0.9 eV in 2D-SiO,,
which is indicative of enhanced correlation effects in the 2D
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FIG. 2. (a) Band structure and (b) density of states (DOS) of
a 2D-Si0, bilayer. (¢) DOS and orbital-projected density of states
(PDOS) of the valence bands. (d) DOS and PDOS of the conduction
bands. In all panels, the zero of the energy scale is at the top of the
valence band.

form. Moving down in energy in the valence band, this narrow
band is followed by a pseudogap of ~0.2eV, related to a
region populated solely by highly dispersive bands (hence the
low DOS). Moving further down in energy, we find another
rather narrow (~0.3eV) set of bands followed by another
pseudogap, and yet another narrow set of bands, with a width
of ~1.2¢eV. In this latter set of bands, at —1.73 eV below the
top of the valence band (&), we observe a very strong van
Hove singularity, associated with a set of flat bands in this
energy range, that should give rise to a strong peak in the
ultraviolet absorption signal of a 2D-SiO, layer. A true gap
of ~0.3 eV separates these bands from another set of bands,
that display another pseudogap in their highest part.

The orbital composition of the valence bands, shown in
Fig. 2(c) and Fig. 3(a), is similar to that of 3D-Si0O,, being

m(a)‘

FIG. 3. Isosurfaces of charge density for bands at (a) the top of
the valence band and (b) bottom of conduction band. The top of
the valence band shows an orbital composition dominated by the
nonbonding orbitals from oxygen atoms, while the bottom of the
conduction band is composed mainly of silicon bonding orbitals.

mostly derived from the nonbonding orbitals of the oxygen
atoms. The orbital character of the strong van Hove singu-
larity is essentially the nonbonding orbitals of the oxygen
atoms from the external layers, with a small contribution from
bonding orbitals of the middle-layer O atoms. This is the only
feature of the DOS of the three highest sets of valence bands
that has some contribution from bonding oxygen orbitals.
Note that, overall, Si orbitals give a negligible contribution
to the valence bands.

Regarding the conduction bands, the scenario is also
similar to quartz, with the conduction bands being derived
primarily from the s and p orbitals of the Si atoms, as shown in
Fig. 2(d) and Fig. 3(b), for an interval of ~2.4 eV up from the
bottom of the conduction band (&). States at the bottommost
part of the conduction band are nearly entirely derived from
the Si s orbitals, and the conduction bands remain mostly of s
character up to ~1.7 eV above &.,. Moving up from this point,
the states develop a predominant Si p-orbital character, with
a progressively decreasing contribution of the Si s orbitals.
Starting at ~2.4 eV above &, the nonbonding orbitals of the
external-layer O atoms give a small but sizable contribution to
the conduction-band states.

IV. NATIVE DEFECTS

In the Supplemental Material [54], for each native defect
we analyze in the following, we include figures with detailed
views of the atomic structure at the core of the defect, as well
larger and more detailed figures of the DOS plots, the wave-
function spatial profiles, and isosurfaces of charge density of
the defect states we discuss in the main text.

A. Vacancies

We start our discussion of native defects in crystalline
2D-SiO; by examining the energy levels and the spatial dis-
tribution of the defect states generated by O and Si vacancies.
As described above, in a freestanding bilayer of crystalline
2D-Si0O, there are two inequivalent O-atom positions: (i) an
interlayer one, in the intermediate layer of oxygen atoms
connecting a Si atom on the top external layer to a Si atom
on the bottom external layer; (ii) an intralayer one, connecting
two adjacent Si atoms on the same external Si honeycomb
sublayer. In the case of Si, symmetry dictates that there is only
one site, since all Si positions are symmetry related.

The defect levels of the three neutral vacancies are shown
in Fig. 4. The labeling of the defects is as follows: V3¢ is
the interlayer oxygen vacancy that is formed by removing one
oxygen atom from the middle (intermediate) layer. V&' is the
external-layer oxygen vacancy that is formed by removing one
oxygen atom from either one of the two external layers. Vg;
is a vacancy that is formed by removing a Si atom from either
one of the two external layers.

1. Middle-layer oxygen vacancy: V34

Let us first consider oxygen vacancies, the primary native
defect center in crystalline and amorphous 3D-SiO, [9]. In
the relaxed geometry of the VIid defect, the local symmetry
of the host lattice is only slightly broken at the defect site, due
to small outward in-plane shifts of the three middle-layer O
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FIG. 4. Schematic representation of the single-particle energy
levels introduced in the fundamental band gap by oxygen and silicon
vacancies in 2D-SiO,.

atoms that are nearest to the vacant site, as shown in Figs. 5(a)
and 5(b). Note that the top and bottom Si atoms, formerly
bonded to the vacant O atom, move inward toward the middle
layer and form a 2.39-A-long interlayer bond, 0.91 A shorter
than the original Si-O-Si chain and only 1.6% larger than a
Si-Si bond in the diamond-structure bulk of a Si crystal (2.35
A). These two Si atoms at the defect core are shown as gray
spheres in Figs. 5(c) and 5(d).

