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We have calculated the distributions of structural parameters, formation energies, and defect levels of neutral
oxygen vacanciessNOVd in amorphous silicasa-SiO2d. All oxygen sites in the amorphous structure were
considered as possible candidates for vacancy formation in these calculations. The electronic structure of NOV
configurations at 75 selected sites were studied using an embedded cluster method. The formation energies
correlate with the SiuSi distance in relaxed vacancies and with vacancy relaxation energies. We carried out
classical molecular dynamics calculations to test the possible effect of high temperature annealing on predic-
tions from static calculations and found that it affects the high formation energy NOV configurations. Using
classical atomistic simulations we then calculated the structure and formation energies of NOV in 220 different
sites. For the 23 low formation energy NOV configurations obtained in classical calculations we calculated the
optical absorption spectrum of NOV. We found that thes→sp transitions determine the low energy tail of the
optical absorption spectrum and are strongly affected by the SiuSi distance in the vacancies. Therefore the
red part of the NOV optical absorption spectrum should depend strongly on sample preparation and any further
treatment which can create neutral oxygen vacancies. The results demonstrate how a statistical approach based
on the embedded cluster method can be effectively applied to studying the properties of defects in amorphous
materials.
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I. INTRODUCTION

The important role played by oxygen deficient centers
sODCsd in the optical and chemical properties of oxides is
well appreciated and has been highlighted in several recent
reviews.1–4 In many cases the technologically important ox-
ide is amorphous. However, most of the theoretical studies
focus on crystalline materials and the additional complexity
due to the structural disorder of the material is rarely taken
into account directly. Recently, however, significant theoret-
ical efforts have been invested in studying the structure and
properties of oxygen deficient centers in amorphous silica,5–8

a-SiO2, which is one of the most important and extensively
studied amorphous insulators.9–11 The ODCs affect the per-
formance of complementary metal-oxide-semiconductor
based devices1 and optical fibers12 made of a-SiO2, and
therefore have been extensively studied experimentally13–16

and have been classified into two types: ODCsId and
ODCsII d.14 However, our understanding of their structure
and properties ina-SiO2 still remains incomplete.

In this paper we will focus on ODCsId. This is diamag-
netic and therefore has been studied only through its optical
spectra and transformations into other defects. It gives rise to
an optical absorption band with a maximum at around 7.6 eV
in both crystalline quartz and ina-SiO2.

14 There is a widely
shared opinion that this absorption band can be attributed to
neutral oxygen vacancysNOVd,14,17,18but this assignment is
still being questioned.19

A large number of theoretical calculations based on the
NOV model of ODCsId as OwSiuSiwO3 support the sta-
bility of this defect and several of them predict the optical
excitation energy for the center with this structure to be close
to 7.6 eVssee, for example, Refs. 20–22d. However, almost

no theoretical studies have focused on the effect of structural
disorder in a-SiO2 on the structure and properties of this
defect. Various types of silica glass and thermal oxidesssee,
for example, Ref. 23d have different structures, densities, as
well as defect and impurity contents. Moreover, the oxygen
deficiency can be created by different means, e.g., during
growth, deposition, cooling, annealing, and by irradiation.
The experimental data suggest that properties of ODCsId,
e.g., details of the optical absorption spectrum, do depend on
the preparation conditionsssee, for example, Refs. 17, 19,
24, and 25d. Will NOV formed at different lattice sites reflect
this dependence?

In this paper we assume the NOV model of ODCsId and
study the dependence of the structure and properties of this
defect on the formation site in an amorphous sample. First,
we assume that all oxygen sites are available for formation of
NOV and obtain the distribution of vacancy formation ener-
gies and structural parameters. This approach provides the
most complete distribution of properties, but which of the
defect sites will really be occupied depends on the method of
sample preparation and the mechanism of defect formation.
In particular, close to thermodynamic equilibrium only oxy-
gen sites with low NOV formation energies will accommo-
date NOV. We consider the structural properties of this sub-
set of NOV and calculate their optical absorption spectrum.
Using static calculations we find a strong correlation be-
tween the NOV formation energies and the SiuSi distances
in relaxed vacancies. We also show that the NOV formation
energies are correlated with the relaxation energies and with
the displacements of the two Si atoms forming the SiuSi
bond. We demonstrate that annealing of the vacancies using
molecular dynamics induces a stronger short- and medium-
range relaxation and results in generally lower formation en-
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ergies and shorter SiuSi bonds. We also found that the en-
ergies of thes→s* transitions are strongly correlated with
the lengths of the SiuSi bonds and that the longer SiuSi
bonds determine the red tail of the NOV optical absorption
spectrum. We conclude that the red part of the NOV optical
absorption spectrum should strongly depend on the details of
sample preparation and further treatment which can form
NOV. Our results predict densification of the amorphous
samples in the presence of NOV. They demonstrate how a
statistical approach based on the embedded cluster method
can be effectively applied to studying the properties of de-
fects in amorphous materials.

