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Ab initio formation energies of point defects in pure and Ge-doped SiO2
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We have studied by means ofab initio calculations including electron correlation and cluster models the
formation energies of a series of defects in bulk SiO2 and in silica glasses containing Ge impurities. The
defects considered include oxygen vacancies,wSi—Siw, peroxyl linkages,wSi—O—Siw, peroxyl radicals,
wSi—O—O•, other radicals,wSi—O• and wSi•, E8 centers,wSi• 1Siw, double oxygen vacancies,
wSi—Si—Siw, Frenkel pairs,wSi—Si—O—O—Siw, etc. The corresponding analogs with Ge atoms re-
placing the network Si atoms have also been considered. We found that the formation of a single oxygen
vacancy, defined as the energy required to remove and bring to infinity a neutral O atom, is 8.5 eV. This is
consistent with the most recent thermodynamic estimates. The stability as well as the geometry of the other
defects is discussed. It is shown that in the presence of Ge impurities the formation of oxygen deficient centers
occurs at a lower energy cost.@S0163-1829~97!04835-2#
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I. INTRODUCTION

Structural defects in crystalline and amorphous silica
of great technological importance for the properties of op
cal fibers.1 A considerable number of experimental stud
has been dedicated to the optical response of oxygen
cient centers or of other defects in pure and Ge-doped s
glasses.2–11 The presence of these centers is accompanie
typical absorption and luminescence spectra1–11 due to char-
acteristic impurity states in the band gap.12 Despite the sub-
stantial experimental effort in the characterization of the
defects, also by means of other spectroscopies, in partic
electron paramagnetic resonance7 many of the assignment
remain tentative. It is only recently that calculations of t
absorption energies and intensities of these defects have
reported at a sufficiently high level of accuracy to provide
firm assignment.13

While the experimental data on the optical transitions
silica defects are abundant, although not fully understo
almost nothing is known on the thermodynamics of the
fects formation. Calorimetric experiments have been p
formed to provide estimates of the formation energies
dominant defects in nonstoichiometric oxides,14 but to the
best of our knowledge no experimental data are available
the formation energy of an oxygen or silicon vacancy
a-quartz or amorphous silica. The only estimates reported
far are based on theoretical calculations but the values d
significantly depending on the computational approa
used.15–18 The simplest, but also most important defect
SiO2 is the oxygen vacancy corresponding to the proc
wSi—O—Siw→wSi—Siw1O; two Si—O bonds are bro-
ken and replaced by a single Si—Si bond. Early estimates
based on extended Hu¨ckel calculations and cluster mode
gave about 10 eV for the energy associated to this proce
a-quartz.15 Even higher values have been obtained by m
recent semiempirical quantum-mechanical studies on am
phous silica.16 The firstab initio estimate has been reporte
in 1990 based on local-density functional~LDF! band-
structure calculations.17 It was found that the creation energ
in a-quartz is 7.9 eV~Ref. 17! but it is well known that the
560163-1829/97/56~12!/7304~9!/$10.00
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LDF approach considerably overestimates the binding e
gies. Indeed, using a formally exact embedding scheme
the defect in the host crystal, a much smaller formation
ergy, about 5 eV, was obtained by means ofab initio
Hartree-Fock calculations.18 In the same work a value o
about 6 eV was found based on the semiempirical modi
neglect of differential overlays approach and a Si8O7H18
cluster.18 Very recently, it has been observed that theab
initio Hartree-Fock estimate of 5 eV is not consistent w
thermodynamic criteria.19 In fact, the analysis of the experi
mental enthalpies of formation suggests that a reason
lower bound for the formation energy of an oxygen vacan
in SiO2 is 7.3 eV.19 Thus, not only the data are scarce, b
also not fully consistent.