In Figs. 5(c) and 5(d), we show only the Si atoms in their
positions in the V34 configuration. We draw lines joining the
Si atoms (that do not represent real bonds in 2D-Si0;) to show
that, after the removal of one middle-layer O atom, the lattice
deforms very slightly and only in the very near vicinity of the

FIG. 5. Relaxed geometry of the middle-layer oxygen vacancy,
Vgid. (a) Top and (b) side views. Si (O) atoms are shown as green
(red) spheres. (c) Top and (d) side views showing only the Si honey-
comb sublayers. In (c) and (d), the two Si atoms that rebond at the
defect core are shown as gray spheres, and the lines joining the Si
atoms do not represent real bonds, and are drawn to show that the
structure of the Si sublattices remains mostly undisturbed. In order
to facilitate the visualization of the bond between the Si atoms shown
as gray spheres, the supercell origin in all panels was chosen such as
to show these Si atoms up front in the image. In Fig. 6(a), these two
Si atoms are near the center of the supercell.

defect core, and that the local structure of the Si honeycomb
sublattices is very much unaffected after relaxation of the
atomic structure of the defect.

Thus, we observe that the response of the atomic lattice to
the formation of the V4 defect consists essentially of two
types of displacements of the O atoms in the middle of the
Si-O-Si chains: (i) rotation about the axis joining the two Si
atoms; (ii) displacements which change the angle at the O
vertex in a Si-O-Si chain (a scissor mode). These rotation and
scissor modes are low-energy structural excitations of the 2D-
SiO, atomic lattice, and constitute the mechanism by which
the 2D-Si0, lattice responds to the formation of all native
defects in the present study. In a forthcoming publication,
we will discuss the ubiquitous role of these structural modes
in the response of 2D-Si0O, lattice to external stresses and
deformations.

This Vgid defect geometry corresponds to the dimer con-
figuration of O vacancies in 3D quartz and amorphous SiO;.
We recall that in the crystalline forms of 3D-SiO,, positively
charged O vacancies have another stable geometry, the so-
called puckered configuration [9,10,16], where one of the
Si atoms relaxes across the plane of its other three oxygen
nearest neighbors and bonds with another O atom in the 3D
network, to restore its fourfold coordination. In the 2D-SiO,
case, no other layer of O atoms is available; hence this puck-
ered configuration cannot exist, since upon puckering the Si
atom would find the vacuum above (below) the top (bottom)
layer.

Figure 4(a) shows the band edges of the conduction and
valence bands and the singly degenerate shallow level, at
evp + 0.10 eV, that is introduced in the gap by the Vg‘id defect
in the neutral charge state. This level is fully occupied by two
electrons with opposite spins; therefore V3¢ is EPR inactive
in the neutral state.

Considering only the energy eigenvalue for this defect
state, we would be tempted to classify it as, potentially, a
shallow acceptor doping level. However, the wave function
of this state, shown in Fig. 6(a), displays a fast exponential
decay, and is very strongly localized on the atoms in the
immediate vicinity of the vacant O-atom site: orbitals from
the two silicon atoms, nearest neighbors to the vacant site,
account for 33% of the DOS peak of the defect state, and the
six nearest oxygen atoms (three on each of the two external
layers) account for 51% of the defect-state DOS. Overall, the
full wave function for the defect state is localized within ~5 A
of the vacant site, as shown in Fig. 6(a). The inset in Fig. 6(a)
shows an isosurface of the defect-state charge density, and
provides another view of the strong localization of the shallow
defect state. Therefore, despite being shallow in energy, the
defect state is not an EMT state, and may act as a trapping
center of carriers from the active layer in a prospective device
employing 2D-SiO; as an insulating layer in a van der Waals
stack.

This “pseudoshallow” Vgid defect state underscores a
fairly general trend that we observe in the present work: a
marked prevalence for the formation of strongly localized
defect levels, be their energy shallow or deep within the band
gap. Another trend we identify is the formation of localized
states that are resonant within the bulk bands, near the edges
of the valence and/or conduction bands.
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FIG. 6. (a) Wave-function spatial profile as a function of the
distance to the defect center, P,s(R), of a strongly localized shallow
defect state introduced in the band gap by the middle-layer oxygen
vacancy, V4. (b) Py (R) of a strongly localized shallow defect state
introduced in the band gap by the external-layer oxygen vacancy,
VG (c) Pys(R) of the strongly localized spin-split pair of states
introduced in the higher part of the band gap by the silicon vacancy,
Vsi. Spin is indicated by arrows in the legend. The inset shows an
isosurface of charge density of the majority-spin (spin-up) state.
(d) Pyt(R) of the rather shallow Vg; majority-spin state, at e, +
0.06 eV, and of its spin-split minority-spin partner at &, + 0.48eV.
The inset shows an isosurface of charge density of the shallow state.
In (a), (b), and (d) insets display isosurfaces of the charge density
of the shallow states, as another view of their strongly spatially
localized character. In all cases, contributions to Py¢(R) from Si (O)
orbitals are shown as dark and light green (red and magenta) symbols
and guide-to-the-eye lines.

