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The microscopic identification of vacancy-related defects in silicon dioxide has been a major challenge.
Particularly in amorphous silica, the role of vacancy clusters is still controversial. Experimental data have led
to suggestions that the E; center is a four-vacancy cluster instead of a single vacancy. Here we report density
functional calculations that explore the energetics and electronic structure of single vacancies and clusters of
four vacancies in realistic models of amorphous silica. A total of 76 O vacancies and 38 four-vacancy clusters
were examined, and their energy levels and hyperfine parameters were calculated. Results for single vacancies
compare well to previous theory. A key result for four-vacancy clusters is that relaxations localize the unpaired
electron preferentially on one Si atom, resulting in a strongly anisotropic electron-paramagnetic-resonance
signal. Electrons at single vacancies have a more benign anisotropy which is more compatible with the

observed isotropic signal.
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I. INTRODUCTION

Oxygen vacancies are the most common defects found in
silicon dioxide. Several vacancy-related defects (VRDs)
have been classified as E’ centers based on their signatures
observed with electron paramagnetic resonance (EPR).!-3
Determining the microscopic structure of VRDs from EPR
signatures has been a challenge for many decades.'~® Most
VRDs originally observed by EPR in quartz®® also have
analogous centers in amorphous silicon dioxide (a-SiO,).">?
The latter material has garnered broad interest because
a-Si0, is a ubiquitous component of electronic and optical
devices. Moreover, VRDs are a persistent cause of device
degradation®!" even in transistors with alternative high-K
gate dielectrics.!>!3

In quartz, the primary VRD, called the £ { center, was first
observed over 40 years ago’ but its identification became
definitive only after many years of study because of a rather
unexpected behavior, unveiled by theory.” Although in the
neutral state the two neighboring Si atoms rebond and form a
Si-Si bond, in the EPR-active positively charged state, one of
the Si atoms puckers backward and bonds to a backside oxy-
gen, leaving a dangling bond on the other Si atom.’

In a-SiO,, the two common VRDs are the E! and Ej
centers. These two VRDs have been well characterized in
bulk a-SiO, (Refs. 2 and 6) and similar defects have been
observed in modern transistors.!"'> The E’ center has an
anisotropic spin distribution characteristic of a dangling bond
and is understood as a puckered vacancy, analogous to the £}
center observed in quartz.5’7 Discovered in the 1980s, the E’5
center has a nearly isotropic-spin distribution and a hyperfine
(HF) splitting of only ~10 mT compared with the ~40 mT
for the E’, center. No analogous center has been observed in
quartz.® Definite identification of E5 has remained elusive.
The nearly isotropic EPR signal and the fact that the HF
splitting is }1 that of E’ led to the suggestion that the Ej
center corresponds to a larger vacancy cluster with four
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E’like dangling bonds.""*® An alternative model, simply a
single oxygen vacancy that remains a Si-Si dimer even in the
positive state, has been supported by calculations of the HF
splitting'#-1® and by the finding that, in a-SiO,, ~80% of O
vacancies do indeed remain in the dimer configuration when
positively charged.* Recently, Buscarino et al.'? presented
experimental data that appear to rule out the dimer model but
are consistent with a cluster of four oxygen vacancies. How-
ever, Refs. 1 and 2 do not offer an explanation for the lack of
a signal due to single vacancies. A comprehensive model for
VRDs and the Ej center in amorphous silicon dioxide re-
mains elusive.

We present first-principles electronic-structure calcula-
tions of VRDs in SiO, including single oxygen vacancies
and clusters of vacancies. In all cases, we investigated the
positively charged states of configurations in which no
E!-like puckering occurs (“dimer vacancies”). The most im-
portant result is the 28 isotropic hyperfine values for dozens
of VRDs. In addition, we present the structure, dynamics,
and electronic structure of vacancy clusters. Based on these
results, we find that, compared to the vacancy clusters, the
single vacancy is more consistent with the experimental
characteristics of the E’ center. The rest of this paper is or-
ganized as follows: in Sec. II, we present our methodology;
in Sec. III, we report our results; in Sec. IV, we analyze the
results to determine the relative formation energies for va-
cancy clusters; and in Sec. V, we compare our results to
experiments and present our conclusions.