In this paper, we report a systematic investigation of
formation energies for a series of defects in pure and
doped silica. These include oxygen vacancies,wSi—Siw,
peroxyl linkages, wSi—O—O—Siw, peroxyl radicals,
wSi—O—O•, other radicals,wSi—O• and wSi•, E8 cen-
ters, wSi• 1Siw, double oxygen vacancies
wSi—Si—Siw, Frenkel pairs, wSi—Si—O—O—Siw,
etc. The corresponding analogs with a Ge substitutional
purity have also been studied. Finally, we also considered
formation energy of a Si vacancy. The calculations are ba
on cluster models and correlated wave functions. We w
show that the computational approach gives reliable e
mates of the formation energies provided that the basis
used for the construction of the wave functions are su
ciently flexible and that correlation effects are properly tak
into account. The computation of a series of defects trea
at the same level of accuracy allows one to derive import
information about the absolute and relative thermodyna
stability of a given defect. The comparison between pure
Ge-doped SiO2 is important for the understanding of th
properties of these materials.

The paper has been organized as follows. In Sec. II
describe the computational method used. In Sec. III we g
a brief discussion of the geometrical parameters of the
fects considered~in particular bond lengths and bon
angles!. Section IV is dedicated to the formation energie
7304 © 1997 The American Physical Society
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56 7305AB INITIO FORMATION ENERGIES OF POINT . . .
We first discuss the validity of our approach, the effect
basis sets, cluster size, and electron correlation~Sec. IV A!.
Section IV B is devoted to the defects in pure SiO2, while
the same defects involving a Ge substitutional impurity
discussed in Sec. IV C. In Sec. IV D we briefly discuss t
formation energy of a Si vacancy. The conclusions are s
marized in the last section.

II. COMPUTATIONAL DETAILS

A. Cluster models and wave functions

The calculations have been performed within the clus
model approach, a technique which is particularly appro
ate to study localized phenomena, like defects and impu
states.20 Clusters of various size have been used to mo
regular and defect sites in the bulk ofa-quartz. The cluster
dangling bonds have been saturated by H atoms, a c
monly used technique to ‘‘embed’’ clusters of semicondu
ing or insulating materials.21–31 The positions of the cluste
atoms were initially fixed to those ofa-quartz derived from
x-ray diffraction data at 94 K.32 The embedding H atom
were fixed at a distance of 0.96 Å from the respective

FIG. 1. Si2OxO6 cluster models of local defects ina-quartz.~A!
Regular crystal.~B! Single oxygen vacancy.~C! Peroxyl group.~D!
E8 center. Geometrical parameters computed at the HF/HF(d) level
~see text!. Results at the MP2/MP2(d) level are in parentheses.
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atoms along the O—Si directions ofa-quartz. The position
of all the Si and O atoms of the cluster has been fully op
mized. The fixed H atoms provide a simple representation
the mechanical embedding of the solid matrix.

All electron Hartree-Fock~HF! self-consistent field wave
functions have been constructed using double-zeta~DZ!
Gaussian-type orbital basis sets on Si and O atoms.33 One
d-polarization function of exponenta50.4 has been adde
to the Si basis set. The final value of the formation ene
has been computed by adding ad-polarization function~a
50.74! to the basis set of the O atoms directly involved
bond breaking. The final basis sets are@12s8p1d/6s4p1d#
~Si! and @10s5p1d/3s2p1d# ~O!. Comparison of results
with and withoutd functions shows that they are essent
for a proper description of the formation energies but not
the determination of the optimal geometries~see below!. A
DZ @4s/2s# basis set was used for the H atoms.33 For the
models of Ge-doped silica we employed an effective c
potential for Ge which includes in the core the 1s2 to 3p6

electrons and treats explicitly only the 4s2 and 4p2 valence
electrons.34 The basis set for the Ge atoms
@3s3p/2s2p#. Also in this case we added ad-polarization
function of exponenta50.246. The radical states have be
computed according to the restricted open Hartree-F
~ROHF! formalism. Inclusion of electron correlation at MP
level ~see below! for open shell states required the determ
nation of unrestricted HF~UHF! wave functions. The values
of ^S2& for UHF wave functions show pure doublet stat
with virtually no spin contamination.