In the case of V39, by zooming in on the electronic bands
of the defect supercell, we identify three resonant states near
the bottom of the conduction bands that are very strongly
localized, within 4 A from the defect center. The spatial lo-
calizations of the wave function of two of these resonances
(the lowest and the highest in energy) are shown in Fig. SI3 of
the Supplemental Material [54]. The inset in this figure shows
the bands for an interval of ~1.5 from the bottom of the
conduction band. The three resonant states are indicated by
the red lines.

2. External-layer oxygen vacancy: V'

By removing an oxyen atom from either one of the external
layers, the intralayer V&' defect, shown in Figs. 7(a) and
7(b), is formed. Its relaxed geometry shows an intralayer Si-Si
bond, with a 2.50 A bond length replacing the Si-O-Si chain
from which the O atom is removed. In this case also, the
rotation and scissor modes of the O-atom sublattices dominate
the response of the 2D-Si0, lattice to the introduction of the
defect, and the symmetry of the Si sublattices is very nearly
maintained, with a small symmetry reduction at the defect site
due to the formation of the Si-Si bond, as shown in Figs. 7(c)
and 7(d).

The V§' defect is, in some respects, a reciprocal of the
VPid in the sense that it introduces a singly degenerate

FIG. 7. Relaxed geometry of the external-layer oxygen vacancy,
Vg'. (a) Top and (b) side views. Si (O) atoms are shown as green
(red) spheres. (c) Top and (d) side views showing only the Si honey-
comb sublayers; see caption in Fig. 5. In (c¢) and (d), the two Si atoms
that rebond at the defect core are shown as gray spheres. In order to
facilitate the visualization of the bond between the Si atoms shown
as gray spheres, the supercell origin in all panels was chosen such as
to show these Si atoms up front in the image. In Fig. 6(b), the two Si
atoms are near the center of the supercell.

shallow defect state at g4, — 0.12 eV. The defect level is
empty in the neutral charge state of the defect; i.e., the neutral
Vg is also EPR inactive.

This is also a strongly localized pseudoshallow defect state,
with most of its wave function concentrated on the orbitals
of Si atoms within ~5 A of the vacant site. In this case,
~60% of the defect-state wave function derives from the
atomic orbitals of the two silicon atoms that rebond after the
removal of the oxygen atom, the four nearest oxygen atoms,
and the four next-nearest-neighbor silicon atoms, all in the
same sublayer of the removed oxygen, as shown in Fig. 6(a).
The figure shows the wave-function fast spatial decay and the
inset shows an isosurface of charge density for this gap state.

Again, despite being shallow in energy, the V& state in the
topmost part of the band gap is not an EMT state, and may
trap electron carriers from the active layer in a prospective
2D-semiconductor device employing 2D-SiO, as an insulat-
ing layer. Also in this case we identify strongly localized
resonances near the bottom of the conduction band, as shown
in Fig. SI6 of the Supplemental Material. That both oxygen
vacancies display resonant states near the edge of the conduc-
tion band is related to the fact that a Si-Si bond is formed in
the relaxed atomic structure of both defects, and the bottom of
the conduction band derives entirely from Si orbitals.

From the above discussion, we conclude that oxygen
monovacancies are amphoteric trapping centers in 2D-SiO,,
with activation of the nominally donor or acceptor states de-
pending on the Fermi level position and on whether the vacant
site is on one of the external layers or in the middle oxygen
layer.

Here, it is worth pausing to mention the work of Altman
and Schwartz [52] where structural and electronic features
of amorphous 2D-SiO, bilayers are observed directly with
STM images at room temperature. While in the present work
we do not consider a-2D-SiO, bilayers as in Ref. [52], these
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FIG. 8. Relaxed geometry of the silicon vacancy, V;. (a) Top and
(b) side views. Si (O) atoms are shown as green (red) spheres. In
(a) the blue arrows show the two undercoordinated O atoms in the
core of the defect. (c) Top and (d) side views showing only the Si
honeycomb sublayers; see caption in Fig. 5.

amorphous bilayers are also composed of two mirror layers
of corner-sharing SiO, tetrahedra, and show the same local
bonding coordination of Si and O atoms. It is reasonable to
expect that O vacancies should also be low-energy defects
in a-2D-Si0, bilayers, with similar local geometric and elec-
tronic features such as the changes in the local density of states
on the O-vacancy centers we identify in our calculations, and
may be linked to the “fading wall” features of the STM images
in Ref. [52].