The paper is organized as follows. In the next section we
describe the calculation techniques. The results of calculation
are presented in Sec. III, and conclusions in Sec. IV.

II. CALCULATION TECHNIQUES

We used a combination of several techniques. First, the
amorphous structure has been generated in periodic classical
molecular dynamicssMDd calculations. Then an embedded
cluster method21,26,27 was applied to calculate properties of
neutral oxygen vacancies at 75 representative oxygen sites in
amorphous silica. These data were used to derive a set of
interatomic potentials that described the interaction between
atoms surrounding neutral oxygen vacancies in amorphous
silica. Using these potentials we performed periodic classical
static energy minimization calculations, where neutral oxy-
gen vacancies at 220 oxygen sites were considered one at a
time. Twenty configurations with the lowest vacancy forma-
tion energies and three configurations with higher formation
energies were then selected and annealed using classical MD
and their structural parameters were analyzed. Finally, we
used the embedded cluster method to calculate the optical
absorption spectrum of the 23 NOV selected ina-SiO2.

A. Classical static and MD methods

To generate the amorphous structure we followed an ear-
lier work by Vollmayr et al.28 with several modifications
summarized in Ref. 29. We used theDLIPOLY code,30 the
Buckingham-type rigid-ion interatomic potentials developed
by van Beestet al.31 sBKSd, and an NPT ensemble. The
original BKS interatomic potentials have been modified29 to
improve their performance in MD simulations at high tem-
peratures. The simulation cell, containing 648 atoms, was
first heated to 7000 K at a rate of 531013 K/s s500 K per
10 psd, then equilibrated at 7000 K for 100 ps, and finally
quenched to 0 K at a rate of 831012 K/s s50 K per 6 psd.
The final configuration of thea-SiO2 structure was further
relaxed using a static energy minimization technique. The
resulting a-SiO2 model proves to be a continuous random
network with all Si ions coordinated by four oxygen ions and
all O ions coordinated by two silicon ions. It has a density of
2.37 g/cm3, which is higher than the average density of
2.20 g/cm3 usually attributed to amorphous silica.32 This re-
flects the properties of the BKS potentials since the volume
of the cubic simulation cell was not fixed during the MD
calculations.

Static energy minimization calculations were carried out
for the same amorphous SiO2 structure as obtained in the
MD simulations. First, the nondefective structure was con-
sidered. Then a single NOV was formed at an oxygen site
and the total energy was minimized again. These calculations
were repeated to accumulate statistics over 220 oxygen sites.
They were carried out using theGULP33 code and the classi-
cal shell model.34 The original BKS interatomic potentials
were modified to account for polarization of oxygen ions and
to correctly reproduce the high-frequency dielectric constant
of a-quartz.21 The consistency of the rigid and shell model
interatomic potentials has been tested in Ref. 29. The neu-
trality of the vacancies was preserved and the interactions
between the lattice atoms in their vicinity were described by
a specially fitted set of classical interatomic potentials dis-
cussed belowssee Sec. III Bd. In all calculations both the
internal coordinates and the unit cell vectors have been op-
timized keeping the shape of the cell orthorombic. To further
anneal the vacancies, we used classical MDssee Sec. III Bd.

B. Embedded cluster method

The electronic structure ofa-SiO2 and that of defect cen-
ters was calculated using an embedded cluster technique
implemented in theGUESS computer code.21,26 The method
combines anab initio quantum-mechanicalsQMd treatment
of a defect and its surroundings, included into a QM cluster,
with a classical description of the rest of the solid. It ac-
counts for the electrostatic potential of the whole solid in the
defect region and includes, consistently, both ionic and elec-
tronic contributions to the defect-induced polarization of the
host lattice as well as the effect of the polarized lattice on the
defect. The method and its applications to studying defects in
a-quartz,a-SiO2, and in other oxides have been thoroughly
described in several recent publications.21,26,27,29,35–37Similar
schemes have been reported in, for example, Refs. 38 and
39.