Geometry optimizations have been performed at the H
ROHF, and MP2 levels by computing analytical gradients
the total energy. Given the low local symmetry of the cryst
all the clusters are computed without any symmetry elem
(C1 symmetry group!. The clusters used ar
Si2O7H6, Si3O10H8, and Si5O16H12 for the nondefective
structures, see Figs. 1–4. The models of an oxygen vaca
Si2O6H6, Fig. 1, and of a double oxygen vacancy, Si3O8H8,
Fig. 3, have been obtained by removing one~or two! oxygen

FIG. 2. SiOxH 3 cluster models of local defects ina-quartz.~E!
wSi—O• radical.~F! wSi—OO • peroxyl radical. Geometrical pa
rameters computed at the HF/HF(d) level ~see text!.
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7306 56GIANFRANCO PACCHIONI AND GIANLUIGI IERANÒ
atoms. Other clusters have been designed to investigate
ous defects, Fig. 1–4, as well as Ge-doped silica, Figs. 5
6. Also for the defective structures, the cluster geomet
have been fully optimized with the boundary condition th
the position of the saturating H atoms is fixed. This mea
that only local relaxation effects have been considered; lo
range lattice relaxation is not included. This may be parti
larly important for charged defects like theE8 centers. How-
ever, a comparison of clusters of various size reveals on
moderate dependence of the geometrical parameters o
neutral defects on the cluster size; typical uncertainties
bond length are of the order of 3–4 %.

B. Correlation effects

The HF cluster wave functions are sufficiently accur
for the description of geometrical parameters but the de
mination of dissociation energies requires the inclusion
electron correlation. Various techniques have been de
oped to include correlation effects starting from an HF wa
function. Each method presents advantages and disad
tages, and the final choice depends on the problem u
investigation. For the study of optical transitions of sili
defects we recently used13 a multireference configuration in
teraction approach, MR CI. However, MR CI is comput

FIG. 3. Si3OxH8 cluster models of local defects ina-quartz.~G!
Regular crystal.~H! Frenkel defect.~I! Double oxygen vacancy
Geometrical parameters computed at the HF/HF(d) level ~see text!.
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tionally expensive, is not size-consistent, and the geom
optimization at this level represents a formidable task.~A
quantum-mechanical method is size-consistent when the
ergy and hence the energy error in the calculation increa
in proportion to the size of the molecule. This is particula
important in the calculation of dissociation energies sinc
method that is not size consistent gives a total energy fo

FIG. 4. Si5OxH12 cluster models of local defects ina-quartz.~L!
Regular crystal.~M! Single oxygen vacancy.~N! Double oxygen
vacancy. Geometrical parameters computed at the HF/HF(d) level
~see text!.
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56 7307AB INITIO FORMATION ENERGIES OF POINT . . .
system of two units at very large distance which differs fro
the sum of the energies of the two isolated units.! Mo” ller-
Plesset perturbation theory at second order, MP2, offers
eral advantages compared to the more elaborate MR CI

FIG. 5. SiGeOxH6 cluster models of local defects in Ge-dope
silica. ~O! Regular crystal.~P! Single oxygen vacancy.~Q! Peroxyl
group. Geometrical parameters computed at the HF/HF(d) level
~see text!. Results at the MP2/MP2(d) level are in parentheses.

FIG. 6. Si2GeOxH8 cluster models of local defects in Ge-dope
silica. ~R! Regular crystal.~S! Frenkel defect. Geometrical param
eters computed at the HF/HF(d) level ~see text!.
v-
p-