3. Silicon vacancy: Vs;

As discussed below, a silicon vacancy Vg; is a high-
formation-energy defect, markedly so in Si-rich growth
conditions. However, one must bear in mind that irradiation
with high-energy electron beams has been used to intro-
duce carbon vacancies (also high-formation-energy defects)
in graphene [53], and the same process may prove effective to
engineer such defects in 2D-SiO,. Moreover, non-negligible
concentrations of frozen-in Si vacancies result from rapid
cooling of amorphous precursors, in 3D-SiO, samples [9].

Regarding the atomic structure, the relaxed geometry
shows symmetry reduction over a somewhat larger portion of
the surrounding lattice, when compared with V3¢ and V&,
and displays a partial reconstruction of the four broken bonds
that appear due to the vacant Si atom. Figures 8(a) and 8(b)
show the geometry of the partially reconstructed defect, after
the removal of a Si from the top layer. As described above,
in the pristine 2D-SiO; lattice each Si atom bonds to three
O atoms in the same external sublayer and to one O atom in
the intermediate layer. Upon removal of a Si atom, a bond is
formed between an external layer O atom and the middle-layer
O atom, such that a Si-O-O-Si chain is formed at the defect
core, and each one of the other two external layer O atoms,
formerly bonded to the vacant Si, are now undersaturated.
The presence of O-atom dangling bonds, and the Si-O-O-Si
bonding chain, not present in the host lattice, are the main
reasons for the high formation energy of this defect.

Figures 8(c) and 8(d) show that even after the removal
of a Si atom, substantial rebonding, and formation of the
Si-O-0-Si chain, the two Si honeycomb sublattices are only
mildly perturbed, being deformed more strongly only at the
very core of the defect. Once again, we observe that in the
relaxed geometry of the Vg; defect, besides the formation of
the Si-O-O-Si chain, the scissor and rotation displacements
of nearby O atoms constitute the mechanism by which the
surrounding lattice responds to the perturbation.

Figure 4 shows the Vg; energy levels in the gap obtained
from spin-unpolarized and spin-polarized calculations. The
calculation without the inclusion of spin polarization yields
five singly degenerate defect states introduced in the funda-
mental band gap by the Vg; defect, four of them in the lower
half and one in the upper half of the band gap. In the neutral
state of Vg;, the three lower levels are fully occupied with
two electrons of opposite spins, and the two higher levels
are empty. These defect states are composed essentially of
atomic orbitals of the two undersaturated external-layer oxy-
gen atoms (indicated by blue arrows in Fig. 8), and the atoms
in the Si-O-O-Si chain at the core of the defect. In the spin-
unpolarized calculation, all five gap states of the V§; defect are
very strongly localized in the immediate neighborhood of the
defect center, regardless of being shallow or deep in the band
gap.

From a spin-polarized calculation, the inclusion of ex-
change splitting has a dramatic effect. In the minority-spin
channel, shown as blue lines in Fig. 4, we obtain three occu-
pied and three unoccupied gap states, while the majority spin
channel has only three energy levels in the band gap, two of
which are occupied. The V§; defect has a net spin of 1 up (one
Bohr magneton) in the neutral state.

In order to understand this defect-level structure, we must
consider that spin splitting has pushed majority spin states
downward, such that they become resonant within the valence
band. The Vg; defect is a telling example of the occurrence
of strongly localized defect-induced resonances in a 2D-SiO;
bilayer. Below, we describe a spin-split pair consisting of
a minority-spin gap state and a majority-spin valence-band
resonance.

Overall, for the V§; defect we have the following scenario:

(i) The two defect states with opposite spins in the higher
part of the gap, in Fig. 4(c), result from a small spin splitting
(72 meV) of the higher gap state from the spin-unpolarized
calculation in Fig. 4(d). These states are composed essentially
of orbitals from the two O and two Si atoms (predominantly
from the O atoms) forming the Si-O-O-Si chain at the core
of the defect. The wave-function spatial profiles for these
defect states are shown in Fig. 6(c). They mirror each other
and show strong localization near at defect core. The inset
shows an isosurface of charge density for the majority-spin
gap state, providing another perspective on its strong spatial
localization.

(i) The suite of four gap states spanning a small energy
interval in the bottom part of the gap, from the spin unpo-
larized calculation, gives rise to complex effects of exchange
spin splitting that push majority-spin states into the valence
band as resonances and pulls one resonant minority-spin state
from the valence band into the gap.
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(a) (b) (c)

FIG. 9. Detail of the initial positions of interstitial atoms at the
start of the geometry-relaxation procedure. The figure shows only
the hexagon where the interstitial atom is initially placed, and not the
full supercell. The relaxed-supercell atomic coordinates, in all cases,
are included in the Supplemental Material. (a) Top and side views
of the initial position of a Si or an O interstitial (gray sphere) in the
middle layer. (b) Top and side views of the initial position of a Si
interstitial in the external layer. (c) Top and side views of the initial
position of an O interstitial in the external layer. Si (O) atoms are
shown as green (red) spheres.