In the SiO2 calculations, the QM cluster is terminated by
Si* atoms that are located at the Si sites of the SiO2 structure
and form an interface with the rest of the amorphous network
which is treated classically. The Si* atoms represent real Si
atoms and their positions are optimized in the course of the
total energy minimization. This is quite different from many
molecular cluster schemes where a QM cluster is treated as a
molecule terminated by artificial hydrogenlike pseudoatoms
which are kept fixed in some positions determined by the
SiuH or OuH distance in molecules.20,40,41The Si* atoms
are chosen so that they are coordinated by one quantum-
mechanically treated oxygen and three classically treated
oxygen ions. Their role is to represent the polar bond with
the QM oxygen quantum-mechanically and reproduce the
interaction with the three classical oxygens using classical
interatomic potentials. The detailed description of Si* atoms
as applied toa-quartz anda-SiO2 is given in Refs. 21, 27,
and 29. Classical atoms are treated in the shell model and
interact between themselves via the modified BKS inter-
atomic potentials.21,29Other technical details are summarized
below in Sec. III A.

The GUESScode21,26 employed in this work plays the role
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of a “master” program that calculates the total energy, total
forces acting on all centers included in the calculation and
performs geometry optimization of the whole system. The
GAUSSIAN 98 package42 is used for calculations of the
quantum-mechanical contributions to the total energy and
forces as well as for calculations of optical properties.

In the course of this extensive work we first performed the
embedded cluster calculations of NOVs at 75 sites in the
amorphous structure using the Hartree-FocksHFd method
and the computational scheme described in Refs. 29 and 35.
However, the HF method does not allow us to reliably cal-
culate the optical absorption energies due to its tendency to
overestimate the band gap. Moreover, the original parametri-
zation scheme21 used for Si* was designed to suit ground
state calculations only. An improved embedding scheme,
also used in this work, makes it possible to use density func-
tional theorysDFTd for calculations of ground states and to
employ the time-dependent DFTsTD-DFTd method for cal-
culations of the optical transition energies. This scheme will
be described in detail elsewhere.43 We have checked that the
original and the new parametrizations for the Si* atoms give
consistent sets of results for the ground state defect proper-
ties obtained using the HF method. The formation energies
reported in this work were calculated using the HF approach.
The new parametrization was employed to calculate the op-
tical absorption spectrum of NOVs.

III. RESULTS OF CALCULATIONS

In this section we first discuss properties of isolated neu-
tral oxygen vacancies formed at 75 lattice sites selected so
that the structural parameters of these sites reflect the distri-
bution of the structural parameters of the wholea-SiO2
system.29 Then the properties of a “low formation energy”
subset are discussed. Finally, optical absorption spectra cal-
culated for a selected subset of vacancies are presented.

A. Quantum-mechanical calculations

To characterize the properties of neutral oxygen vacancies
we selected 75 oxygen sitessout of a total number of 432 for
the 648-atom structured so that the structural parameters of
these sites span the distributions of SiuO bond lengths,
SiuOuSi angles, and local topologiessring structuresd.
These distributions, calculated both for the whole structure
and for the subset of 75 sites, are shown in Fig. 1. The
distributions found for the selected oxygen sites are shown
by shaded areas; they demonstrate that most combinations of
SiuO distances and SiuOuSi angles have been taken
into account. The same applies to the ring sizes.

The a-SiO2 sample was modeled using a large spherical
nanocluster centered at a selected vacancy site as described
in Refs. 29 and 35. Approximately 700 atoms comprising a
spherical region I at the center of the nanocluster are fully
relaxed in the course of the energy minimization. The va-
cancy and its immediate surroundings were treated quantum-
mechanically using Si2O7Si6

* QM clusters and the 6-31G ba-
sis set. In all cases the selected oxygen site was at the center
of the cluster formed by two adjacent tetrahedra. Each cluster

was initially relaxed without the vacancy, as discussed in
Refs. 29 and 35. Then the neutral vacancy was created by
removing the central oxygen atom. The formation energies
sEformd were calculated with respect to the total energy of the
corresponding nondefective QM cluster and free oxygen
atom in the triplet state. We also analyzed the distribution of
defect relaxation energiessEreld defined as the total energy
difference between the fully relaxed and unrelaxed systems
with the vacancy. This energy is taken as a measure of the
defect-induced network distortion.