proach. In particular it is size-consistent and it allows t
geometry optimization at correlated level with analytical g
dients. Therefore, we have performed MP2 calculations
determine the formation energiesDE of a vacancy. The sign
notation is such that a positiveDE refers to an endothermic
process. For the smaller clusters we have performed a
geometry optimization of the defect at both HF and M
levels, see Figs. 1 and 4. In general, however, the opti
geometries are very similar in the two approaches and sin
point MP2 calculations based on the HF minimum geome
give basically the sameDE as for a fully optimized MP2
structure~see below!. Therefore, for larger clusters where th
full MP2 optimization becomes computationally very d
manding we have performed single point MP2 calculatio
at the HF optimal geometry. The errors introduced by t
procedure do not exceed 0.1–0.2 eV. We use the follow
notation to distinguish between the various cases: HF/M
indicates that the final energy has been evaluated at M
level based on the optimal HF geometry; MP2/MP2 mea
that the energy is that of a fully optimized structure at M
level. Furthermore, we indicate the inclusion ofd functions
on Si and O basis sets by (d,d8). Therefore, the HF/MP2
(d,d8) notation indicates a single point MP2 calculation i
cludingd functions on both Si and O atoms involved in bon
breaking based on the HF optimal geometry. MP2/MP2(d)
refers to a MP2 geometry optimization withd functions on
Si but not on O. All the calculations were performed with t
HONDO 8.5 program package.35

III. GEOMETRICAL PARAMETERS

In Figs. 1–6 we report the structure and the relevant bo
distances and bond angles for a series of defects in pure
Ge-doped silica. The geometrical parameters have been
tained at the HF/HF(d) level by full geometry optimization.
The computed distances are expected to be reasonably
to the experimental ones. For comparison, at the HF/HFd)
level the equilibrium distances of SiO, GeO, and O2 diatomic
molecules, 1.502, 1.603, and 1.207 Å, respectively, are v
close to the experimental values~SiO, 1.510 Å; GeO, 1.625
Å; O2, 1.207 Å!.36 The computed long and short Si—O bond
lengths obtained with the minimum Si2O7H6 cluster, 1.630
and 1.620 Å, respectively, are only slightly longer than t
experimental values of 1.614 and 1.605 Å fora-quartz.32

The d polarization functions on Si and O have virtually n
effect on the optimized geometrical parameters. Also the
timization at a correlated level, MP2/MP2(d), gives bond
lengths which are very similar to the HF ones, see Figs
and 4. Less satisfactory is the agreement for the bond an
In fact, with the Si2O7H6 cluster we compute a Si—O—Si
bond angle of 155° which is 8% larger than the angle of 14
measured ina-quartz by x-ray diffraction.32 In this respect, it
is worth noting that the MP2 angle, 151°, Fig. 1, is closer
the experimental one. The differences in bond angles ca
due to intermediate range ordering effects not included i
cluster wave function.

The oxygen removal from the Si2O7H6 minimum cluster
model, see Fig. 1~A!, results in the formation of a direc
Si—Si bond of 2.53 Å, Fig. 1~B!. This result is only moder-
ately dependent on the cluster size; in fact, with t
Si5O15H 12 cluster, Fig. 4~M!, we found a similar Si—Si dis-
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TABLE I. Dissociation energiesDe of SiO, GeO, O2, and Si~OH!4 molecules.

Methoda De(Si—O! ~eV! De(Ge—O! ~eV! De(O—O! ~eV! De@(OH!3Si—OH# ~eV!

HF/HF(d) 4.19 2.69 20.81 4.81
HF/MP2(d) 7.38 6.10 3.12 5.44
MP2/MP2(d) 7.47 6.21 3.65
HF/HF(d,d8) 4.59 3.29 1.22 4.79
HF/MP2(d,d8) 8.01 6.80 4.80 5.65
MP2/MP2(d,d8) 8.09 6.90 5.04
Experimental~Ref. 36! 8.26 6.78 5.11 6.26b

aSee text for definitions.
bFrom ab initio MP4 calculations, Ref. 38.
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tance, 2.44 Å. The formation of a peroxyl group, Fig. 1~C!,
results in an O—O bond length of 1.43 Å and in elongate
Si—O bonds. Because of the strain induced by the prese
of the —O—O— peroxyl group, the Si atoms flatten out
some extent. This is found also using the larger Si3O10H8
cluster, Fig. 3~H!, which models a Frenkel defect, i.e., an
vacancy adjacent to a peroxyl group. In this case we no
that the Si—Si distance in the oxygen vacancy, 2.55 Å,
almost identical to that computed for the isolated defect, 2
Å. The similarity of the geometrical parameters in Figs. 1~B!
and 1~C! and Fig. 3~H! indicates a small mutual influence o
the two adjacent defects and further support the indep
dence of the results on cluster size.