Figure 6(d) shows the wave functions of the rather shal-
low Vg; defect level, a majority-spin state with an energy
of &y +0.06 eV, and of its spin-split minority-spin partner
at ey, + 0.48 eV. Both states are composed mainly of the
dangling bond orbitals of the O atom indicated by a blue
horizontal arrow in Fig. 8. An isosurface of charge density for
the shallow majority-spin state is shown in the inset. This is
a prototype example of the tendency of formation of shallow
states with strongly localized wave functions that we identify
in the 2D-SiO; bilayer.

By examining the band structure of the defect supercell, we
are able to identify a strongly localized majority-spin valence-
band resonance at &, — 0.20 eV and its spin-split partner in
the band gap, a minority spin state at &, + 0.26 eV, both
states derived mainly from dangling bonds of the other under-
coordinated O atom in the core of the Vg; defect, indicated by
a blue vertical arrow in Fig. 8. The wave-function profiles for
these spin-split partners and an isosurface of charge density
for the minority-spin gap state are included in Fig. SI9 of the
Supplemental Material [54]. Note that the resonant state does
not decay to zero away from the defect center due to some
degree of hybridization with the delocalized states in the va-
lence band. Moreover, the spin-splitting energy is much larger
for these latter spin-split pairs of states (0.42 and 0.46 eV)
than for the states in the higher part of the gap.

B. Interstitials

We shift gears now and consider single O and Si intersti-
tials. Figure 9 shows the initial positions that we consider for
an interstitial Si or O atom before geometry optimization: (a)
an additional O (Si) atom placed on an interstitial site in the
oxygen middle layer; (b) an additional Si atom placed at the
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O O Si CBM
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i —— 10.26 eV
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A
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———
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FIG. 10. Schematic representation of the single-particle energy
levels introduced in the fundamental band gap by oxygen and silicon
interstitials in 2D-SiO,.

center of an external-layer hexagon; (c) an additional O atom
placed on an external-layer hexagon.

Oxygen atoms are usually stabilized in low-coordination
environments, such as in 2D-SiO, where each O atom is
twofold coordinated. As a result, from the initial positions
described above we obtain two stable configurations of oxy-
gen split interstitials in 2D-Si0,. On the other hand, Si atoms
prefer higher coordination environments, and for that reason,
in the case of a single Si interstitial, we obtain only one equi-
librium position where the Si atom moves inward and bonds
with the nearest O atom in the middle layer, for both initial po-
sitions shown in Fig. 9. We emphasize that even when initially
placed on the external layer, an interstitial Si atom migrates
to the middle layer and bonds with the closest middle-layer O
atom, the driving force being the low coordination of available
external-layer sites that renders the puckered configuration of
the oxygen vacancy unstable in 2D-SiO,, as discussed above.

The defect levels introduced in the fundamental band gap
by the three interstitial species are shown in Fig. 10. Below,
we discuss the geometry and electronic structure of each case
separately.

1. Oxygen split interstitials: IS and 15

For both initial positions that we consider, after relaxation
the interstitial O atom forms split interstitials in Si-O-O-Si
chains at the defect core. Starting from the initial position in
Fig. 9(a), a stable O-interstitial configuration is obtained, the
134, where the interstitial O atom bonds with a middle-layer O
atom, forming a Si-O-O-Si chain with one Si atom from each
of the external layers, as shown in Fig. 11. From the external
layer position, the 18“ defect is formed, where the interstitial
O atom bonds with the O atom from an external-layer Si-O-Si
chain and with an external-layer Si atom, as shown in Fig. 12.
The I$" is the more stable form of an oxygen interstitial, with a
formation energy that is 2.27 eV lower than I, as discussed
below.

In both cases, the positions of the two O atoms making
up the split interstitial are very nearly symmetric with respect
to the original position of the O atom in the Si-O-Si chain
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FIG. 11. Relaxed geometry of the middle-layer oxygen intersti-
tial, Igid. (a) Top and (b) side views. Si (O) atoms are shown as
green (red) spheres. (c) Top and (d) side views showing only the Si
honeycomb sublayers; see caption in Fig. 5.

to which the interstitial atom attaches itself. Again, in both
cases the local symmetry breaking induced by the formation
of the interstitials is localized in the immediate neighborhood
of defect core, and involves essentially scissor and rotation
modes of the O atoms in the near vicinity of the defect core,
along the zigzag line of Si-O-Si bonds where the interstitial is
formed. The symmetry of the Si sublattice is only disturbed at
the very core of the defects, as shown in Figs. 11(c) and 11(d)
and Figs. 12(c) and 12(d). More detailed views of the geome-
try at the core of the I3 and If!¢ are shown in Figs. SI11 and
SI13 of the Supplemental Material [54].