In all cases we find that the removal of an oxygen atom is
accompanied by SiuSi bond formation. The distance be-
tween the two Si ions becomes much shorter than the origi-
nal distance and as the Si ions move closer to each other they
pull the network ions with them. However, the bond length
and details of the lattice relaxation in the vicinity of the
defect depend on the structure of local- and medium-range
environments of the original site. These properties can be
characterized in terms of distributions of structural and ener-
getic parameters. For example, the distribution obtained
for the oxygen vacancy formation energies is shown in Fig.
2. It has a full width at half maximumsFWHMd of about
1.8 eV with the maximum between 4.2 and 4.4 eV. The lat-
ter should be compared with the formation energy of
4.5 eV21 for the oxygen vacancy ina-quartz calculated using
a QM cluster of the same size. As discussed in earlier
work,21 the absolute value of the formation energy depends
on the basis set and size of the QM cluster, but the shape and
the width of the distribution should not depend significantly
on these parameters.

To reveal the factors contributing to the distribution of
formation energies, we first notessee Fig. 2d that the forma-
tion energies are much larger and their distribution is much
narrower if no relaxation of the amorphous network is taken
into account. This relatively narrow distribution reflects the
site-to-site variation in the strength of the chemical bonds
between the oxygen and its nearest Si neighbors. The real
formation energies are much smaller due to the network re-

FIG. 1. Distributions of SiuO distances in a MD-simulated
648-atom a-SiO2 structure. Inset shows the distribution of
SiuOuSi angles in the same structure. Shaded areas show the
distributions found for the subset of oxygen sites selected for the
embedded cluster calculations.
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laxation; the site-to-site variations of the relaxation energy
reflect the difference between the local- and medium-range
structures of different sites. The final vacancy formation en-
ergies can be represented as a sum of two contributions. The
first one could be called a short-range contributionDEsr
=Esrsideald−EsrsVacd−EsOd, whereEsr is the energy of the
QM cluster in the electrostatic potential of the rest of the
system andEsOd is the energy of the free oxygen atom in the
triplet state. The second componentDEmr can be considered
as a medium-range one, and includes the change in the inter-
action between the classical ions outside the QM cluster
caused by their displacements and also by the distortion of
the QM cluster. The short-range contribution is, on average,
about three times larger than the medium-range one, but the
widths of the distributions of both components are approxi-
mately the same with FWHM close to 1 eVsnot shownd. It is
interesting to note the similarity of this result with the analy-
sis of short- and medium-range contributions to the incorpo-
ration energy distribution of peroxy linkage in Refs. 5 and
44. However, in the latter case, the incorporation of an addi-
tional oxygen atom at the oxygen site led to the network
relaxation occurring predominantly away from the defect.

A significant difference in the distributions of the unre-
laxed and relaxed vacancy formation energies suggests that
there could be some relation between the formation and re-
laxation energies of NOVs. Indeed, the data presented in Fig.
3 demonstrate a clear anticorrelation between them: large
relaxation energy corresponds to small vacancy formation
energy. This shows that the formation of vacancies at some
oxygen sites ina-SiO2 induces a large relaxation of the en-
vironment and that this relaxation favors the vacancy forma-
tion. The relaxation energies can vary significantly from site
to site. For example, the smallestErel in Fig. 3 is just under
0.5 eV and the largest one is over 2.5 eV. These numbers
can be compared with the 2.0 eV relaxation energy calcu-
lated using a similar technique for the NOV ina-quartz.

To illustrate this point further, in Fig. 4 we have plotted
the vacancy formation energies as a function of the SiuSi
distance in the relaxed vacancy. We find that a large struc-
tural relaxation promotes formation of vacancies with small
SiuSi distances and small vacancy formation energies. Fur-
ther analysis demonstrates that the relaxation energy is
strongly correlated with the displacements of these two Si
atoms from their original sites in the nondefective amor-
phous structure.