II. METHODOLOGY

The amorphous silica model used in this study was gen-
erated with an empirical-potential Monte Carlo bond switch-
ing method.'”"!° The model includes 38 SiO, units enclosed
within a cubic supercell with sides 11.9 A long. The bond-
ing is consistent with experiments. There are no coordination
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TABLE 1. The isotropic 29& hyperfine parameter (for the Si
atom in bold) is reported for several molecules. The present CP-
PAW method compares favorably to experiment (Ref. 23).

Isotropic 29& HF parameter

(mT)
Molecule Present Experiment
Si(CH3), 15.8 18.1
Si[Si(CH3);]5 5.8 6.4
Si[Si(CH3)5]3 0.1,0.3, 1.0 0.7
{CgH;[Si-(CH3);1}! 0.1 0.5
{CgH,0,[Si-(CH;3)5 ]} 0.1 0.2

defects and only rings of four or more Si atoms are found.
The model has been employed previously to elucidate the
nature of water in silica-based network glasses."”

Density functional calculations were performed to exam-
ine the properties of VRDs. Generalized-gradient corrected
exchange-correlation functionals and one special & point at %
(111) were used for all calculations. To calculate energetics,
defect levels, and reaction barriers, we used the VASP code.20
Ultrasoft pseudopotentials, a plane-wave basis cutoff of 22
Ry, and a force tolerance of 0.05 eV/A were employed. Fur-
thermore, reaction barriers were calculated using the climb-
ing elastic-band method.?! The CP-PAW program was used to
further relax selected structures and to calculate HF param-
eters for various EPR-active vacancy defects.?? The projector
augmented wave approach was employed using 30 Ry for the
cutoff of the plane-wave basis. Comparing the CP-PAW and
VASP calculations indicates that relative energies are numeri-
cally converged to less than 0.1 eV. However, treating
charged defects within periodic systems leads to spurious
charge and dipole interactions between periodic images. No
ad hoc corrections have been applied to the reported energy
barrier results. Since saddle-point configuration has more
diffuse wave functions, we expect the corrected barriers to be
slightly larger than those reported here. These considerations
do not affect the main conclusions.

The experimentally observed HF splitting is determined
by the isotropic °Si HF parameter (a;,), which can be cal-
culated using the equation a;,,=31.7 mT pgy, (*Si), where
Pspin (¥Si) is the spin density in atomic units at the nucleus
of the silicon atom considered. As illustrated in Table I, the
present CP-PAW implementation is capable of reproducing ex-
perimental results over the range of interest, i.e., from less
than 1 to 20 mT.?} The molecules were chosen for Table I
based on having similar Si bonding and similar *°Si HF val-
ues. Overall, the present results tend to be lower than experi-
ment by 2 mT or less. The molecule Si[Si(CHj);]5 is particu-
larly instructive. The main silicon defect is calculated to have
a Si isotropic HF value of 5.8 mT compared to the value of
6.4 mT from experiment. The three neighboring silicon at-
oms should have identical HF values by symmetry. In our
method, symmetry was not imposed. Although the resulting
structure is reasonably symmetric, we find variable HF val-
ues in the range of 0.1-1.0 mT compared to the single ex-
perimental result of 0.7 mT. Based on the above comparisons
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FIG. 1. (Color online) Example for the neutral state of (a) the
oxygen vacancy dimer, called a Si, defect, and (b) four vacancies
clustered around a central silicon atom, called a Sis defect. Large
gray spheres are silicon atoms and small dark (red) spheres are
oxygen atoms.

with experiment and the range of structures considered be-
low, we estimate the present method’s error bars are +1.0 and
—0.5 mT for our reported HF values.