The E8 center, Fig. 1~D!, is a positively charged cente
and the amount of geometry relaxation is expected to
large. The cluster used, Fig. 1~D!, is too small to reproduce
the long-range geometrical distortion of this site. Calcu
tions with much larger clusters are in progress.37 As already
noticed by other authors,23 both Si atoms assume a near
planar coordination although the unpaired electron is pre
entially localized on one side. This is shown by the values
the EPR hyperfine coupling constants which show a subs
tial localization of the spin density on a Si atom.23,27

The Si—O distance in thewSi—O • and wSi—O—O •

radicals, Figs. 2~E! and 2~F!, about 1.68–1.69 Å, is longe
than that of a normal Si—O bond ina-quartz; on the other
hand, the O—O distance in the peroxyl radical, 1.38 Å, Fi
2~F!, is shorter than in the peroxyl group, 1.43 Å, Fig. 1~C!.
The results have been obtained with small clusters and s
care is necessary in the analysis of the data onwSi—O• and
wSi—O—O • radicals. Therefore, we do not further discu
these defects. The electronic structure and EPR param
of paramagnetic defects will be addressed in detail us
larger cluster models in a separate publication.37

The structure of a double oxygen vacancy has been c
puted with two clusters, Si3O8H8, Fig. 3~I!, and Si5O14H12,
Fig. 4~N!. Of course, the smaller model allows only a part
relaxation of the central Si atom to respond to the format
of the double vacancy; the resulting Si—Si distances,'2.67
Å, are about 0.1 Å longer than in the single oxygen vacan
Using the larger Si5O14H 12 cluster, however, we found onl
a small change in the Si—Si distance, 2.60 Å, Fig. 4~N!. The
longer Si—Si distance in the double oxygen vacancy co
pared to the single vacancy reflects the higher strain in
structure due to the removal of two lattice oxygens.

We consider now the local geometrical structure of d
fects in Ge-doped silica. Ge has slightly larger atomic rad
ce
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than Si, 1.52 against 1.46 Å. Therefore, longer distances
expected in the Si—Ge or Ge—O bonds compared to th
corresponding Si—Si or Si—O bonds. For instance, the d
atomic gas-phase molecule GeO is 0.1 Å longer than
isovalent SiO molecule.36 Indeed, the Ge—O bond for a Ge
substitutional impurity ina-quartz is 1.70–1.72 Å dependin
on the cluster model used@see Figs. 5~O! and 6~R!#, i.e.,
0.05–0.10 Å longer than in the corresponding pure S2
structure. On the other hand, the Si—Ge distance in an oxy-
gen vacancy involving the Si—O—Ge bond breaking,'2.5
Å, see Figs. 5~P! and 6~S!, is surprisingly close to that of a
Si—Si bond. This result can be of considerable importan
for the study of optical transitions in crystalline and amo
phous silica. In fact, it has been shown that the optical tr
sition of an oxygen vacancy, occurring at about 7.6 eV
a-quartz, is sensitive to the Si—Si ~hence to the Si—Ge!
distance.13 Finally, we notice that, apart from the slightl
longer Ge—O bond, there is no significant difference in th
geometry of a peroxyl group or of a Frenkel defect in G
doped compared to pure silica@cf. Figs. 5~Q! and 6~S! with
Figs. 1~C! and 3~H!#.