Finally, the full extent of vacancy-induced network
relaxation is illustrated in Fig. 5 where we present the pro-
jections of displacements of all the ions around one of the
vacancies onto the vector connecting the original position of
each ion and the vacancy site. One can see that the ion dis-
placements near the vacancy are directed preferentially to-
ward the vacancy and that the field of displacements propa-
gates as far as 10 Å away from the vacancy site. At the same
time, some of the atoms at distances larger than 3 Å from the
vacancy site displace not toward the vacancy but away from
it. The vacancy-induced relaxation also results in the defor-
mation and effective rotation of SiO4 tetrahedra nearest to
the vacancy.

FIG. 2. Distributions of NOV formation energiessEfromd. Gray
and black thick lines show the distributions ofEfrom calculated us-
ing the embedded cluster approach for unrelaxed and relaxed oxy-
gen vacancies, respectively.sThe statistics were taken over 75
sites.d The thin line shows the distribution of relativeEfrom calcu-
lated using classical static calculations for relaxed oxygen vacan-
cies.sThe statistics were taken over 220 sites.d

FIG. 3. Correlation between the vacancy formation energies
sEfromd and the corresponding relaxation energiessEreld calculated
for the oxygen vacancies at the 75 selected lattice sites.

FIG. 4. Correlation between SiuSi distances in the neutral va-
cancies and vacancy formation energies calculated for the 75
selected lattice sites.
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The formation of a neutral oxygen vacancy induces a dou-
bly occupied energy level in the silica band gap. The position
of this level with respect to the top of the valence band can
be characterized using a parameterDe defined as the differ-
ence between the one-electron energies of the highest occu-
pied state of the valence bandsHOMOd and the vacancy
state. The distribution ofDe calculated for NOVs at 75 sites
is shown in Fig. 6. The HOMO only approximately repre-
sents the position of the top of the valence band in the ma-
terial as it is affected by the particular position of the NOV in
the amorphous network and by the degree of the NOV-
induced lattice distortion. Nevertheless, the broad distribu-
tion seen in Fig. 6 clearly demonstrates the extent of inho-
mogeneous broadening of defect levels in amorphous silica
and could be relevant to the possible role of NOV in MOS
devices.1

The wide spread of distances and defect energy levels
indicates that, if all the configurations are realized with equal
probability, there could be a wide distribution of optical ex-

citation energies. Experimentally, the optical absorption
spectra assigned to the neutral oxygen vacancies show a
characteristic peak at 7.6 eV and, in some unirradiated
samples, a tail in the 6.0–7.0 eV region.17,19,24,25These ex-
perimental and our theoretical results suggests that most of
the NOV should contribute to the 7.6 eV peak and that the
additional absorption in the red part of the spectrum could be
due to vacancies with specific properties.

To check whether the ground state properties of NOVs are
correlated with their optical absorption, we built a statisti-
cally more representative distribution of NOV properties as
described in the next section. The optical absorption spectra
calculated for a subset of NOVs are discussed in Sec. III C.

B. Classical simulations

To obtain a statistically more representative set of NOVs
we used classical simulations. In these simulations the NOV
was described using a set of classical interatomic potentials.
The effective charge of the oxygen ions−1.2 ed, which has
been removed to create a vacancy, was equally distributed
between the two Si atoms neighboring the vacant site, so
these Si atoms have charges of 1.8e each. A neutral and
massless species was placed at the original oxygen site and
Buckingham-type pair potentials were derived to describe
the interaction of this species with the neighboring Si and O
ions. The parameters of these potentials were fitted to repro-
duce a set of defect configurations and their relative energies
obtained using the embedded cluster method for NOVs in
a-quartz anda-SiO2. The parameters of the potentials de-
fined between the two Si atoms near the vacancy and their
oxygen neighbors and the parameters of the OuO potentials
for these oxygens have also been modified. The interactions
between all other lattice ions were unchanged.29,31 Thus the
vacancy was described by a pseudoatom interacting through
pairwise potentials with its nearest neighbors. In static en-
ergy minimization calculations the position of this atom was
optimized together with all other ions.