III. RESULTS

Models of isolated single oxygen vacancies were gener-
ated by removing one oxygen atom from our amorphous
Si0, supercell. We examined all of the 76 oxygen vacancy
sites. In all cases, the vacancies relaxed to form Si-Si dimer
bonds (called Si, defects for short) in both the neutral and
positive charge states. In the neutral charge state, the result-
ing Si-Si bonds have an average length of 2.46 A with a
range of lengths between 2.3 and 2.7 A. A ball-and-stick
model of a neutral Si, defect is shown in Fig. 1. In the
neutral case, the formation energy was correlated with the
final Si-Si bond length, with shorter bonds representing
lower energy structures. There was a range of more than 1
eV between the lowest-energy and highest-energy configura-
tions. With a reference of O, in vacuum, the average vacancy
formation energy is +2.7 eV, with a spread of formation
energies between 2 and 4 eV. Figure 2 shows a histogram of
the number of defects versus formation energy using a 0.2
eV bin size. The electronic structure of the vacancy defects
includes one filled defect level near the valence-band edge
and one empty level below the conduction-band edge. The
average +/0 acceptor level is ~E,+0.5 eV.

In the positive charge state, the Si-Si bond length ranges
from 2.8 to 3.2 A with an average bond length of 2.94 A.

Number of Defects
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FIG. 2. (Color online) Histogram of formation energy for the
single vacancy defects called Si, defects.
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FIG. 3. (Color online) Histogram of the calculated HF param-
eters for both the Si, and the Sis defects. Both Si, and Si5 defects
have a broad peak centered at ~10 mT consistent with experimen-
tal observations. The bin size is 1 mT. Only atoms with HF param-
eters greater than 1 mT are included in the histogram.

The defect spin density mainly spreads between the two Si
atoms of the dimer bond. The puckered configuration was
not considered. The isotropic »Si HF parameters were cal-
culated for all silicon atoms in 40 of the 76 Si, defect mod-
els. Atomic level analysis of the spin density indicates that
only the two Si atoms associated with the Si, defects con-
tribute to the histogram. All other silicon atoms had a *’Si
HF parameter less than 1 mT and would be invisible during
EPR HF measurements. For the two silicon atoms of the
vacancy, the isotropic 2°Si HF parameters are within the
range of 8—12 mT. Figure 3 combines all the 2°Si HF param-
eter calculations for all atoms in all models into a single
histogram. The results for Si, defects are presented as dark
boxes in Fig. 3. The histogram of the Si, defect °Si HF
parameters has a single peak ~10 mT, consistent with ex-
periments and previous theoretical studies.!#10

Cluster models including four vacancies (called Sis de-
fects for short) were generated in our model amorphous sili-
con dioxide. After removing four oxygen atoms, each bound
to a central silicon atom, four Si-Si bonds form, as illustrated
in Fig. 1(b). All 38 distinct Sis defect models were consid-
ered. In the neutral charge state, the Si-Si bonds of the Sis
defect have an average length of 2.63 A, slightly larger than
in the case of the Si, defect. The average formation energy is
2.6 eV with Fig. 4 showing the histogram of formation en-
ergies using a 0.2 eV bin size. It is noteworthy that the range
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FIG. 4. (Color online) Histogram of formation energy for the
four-vacancy cluster defects called Sis defects.
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of formation energies is smaller for the Sis defects than for
the Si, defects. Compared to the single vacancy, the elec-
tronic structure of the Sis defect is more complicated, with
four occupied and unoccupied bands near the valence-band
and conduction-band edges, respectively. For each Sis defect
the occupied defect levels occur between 0 and 1.5 eV above
the valence-band edge, with wide variations in the level po-
sitions between the various Sis defects. The average +/0
acceptor level is ~Ey+1.0 eV.

In the positive charge state of the Sis defect, one of the
four Si-Si bonds elongates substantially with a Si-Si distance
greater than 3.5 A whereas the other three Si-Si bonds are
typically around 2.6 A. The isotropic *’Si HF parameters
were calculated for all silicon atoms in all the models. The
results are presented in Fig. 3 as light boxes. The histogram
for the Sis defect has two peaks: one broad peak centered
~10 mT and another sharper peak at ~2—3 mT. Analysis
of the atom specific data finds that the spin density associ-
ated with the ~10 mT peak is due to the single outer silicon
of the elongated bond. The peak at ~2—3 mT is due to the
central silicon and sometimes to another silicon atom within
the cluster. Silicon atoms outside of the Sis cluster have neg-
ligible (<1 mT) *°Si isotropic HF parameters. In both the
E ; defect and in the Sis defect, the spin density mainly lo-
calizes on a single Si atom. The difference between the two
is that the Sis defect’s spin density is extended over a broader
region between an elongated bond whereas, for the E; de-
fect, the spin density localizes around the single silicon dan-
gling bond. The broader spin-density distribution for the Sis
defect results in a lower spin density at the silicon atom of
the defect and explains the much lower isotropic *°Si HF
value.