The electronic structures of the two O interstitials are very
similar. In both cases we obtain a pair of deep gap states,
one in the lower half of the gap and the other in the upper
half of the gap. The energies are, respectively, &y, + 0.91 eV
and eq, — 0.72 eV, for the IM9, and &, + 0.65 eV and ¢, —
0.45 eV for the 18“. Hence, both Iy centers we identify are
amphoteric, with deep donor and acceptor levels.

No spin splitting of the defect levels results from our spin-
polarized calculations in either Igid or IZ". The wave functions

FIG. 12. Relaxed geometry of the external-layer oxygen inter-
stitial, I". (a) Top and (b) side views. Si (O) atoms are shown as
green (red) spheres. (c) Top and (d) side views showing only the Si
honeycomb sublayers; see caption in Fig. 5.

FIG. 13. (a) Wave-function spatial profile, Py;(R), of the two
strongly localized gap states introduced by the external-layer oxygen
interstitial, I'. The inset shows an isosurface of charge density
of the state in the lower part of the gap. (b) Pys(R) of the two
strongly localized gap states introduced by the middle-layer oxygen
interstitial, I%i9. The inset shows an isosurface of charge density of
the state in the higher part of the gap. (c) Py¢(R) of the very shallow
gap state at €,, + 0.03 eV, introduced by the silicon interstitial, Ig;.
The inset shows an isosurface of charge density of this shallow state.
The effective-mass-theory nature of the state is displayed by a wave
function that extends over the entire supercell. (d) P,(R) of the
strongly localized, marginally shallow gap state at €, + 0.15 eV,
introduced by Ig;. The inset shows an isosurface of charge density
of this shallow state. In all cases, the contributions to Py¢(R) from
Si (O) orbitals are shown as dark and light green (red and magenta)
symbols and guide-to-the-eye lines.

for the two gap states, for both Iy species, are essentially the
bonding and antibonding combinations of the O-O bond at
the cores of the two Ip species. The orbitals in these two O
atoms account for nearly the full wave function of both defect
states, in each case. Figures 13(a) and 13(b) show that these
are very localized deep defect states, with their wave functions
decaying to zero within ~3.5 A from the defect center. The
inset in Fig. 13(a) shows a charge-density isosurface for the
evp + 0.65 eV level of IS and Fig. 13(b) shows the isosurface
for the ., — 0.72 €V of Igid.

2. Silicon interstitial: Ig;

A Si interstitial in crystalline 2D-SiO; is stable only in an
interstitial site of the intermediate oxygen layer, as shown in
Fig. 14, where the relaxed configuration of the Is; defect is
displayed. In the figure, it is observed that a Si-O bond from
the pristine bilayer, between a Si atom in the top layer and
the O atom in the middle layer, is replaced by a Si-Si bond
between the interstitial and the top layer Si atom, while the
middle-layer O atom also bonds with the Si interstitial, form-
ing a Si-Si-O-Si chain at the core of the defect. All core atoms
but the interstitial Si atom itself recover their pristine-lattice
coordination.

Again, the surrounding lattice retains the symmetry of the
pristine system, with symmetry reduction confined to a small
region surrounding the defect core. Thus, even in this case,
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FIG. 14. Relaxed geometry of the silicon interstitial, Ig;. (a) Top
and (b) side views. Si (O) atoms are shown as green (red) spheres.
Interstitial Si atom is shown as gray sphere. (c) Top and (d) side views
showing only the Si honeycomb sublayers; see caption in Fig. 5.

where a large interstitial atom is inserted in the 2D-SiO,
bilayer, we observe that the lattice responds to the perturbation
through scissor and rotation modes of the O atoms in the vicin-
ity of the defect, with the external honeycomb sublattices of Si
atoms being disturbed only in a very small region surrounding
the defect center.

The Is; is in a rather low twofold coordination, which
explains a plethora of five defect-state energy levels in the
band gap associated with the Ig; defect, as shown in Fig. 10.
Unlike in the case of the Si vacancy, in the neutral charge state
no spin polarization effects are observed in this case; hence the
neutral Ig; center is EPR inactive.

Of the five Is; gap states in Fig. 10, the lowest one is
a very shallow level at €y, + 0.03 eV, which wave function
is shown in Fig. 13(c). The figure clearly shows an EMT
state displaying a slow decay away from the defect center,
with sizable contributions to the wave function from atoms
over the entire supercell, a profile that is confirmed by the
charge-density isosurface in the inset. As expected, the wave
function of this EMT state is dominated by the p orbitals of
the external layers atoms, which is the character of the states
at the top of the valence band.