Using these potentials we carried out classical static cal-
culations of NOV in 220 sites selected at random from the
648-atom amorphous structure introduced above. The distri-
bution of relative values of vacancy formation energies is
shown in Fig. 2. The formation energies obtained from clas-
sical calculations are much larger than those obtained from
quantum-mechanical calculations. This is mainly due to the
fact that the energy of a free atom is not defined in classical
calculations. To compare the obtained distribution with the
one obtained using the embedded cluster method, we shifted
the classical formation energies by approximately 20 eV so
that the low-energy tail of their distribution matched the low-
energy tail of theEform distribution calculated quantum-
mechanically in the previous section.

As one can see in Fig. 2, the distribution obtained using
classical simulations is wider than that obtained using the
embedded cluster method for the set of 75 sites. This could
be partly due to the larger sample and partly due to deficien-
cies in the classical description of NOV, which is unable to
reproduce the details of the electron density distribution for
“short” and “long” SiuSi bonds. We should note that there

FIG. 5. Radial displacements of ions in the amorphous silica
network induced by the formation of a neutral oxygen vacancy.
Negative displacements correspond to displacements away from the
vacancy. The inset shows the rotational displacements of the atoms
around one of the vacancies from their nondefective positions. The
character of these displacements is similar for all vacancies.

FIG. 6. Distribution of one-electron energies of occupied NOV-
induced states with respect to the top of the valence bandsDed.
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is no complete one-to-one correlation between the relative
formation energies found using classical and QM calcula-
tions in the same sites. Although the order of some configu-
rations changes, statistically, they belong to the same parts of
the distributions in Fig. 2.

Maxima in both distributions correspond to the “most
probable” sites for forming a NOV in our amorphous sample.
These are, however, not the sites that are most likely to host
a vacancy under thermal equilibrium conditions. For both the
classical and QM distributions from randomly selected va-
cancies, the low-energy tail of the formation energy distribu-
tion represents the minority of species. On the contrary, in
the thermal equilibrium, most of the vacancies are expected
to occupy sites with low formation energies. Although the
span of the “low” formation energies is likely to be similar in
both cases, the corresponding distributions may differ.

To test this assertion, we carried out high temperature
annealing of our defect structures using classical MD. For
that purpose we selected 20 vacancy configurations from the
low-energy tail sEfrom,4.0 eVd of the classical formation
energy distribution. In addition, three vacancy configurations
with Efrom.4.5 eV were included in the same set. The
SiuSi distances at neutral vacancies were below 2.4 Å for
the first group and above 2.5 Å for the second group. As
noted above, the classical and embedded cluster calculations
are consistent in predicting that the selected 20 vacancies are
at the low-energy tail of the formation energy distribution.
Therefore in a further discussion we use the QM formation
energy scale for both classical and QM calculations.

To anneal the vacancies, we used the same 648-atom su-
percell and the same parametrization for the vacancy inter-
actions as in the classical static energy minimization calcu-
lations described above. The calculations were carried out
using theDLIPOLY code30 and an NVT ensemble. Starting
with the fully relaxed vacancy configuration, the system was
heated up to 1000 K at a rate of 6 ps per 100 K at constant
volume. After heating, the system was equilibrated at
1000 K for another 20 ps and then cooled to 0 K at 6 ps per
100 K rate. We observed that above 1000 K the SiuSi bond
is about to break for some vacancy sites so the temperature
was never increased above that. Finally, the system was
equilibrated at 0 K and at constant pressure for another 20 ps
and then fully relaxed using static energy minimization.

We found that at those sites where vacancy formation
energy was already low in the static relaxation, the MD-
annealing did not change the formation energy by more than
5 meV and the corresponding SiuSi distance after anneal-
ing changed by less than 0.01 Å. The maximum change in
the SiuOuSi angles for these sites is close to 10°. How-
ever, for the three sites, out of the selected set of 23, where
static relaxation energies were small and the corresponding
vacancy formation energies were larger than 4.5 eVs4.6, 4.7,
and 5.6 eVd, the MD annealing helped to relax the structure
further and resulted in lower-energy vacancy configurations
with the formation energies reduced by 0.85, 0.9, and 1.1 eV,
respectively. The corresponding SiuSi distances decreased
by 0.09, 0.07, and 0.1 Å, while the change in the lattice
SiuOuSi angles was about 20°.