For the Sis defect in the positive charge state, one of the
four Si-Si bonds elongates significantly more than the other
three. However, the defect does not strongly favor one Si-Si
bond to be longer than the others. In Fig. 5, we show a
positively charged Sis defect in two of the four distinct con-
figurations. The elongated bond, denoted in Fig. 5 by the thin
dark line, is ~3.6 A in the cases shown. Again, the defect’s
spin density is mainly distributed in the region of the elon-
gated bond. The spin density is localized directly on the
outer Si atom resulting in a ?’Si HF parameter between 7 and
Il mT, ie., within the range reported in Fig. 3. Only
~0.2 eV separates the highest from the lowest energy con-
figurations. In addition, the barrier for the cluster to change
from one long Si-Si bond to another is found to be about 0.6
eV.

While here we focus on four-vacancy clusters (Sis de-
fects), other vacancy clusters can form. To provide an illus-
trative view of such clusters, we construct several models for
three-vacancy and five-vacancy clusters by choosing a single
low energy Sis defect, then adding or subtracting an oxygen
atom. In these vacancy cluster models, we find that the de-
fect spin density is also localized on a single outer silicon
atom, as in the case of the Sis defect. We find that the aver-
age main »Si HF parameter for the three-vacancy and five-
vacancy clusters are ~8 and ~13 mT, respectively. These
average values are distinct from the average of the Sis defect
cluster but the results are within the range of values reported
in Fig. 3.
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FIG. 5. (Color online) Two configurations of a single Sis defect
are shown for the EPR-active positive charge state. Each configu-
ration involves a different elongated Si-Si bond denoted by the thin
dark line. These configurations are close in energy with the barriers
between them being approximately 0.6 eV.

IV. ANALYSIS

For vacancy clusters to exist in large concentrations, the
conversion of single vacancies into clusters must be exother-
mic. In the present calculations, we find that on average the
conversion of four Si, defects into a Sis defect is indeed
exothermic by 0.07 eV per Si-Si bond. The Sis defects in-
vestigated here experience significant strain since the super-
cell’s volume is not allowed to relax. If the oxide fully re-
laxes, then the energy differences between clusters is simply
the varying cost of energy due to the varying oxidation states
of the silicon atoms involved. Using bond-energy empirical
potentials as in Refs. 17, 24, and 25, one can associate an
energy to a particular atom in a system. Recent comparisons
between bond-energy empirical potentials and ab initio cal-
culations have shown that, when bond strain is removed, the
energetics of a system of Si-O and Si-Si bonds can be written
in terms of just the energetics of the respective oxidation
states of the silicon atoms involved.?*> Using the results of
Refs. 24 and 25, we can compare the energetics of idealized
oxygen vacancy clusters, with no bond strain, by comparing
the oxidation state energies of the silicon atoms in the clus-
ter. Compared to fully oxidized (Si**) or fully unoxidized
(Si% silicon atoms, partially oxidized atoms are higher in
energy. Specifically, Si*!, Si*2, and Si*? atoms are on average
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FIG. 6. (Color online) Energetics of vacancy clusters: the energy
per Si-Si bond is plotted versus N(V,), the number of oxygen va-
cancies in a cluster. The Sis defect is a cluster with N(V)=4. The
zero of energy refers to a Si-Si bond in bulk crystalline silicon. The
plot shows that Sis defects are energetically the most favorable
vacancy clusters but these are still higher in energy than Si-Si bonds
in silicon.