Moving up in energy, in the band gap, we find a marginally
shallow state at €., + 0.15 eV, followed by a very deep level
at €y, + 2.23 eV. The shallow state at €., + 0.15 eV derives
its wave function from atomic orbitals of the interstitial Si
atom, the Si atom that bonds to it, the three middle-layer
O atoms that are nearest to the interstitial Si, and the two
top-layer O atoms that are nearest to the interstitial Si, as
shown in Fig. 13(d). This is another example of a shallow state
that is not an EMT state, being actually a very localized state
with a wave function that is confined within ~3.5 A from the
defect center.

Further up in the higher part of the gap, we find another
deep level at e, —0.42 eV, and another marginally shal-
low level €., — 0.26 eV. Overall, except for the very shallow
EMT state described above, the other four gap states intro-
duced by the Ig; defect are strongly localized, within ~3.5 A
from the defect center. In particular the two marginally shal-
low levels, the acceptor at €,, + 0.15 eV and the donor at

€ — 0.26 eV, display strongly localized wave functions, as
shown in Fig. SI16 of the Supplemental Material [54]; i.e.,
despite being shallow states, neither is an EMT state.

V. FORMATION ENERGY OF VACANCIES
AND INTERSTITIALS

The formation energy of a neutral defect is essentially the
difference between the energy of a supercell with the defect
and that of a pristine supercell without the defect, taking into
account the chemical potentials of each atomic species, in
order to properly compare systems with different stoichiome-
tries, as follows:

Ef = ES — EXY + 3 nips, (1)

where E{f)t is the total energy of a supercell with defect d,

EXUk is the total energy of the corresponding (same supercell
size) pristine bulk supercell, and n; and p; are the quantities
and chemical potentials of the atoms exchanged with the cor-
responding chemical-potential reservoirs, when the defect is
created. In the cases we consider in this work, there is only
one atom exchanged with the chemical-potential reservoirs:
one atom is removed from the 2D-Si0O, bilayer in the case of
single vacancies, and one atom is added in the case of single
interstitials.

The chemical potentials of Si and O are determined by im-
posing a condition of thermodynamical equilibrium between
the 2D-Si0, bilayer and the reservoirs of Si or O atoms em-
ployed in the synthesis of the bulk material. The 2D-SiO, bulk
is obtained by electron beam deposition where a Si sample
is exposed to an electron beam that heats it up, creating a
vapor of silicon atoms in a gaseous O, environment [1]. The
thermodynamical equilibrium condition requires

Wsio, = Usi + o, = Usi + 2[L0, 2

where pisio, 1s the calculated total energy per formula unit of
a pristine SiO; bilayer. We define two limits for the synthesis:
Si-rich and O-rich conditions.

In the Si-rich scenario, a gas of Si atoms in equilibrium
with a bulk Si is present, and the value of ug; is obtained from
the calculated total energy per atom of diamond-lattice bulk
Si. In this condition, the oxygen chemical potential is obtained
from the equilibrium condition, Eq. (2), as

Si
tot

9
Ns;

Si-rich:  pugi =
3

_ (usio, — Usi)

0= " 5
where ESi is the total energy of an Ns;-atom Si-bulk unit cell.
On the other hand, in the O-rich scenario, the oxygen
chemical potential 1o is obtained from a calculations for an
O, molecular gas, and the Si chemical potential is given by

the equilibrium condition, Eq. (2), as

EY

tot

2 El

O-rich: pp =

“4)
msi = (Usio, — 210),
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TABLE II. Chemical potentials of silicon and oxygen and forma-
tion energies (in eV) of neutral native defects in 2D-Si0,, for Si-rich
and O-rich conditions.

Si-rich limit (eV) O-rich limit (eV)

Lo —439.10 —434.74
Lsi —245.02 —253.74
mid 0.59 4.95
Ve 1.03 5.39
Vi 13.23 4.53
[mid 7.97 3.61
I 5.70 1.34
Is; 4.02 12.72

where EQ? is the total energy of a calculation for an O,
molecule in a supercell with large vacuum regions in all three
directions.

More specifically, for the the formation energy of a vacancy
in the neutral charge state, from the total energy of a 2D-SiO,
supercell with Ng; formula units and one missing O (Si) atom,
we obtain

EJ° = Eg® + o — Eg > (Nsi), (5)

E}]Si = EVS 4 psi — ES*(Ngi)

= EVS + usio, — 210 — ES% (Ng), (6)

where ESI%? (Ng;) is the total energy of a pristine 2D-SiO, cell

with Ns; formula units.
In the case of interstitials, we obtain

EP = E§ — o — Eg > (Nsi), )
Ep = Eg — isi — Eg (Ns)

= ES — psio, + 210 — ESX* (Ns;). ®)

The values we obtain for us; and o in the two limits are
included in Table II. The table also includes the values of E
in the two limits for all native defects we consider, and Fig. 15
shows E; as a function of uo over the chemical potential
range between the Si-rich and O-rich limits. The results in
Table II show that while oxygen vacancies are more stable in
the intermediate layer of O atoms than in the external layers,
by 0.44 eV, the opposite is true for the oxygen interstitials,
which are much more stable in the external layer, by 2.27 eV,
than in the intermediate layer.