These preliminary results demonstrate that a high tem-
perature anneal can lead to a differentsperhaps more narrowd

distribution of vacancy formation energies than that obtained
using the static calculations. Further work is in progress to
elucidate this issue. Since the low formation energy defects
remained largely unaffected by the anneal, in this work we
will use the vacancies at the low-energy tail of therandom
distribution to model the properties of the vacancies at the
thermal equilibrium.

C. Calculation of optical absorption spectra

The optical absorption spectra were calculated for the
same set of 23 vacancies as described above in Sec. III B.
Each vacancy was fully relaxed using the embedded cluster
method and then the 25 lowest energy transitions were cal-
culated for each of them. Si2O7Si6

* QM clusters were used in
most calculations. The ground state calculations were made
using DFT with a modified B3LYP density functional with
32.5% of exact exchange.43 The optical excitation energies
were calculated using the time-dependent DFT method as
implemented in theGAUSSIAN98 code.42

The optical absorption spectrum shown in Fig. 7 was ob-
tained by summing up the individual spectra obtained for
each of the 23 sites. The envelope curve is produced by
broadening each transition with excitation energyEi by a
Gaussian-type functionf isEd=e−sE−Eid

2/2s2
with thes param-

eter equal to 0.15 eV. The spectrum obtained is shown in the
inset in Fig. 7; it shows a maximum at approximately 8.5 eV
and a prominent tail that reaches to 5 eV in the red part of
the spectrum.

The low energy part of the spectrum is mainly determined
by the transition between the bondings and antibondings*

states of the NOV. Both states are located in the band gap
and contribute to the optical transitions up to 7.8 eV. The
splitting between the one-electron energies ofs ands* states
is generally smaller for the vacancies with longer SiuSi
bonds. Consequently, the energies of the bonding
ssd-antibonding ss*d transitions for these vacancies are
much lower than those for short SiuSi bonds. At the same

FIG. 7. Optical absorption spectra calculated for 23 neutral va-
cancy configurations at different lattice sites. Each individual spec-
trum was weighed with the Boltzmann factor and corresponding
vacancy formation energy. Inset shows the originalsnot weighedd
absorption spectra for the same selection of 23 vacancies.
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time, longer SiuSi bonds correspond, statistically, to the
vacancies with larger formation energiesssee Fig. 4d. Thus
the low-energy tail of the optical absorption should be
mostly determined by the vacancies that have larger forma-
tion energies.

At higher energies, the optical absorption is dominated by
transitions between thes andp states of the vacancies and
transitions between the valence band states ands* and p
states of the vacancies. The oscillator strength of these tran-
sitions is typically several times lower than that for the main
bondings to antibondings* transitions. A further contribu-
tion to the absorption spectrum comes from band-to-band
transitions. The transitions of this type included in the first
25 excited states contribute to the peak at approximately
8.5 eV sinset in Fig. 7d.

To take into account only the most populated vacancy
configurations at thermal equilibrium, the optical absorption
spectrum was then weighted with the Boltzmann factor
e−Eform/kT, whereEform is the vacancy formation energy cal-
culated using the B3LYP functional,k is the Boltzmann con-
stant, andT is temperature. The spectrum shown in Fig. 7
was calculated forT=300 K.

After this adjustment the shape of the absorption spectrum
has changed considerably: the tail between 5 and 7 eV has
disappeared and the maximum at 8.5 eV has shifted to
8.1 eV. Due to their large formation energies the long
bonded SiuSi configurations included in the selection of 23
NOV sites do not contribute to the weighted optical absorp-
tion spectrum at room temperature. Therefore the tail reflects
the presence of the vacancies with SiuSi bond lengths ex-
ceeding the one found for vacancies with the lowest forma-
tion energy, i.e., around 2.3 Å. Thus the optical absorption in
the energy range of 6 to 7 eV reported, for example, in Ref.
25 could reflect the distribution of the SiuSi distances in a
particular sample.

To check the dependence of this conclusion on the QM
cluster size we selected two NOV configurations out of 23
and calculated their ground state properties and the optical
absorption spectra using larger QM clusters Si8O25Si18

* and
Si9O27Si18

* and the same 6-31G basis set. The results ob-
tained is these calculations are consistent with those obtained
from using small clusters. In particular, they confirmed that
the vacancy with the larger formation energy has a longer
SiuSi bond and a lower energy of thes→s* transition.
However, the relative intensities of individual electronic
transitions depend significantly on the cluster size.