0.49, 0.51, and 0.23 eV higher in energy, respectively. Using
these average numbers, we calculate the energy per Si-Si
bond for clusters of various sizes with the results reported in
Fig. 6. The energy of a Si-Si bond in bulk crystalline silicon
is chosen as the zero of energy. Clusters of three vacancies or
more are favored over isolated single vacancies, i.e., Si, de-
fects. The Sis defect is a cluster of four vacancies and is the
most stable, which is 0.23 eV per Si-Si more favorable than
the Si, defect. The special stability of the Si5 occurs because
the central atom is in a favorable unoxidized state. While
formation energy considerations clearly favor some vacancy
clustering, oxide growth conditions are important for deter-
mining relative concentrations of VRDs, and the growth of
clusters may be limited by entropic and kinetic effects. Spe-
cifically, in thermal oxides grown on silicon, cluster forma-
tion is suppressed since vacancies in the oxide can favorably
recombine with bulk silicon at the growth interface.

V. DISCUSSION

While the presence of single vacancies in a-SiO, is well
known based on the EPR signatures of E;, centers, the pres-
ence of vacancy clusters has not been established. Recently,
Buscarino et al.'? analyzed their data following the proce-
dure of Zhang and Leisure,?® who found that four silicon
atoms are involved in the £ center. To determine the number
of HF active silicon atoms in the £ :5 center, they calculate the
ratio of the HF doublet EPR intensity to the main resonance
EPR intensity. This analysis uses the E} or the E, center for
the purpose of calibration. The implicit assumption is that the
silicon atoms participating in the E; center have the same
kind of Si dangling bonds as either the E; or the E’, centers.
However, due to Jahn-Teller distortions, defect clusters of
silicon dangling bonds reconstruct to form new bonds. This
reconstruction is not unexpected as Si dangling bonds at a
vacancy in crystalline Si have long been known to undergo
such rebonding.?’?® As discussed in Refs. 4, 14, and 16, the
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positively charged vacancy in SiO,, when dimerized in the
way usually attributed to a E5 center, involves two Si sp?
orbitals that form a bonding orbital occupied by a single
electron, not two isolated Si sp* orbitals. Reconstructions are
more dramatic for the Sis defect where the hole disrupts one
of the four Si-Si bonds, leaving the other three virtually in-
tact. For both the Si, and Sis defects the assumption of the
experimental data analysis in Ref. 1 fails to be verified by
theoretical calculations. Therefore, the available experimen-
tal data do not constrain the number of silicon atoms in-
volved in the Ej center.

The histogram of HF results presented in Fig. 4 indicates
that, compared to the vacancy cluster (Si5 defect), the single
vacancy (Si, defect) model is more consistent with the ex-
perimental HF results for the E; center. The distribution of
the single vacancy HF values peak around 10 mT with no
other peaks. In contrast, the Sis defects result in a broad
distribution centered around 10 mT with an extra peak at 2—-3
mT. This lower peak provides a definitive test for clusters
and no lower peak has been reported to date. From the com-
parisons of our results and experiments, the single vacancy
(Si, defect) is a much stronger candidate for the E center.

Regarding the identification of the E) center with the
single vacancy, one remaining concern is the observed isot-
ropy of the Ej center g tensor. While calculations of g ten-
sors are beyond the scope of the present work, based on our
electronic-structure calculations, we can offer some insight.
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The Sis defects are found to localize on a single silicon atom
and should have a more anisotropic g tensor than the Si,
defects. However, at room temperature, the positively
charged Sis defects will dynamically resonate between the
four configurations since the barrier for hopping is low
(~0.6 eV). The overall effect is a more isotropic g value.
However, this dynamic isotropy would be frozen out at low
temperatures. In fact, the experiments of Refs. 6 and 9 per-
formed at 77 and 4 K, respectively, do not result in any
remarkable change in the isotropy of the E center, suggest-
ing that vacancy clusters are not responsible for the E’5 cen-
ter.

In summary, the properties of VRDs in silicon dioxide
have been calculated with state-of-the-art first-principles
methods. The properties of vacancy clusters are presented
and shown to be inconsistent with prevailing observations of
the E; center. However, single isolated vacancies are shown
to provide a compelling model for the E’; center. Overall, this
work elucidates the nature of VRDs in amorphous silicon
dioxide.
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