Figure 15 and Table II show that the V3¢ vacancy is
the most stable defect over the first three-fifths of the range
of chemical potentials we consider, starting from the Si-rich
limit, and that the 18“ becomes the most stable defect from
there up to the O-rich limit. These trends are expected, since in
O-poor conditions we expect higher concentration of O vacan-
cies and in O-rich conditions we expect higher concentrations
of O interstitials, but the intervals of chemical potential values
where each of these two defect species are stable must be
determined from calculations such as presented here.

Another non-straightforward conclusion from our calcula-
tions is that in O-rich conditions, hence Si-poor conditions

O-rich

T
|
<

Q
El
&

14

EeV)

-434.74
H V)

FIG. 15. Formation energy, E;, as a function of the oxygen
chemical potential, uo, for the six defect species considered in this
work. 1o values range from a Si-rich value on the left up to an O-rich
value on the right, as explained in the text.

(given the SiO;-bulk thermodynamical constraint on the sum
of chemical potentials), O interstitials are more abundant then
Si vacancies, and in O-poor conditions, hence Si-rich con-
ditions, O vacancies are more abundant then Si interstitials.
Note that in the Si-rich limit of chemical potentials we con-
sider, the E values of the oxygen vacancies are much smaller
(by at least 3 eV) than that of the silicon interstitial. Similar
considerations apply in the O-rich limit, where E for the I
interstitial is smaller than E for the silicon vacancy by 4.2 eV.

To summarize, among the single native defects we con-
sider, oxygen native defects are expected to be the most
abundant species in thermal equilibrated samples under the
synthesis conditions encode in our choices of chemical poten-
tials.

In the Supplemental Material [54], for each native defect
in our study, we include figures with detailed views of the
atomic structure at the core of the defect, as well larger and
more detailed figures of the DOS plots, the wave-function
spatial profiles, and isosurfaces of charge density of the defect
states we discuss above. We also include a detailed explana-
tion of the definition of the wave-function spatial profile and
the atomic cartesian coordinates of all defect supercells we
employed in our calculations.

VI. CONCLUSIONS

Structural and electronic properties of single O and Si va-
cancies, and single O and Si interstitials in a 2D-SiO; bilayer,
were addressed in this work. In general, our results indicate
that oxygen native defects should be the most abundant de-
fect species in thermal equilibrated samples, for the range of
chemical potentials we have considered. While oxygen vacan-
cies in the middle layer are more stable than in the external
layers by 0.44 eV, the opposite is true for oxygen intersti-
tials, which are more stable in the external layer, by a large
2.27 eV energy difference, than in the middle layer. Overall,
the middle-layer oxygen vacancy is the most stable defect over
the first three-fifths of the range of chemical potentials we
consider, starting from the Si-rich limit, and the external-layer
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oxygen interstitial becomes the most stable defect from there
up to the O-rich limit.

Our results allow us to identify scissor and rotation modes
of displacements of oxygen atoms in the Si-O-Si chains, that
are low-energy structural excitations of the 2D-SiO, lattice,
and constitute the dominant mechanism by which the 2D-SiO,
lattice responds to the formation of all native defects in the
present study. In all cases, the structure of the two honey-
comb sublattices of Si atoms remain nearly unaffected by the
presence of the defects, except in the very near vicinity of the
defect core.

Our calculations for the electronic structure of the pris-
tine bulk of 2D-SiO, reveal the emergence of a very strong
van Hove singularity at —1.73eV below the top of the
valence band, associated with a set of flat bands in this en-
ergy range, that should give rise to a strong peak in the
ultraviolet absorption signal of a 2D-SiO, layer. No such
strong electronic singularity is observed in the 3D forms of
3D-Si0;.

Regarding the electronic states associated with these na-
tive defects in the fundamental band gap, a general trend
we have identified is a strong tendency, for all native defect
we consider, for the formation of strongly localized defect
levels, regardless of whether their energies are shallow or deep

within the band gap. We have also identified a tendency for the
formation of localized states that are resonant within the bulk
bands, near the edges of the valence and/or conduction bands.

Oxygen monovacancies and single interstitials are found to
be amphoteric trapping centers in 2D-Si0,, displaying accep-
tor and donor levels in the fundamental band gap of 2D-SiO,.
Both silicon native defects we have considered introduce sev-
eral strongly localized states spanning a large fraction of the
gap.

Our results indicate that in 2D-SiO,, even shallow defect
states exhibit strongly localized wave functions. We expect
trapping and polaronic effects to be a feature of defect states
in 2D-Si0,, as a result of quantum confinement and enhanced
Coulombic effects in this 2D system.
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