This is primarily due to two factors. First, the smaller QM
clusters impose artificial constraints on the character of lo-
calization of the defect-induced occupied and unoccupied
states. As a result, the kinetic energy of these states is over-
estimated and, hence, the calculated energies of the defect
optical absorption are shifted to the higher energies. The ef-
fect is smaller for genuinely localized defect states. In the
case of the neutral oxygen vacancies the energies of thes
→s* transitions calculated using large clusters are typically
0.3 eV smaller than those calculated using small clusters.
Second, the valence bandsVBd and the conduction band
sCBd states are more delocalized in the case of large clusters.
Consequently, the oscillator strength of the optical transitions
that involve VB and CB states are smaller and the contribu-

tions of these transitions to the optical absorption spectra are
less prominent. The latter is, of course, counterbalanced by
the fact that there are more VB and CB states in the large
clusters than in the small ones.

IV. DISCUSSION AND CONCLUSIONS

We have characterized neutral oxygen vacancies in amor-
phous silica using both quantum-mechanical embedded clus-
ter and classical calculations. In particular, we have calcu-
lated the distributions of the vacancy formation energies and
correlated these energies with other properties of the vacan-
cies including their geometrical parameterssSiuSi dis-
tancesd and optical absorption.

The two formation energies distributions obtained for 75
and 220 sites are likely to correctly reflect the structural
properties of oura-SiO2 sample. They give an estimate of
which oxygen sites will be occupied by vacancies at thermal
equilibrium. This distribution may change if all of the va-
cancy configurations are annealed using molecular dynamics.
Consequently, distributions of other properties, when
weighted with a Boltzmann factore−Eform/kT will change too.
A more accurate distribution of the formation energies can be
obtained if QM molecular dynamics is used to model the
annealing process. At the same time, our preliminary results
indicate that the properties of the vacancies at the low-energy
tail of the formation energies are not strongly affected by the
molecular dynamics anneal. Therefore such vacancies could
be used to model the most probable NOV configurations.

Our results suggest that larger formation energies corre-
spond, statistically, to vacancies with longer SiuSi bonds.
These result in a smaller splitting between the one-electron
energies of vacancy-induceds and s* states and, conse-
quently, to lowers→s* transition energies. Thus the red tail
of the NOV optical absorption is determined by the relative
concentration of the vacancies with longer SiuSi bonds.
Since such vacancies have larger formation energies, the red
part of the NOV optical absorption spectrum should strongly
depend on the details of sample preparation and any further
treatment which can create NOV. We have also calculated the
distribution of the one-electron energies of the vacancy states
with respect to the top of the valence band. These results
demonstrate that there is a significant proportion of vacancy
sites where the occupieds state is as high as 2.5–3 eV
above the VB top. These vacancies may affect the perfor-
mance of nanosized MOS devices.

The classical calculations also allow us to estimate the
NOV-induced volume change.45,46 This is done by optimiz-
ing both the fractional coordinates and the unit cell param-
eters of the 648-atom structure for each particular configura-
tion of NOV. The concentration of vacancies in our
calculations corresponds to 1.131020 vacancies per cm3. We
found that most of the vacancies cause the volume of the unit
cell to decrease between 0 and 0.5% with only a small num-
ber of cases of expansionssee the distribution of the volume
change shown in Fig. 8d. On the other hand, if, as a result of
the vacancy formation, an oxygen atom is removed from the
system altogether, the total mass of the 648-atom supercell is
decreased by 0.12%. Since the change in the volume is more
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substantial than the change in mass, one can conclude that on
average formation of NOV should lead to densification of
silica samples.

To summarize, we applied a statistical approach to study
the distribution of structural and optical properties of neutral
oxygen vacancies in amorphous silica using the embedded
cluster method. This approach allows one:sid to study the
full extent of the defect-induced lattice distortion;sii d to con-

sider a fairly large region of the amorphous structure and
thus to explore a greater variety of different sites in the amor-
phous structure and to build more complete statistics of dif-
ferent defect types and configurations; andsiii d to calculate a
wide range of defect properties, including the optical absorp-
tion spectra. The experience gained in these calculations and
in combining quantum mechanical and classical techniques
will be useful for further studies of defects in disordered
materials.
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