IV. FORMATION ENERGIES

A. Accuracy of the method

In order to establish the accuracy of the computed form
tion energies we have determined the bond dissociation
ergies for a few gas-phase molecules for which thermo
namic data or state-of-the-art calculations exist. Since we
particularly interested in the Si—O, Ge—O, and O—O
bonds we have considered the SiO, GeO, O2, and Si~OH!4
molecules. The experimental dissociation energiesDe of
SiO, GeO, and O2 are 8.26, 6.78, and 5.11 eV, respectively36

At the MP2/MP2(d,d8) level the computedDe’s are 8.09,
6.90, and 5.04 eV, respectively, in excellent agreement w
the experiment, Table I. At the HF/MP2(d,d8) level, the
approach followed for the determination of the formati
energies, the computedDe’s, 8.01 eV~SiO!, 6.80 eV~GeO!,
and 4.80 eV (O2), are also reasonably close to the measu
ones with errors of less than 6%, Table I. To estimate
accuracy in the description of single Si—O bonds we have
computed theDe for the process Si~OH! 4→~OH!3Si•1OH•.
An estimate of 6.3 eV has been reported for this bo
strength based on high-quality calculations;38 this latter value
is slightly larger than ourDe55.7 eV computed at the
HF/MP2(d,d8) level. In general, we can conclude that th
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TABLE II. Defect formation energyDE for an oxygen vacancy ina-quartz.

Regular site Oxygen vacancy
Basis set

Si
Basis set

O
Theoretical

levela DE (eV)

Si2O7H6 Si2O6H6 DZ DZ HF/HF 5.5
Si2O7H6 Si2O6H6 DZ1d DZ HF/HF(d) 6.6
Si2O7H6 Si2O6H6 DZ1d DZ1d HF/HF(d,d8) 6.7
Si5O16H12

b Si5O15H16 DZ1d DZ HF/HF(d) 6.7
Si2O7H6 Si2O6H6 DZ DZ HF/MP2 7.0
Si2O7H6 Si2O6H6 DZ1d DZ HF/MP2(d) 7.9
Si2O7H6 Si2O6H6 DZ1d DZ MP2/MP2(d) 7.9
Si2O7H6 Si2O6H6 DZ1d DZ1d HF/MP2(d)(d8) 8.5

aSee text for definitions.
bBasis DZ1d on Si and DZ on O involved in bond breaking, 3-21G on all remaining atoms.
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bond strength in these simple molecules is properly
scribed although it may be slightly underestimated.

The previous results refer to small gas-phase molecu
while we are interested in the energetics of processes oc
ring in solid state. Therefore, before discussing the compu
formation energies it is useful to consider computational
pects with direct impact on the energetics. To this end
consider the formation energy of an oxygen vacancy in p
SiO2; we first analyze the effect of basis set and cluster s
Let us consider the minimum Si2O7H6 cluster, Table II. At
the HF/HF level, withoutd functions on O and on Si, we
found aDE of 5.5 eV. This value compares rather well wi
the DE'5 eV found with a more elaborate embedding a
proach using a similar basis set~with no d polarization
functions!.18 By adding the d function on Si,
HF/HF(d), DE becomes 6.6 eV; when also thed function
on O is included, HF/HF(d,d8), DE becomes 6.7 eV show
ing that at the one-electron level thed function on Si is
considerably more important than thed on O.

A possible source of error in the computed formation e
ergies is the dependence ofDE on the cluster size. For ou
study we used relatively small clusters but we also con
ered larger models like the Si5O16H12 cluster, Fig. 4~L!. This
cluster is derived from the smaller Si2O7H6 cluster by replac-
ing three embedding H atoms with Si~OH!3 groups, Table II.
For thewSi—O—Siw unit involved in bond breaking we
used the same basis set as in Si2O7H6 while all the other
atoms were treated with a smaller basis 3-21G basis s39

With this larger fully optimized clusterDE at the HF/HF(d)
level is 6.7 eV, i.e., almost coincident with that obtained w
the smaller model. Therefore, we can safely conclude
the size of the cluster has virtually no effect on the bind
energies, at least for neutral defects~charged defects ca
induce substantial polarization of the lattice which is n
taken into account by a small cluster!.

We consider now the importance of correlation effec
The formation energy computed with the minimum Si2O7H6
cluster at the HF/MP2 level is 7.0 eV, Table II, i.e., 1.5 e
larger than at the one-electron level. Withd functions on Si,
HF/MP2(d), DE becomes 7.9 eV, Table II. We repeate
the calculation by performing a full MP2 geometry optim
zation, MP2/MP2(d), but we found no change in the forma
tion energy which remains 7.9 eV. This is due to the fact t
the regular structure and the O vacancy are stabilized by
same extent by the addition of thed orbitals on Si. Finally,
-
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t
he

we added ad function on O, HF/MP2(d,d8), and we ob-
tainedDE58.5 eV. This value represents our best estim
of the formation energy of an oxygen vacancy; it is cons
tent with the recent proposal of Boureau and Carniato o
formation energy.7.3 eV.19 These data also explain th
discrepancy between the otherab initio value reported in the
literature,'5 eV,18 and the experimental guess;19 this is sim-
ply due to the lack ofd functions on Si and O and of corre
lation effects. The Si and Od functions cause an increase
DE by '1–1.5 eV, whereas correlation effects contribute
about 1.4–1.5 eV. The two terms are roughly additive, a
their simultaneous inclusion is essential in order to obt
reliable formation energies of defects in silica. In the follow
ing, we report only our best estimates of the formation en
gies obtained at the HF/MP2(d,d8) level.

B. Point defects in pure SiO2

The energies discussed in the paper are defined with
spect to the formation of ground-state atomic oxygen,3P.
However, it is likely that the creation of oxygen vacancies
the bulk of SiO2 is accompanied by the formation of molec
lar oxygen, O2. The experimental dissociation energy of O2
is 5.1 eV;36 the computed one at the HF/MP2(d,d8) level is
4.80 eV, Table I. Therefore, defect formation energies w
respect to O2 can be easily derived by considering an ener
gain of 4.8 eV for the process 2O→O2.

HF/MP2(d,d8) formation energies for a series of defec
are reported in form of thermodynamic Born-Haber cycle
Fig. 7. As discussed in the previous paragraphs, the for

FIG. 7. Formation energies of defects in pure silica fro
Si2OxH 6 cluster models. Values in eV obtained at th
HF/MP2(d,d8) level ~see text!. See Figs. 1 and 2 for geometrica
structures.
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tion energy of an O vacancy is 8.5 eV. This process invol
the rupture of two Si—O bonds, with formation ofwSi•

radicals, and the consequent recombination of the two d
gling bonds to give a direct Si—Si covalent bond. The en
ergy gain associated to this latter process is 2.6 eV, see
7. Therefore, one can estimate the bond dissociation en
of the Si—O bond in a-quartz as 2De ~Si—O!58.5 eV
12.6 eV andDe~Si—O!55.5 eV. In the crystal, the forma
tion of an oxygen vacancy can be associated with that o
peroxyl group giving rise to a Frenkel defect, Fig. 3~H!. The
addition of an isolated O atom to thewSi—O—Siw bond,
leading to a peroxyl unit, corresponds to an energy gain
0.7 eV, Fig. 7. This is due to the relatively strong O—O
bond in the peroxyl group which compensates for the
creased strain in the lattice. The removal of the 2 O atoms
from thewSi—O—O—Siw peroxyl group to form an oxy-
gen vacancy,wSi—Siw, requires 9.2 eV, Fig. 7. This en
ergy is reduced to 4.4 eV if the process is considered w
respect to the formation of an O2 molecule.

The breaking of the Si—O bond inwSi—O—O—Siw
costs 4.5 eV; this is about 1 eV less than the energy requ
to break a Si—O bond in awSi—O—Siw chain,'5.5 eV.
Thus, the strength of the Si—O bond depends in a marke
way on the neighboring groups. The breaking of the O—O
bond inwSi—O—O—Siw to form two wSi—O• radicals
requires only 2.2 eV, Fig. 7; this is much less than theDe of
O2 and is also less than the energy required to break
Si—O bond. This suggests that radiation or thermal dam
in pure SiO2 will result in the preferential formation o
wSi—O• radicals rather than of peroxyl radical
wSi—O—O•. These centers, however, could easily form
direct combination of O2 with wSi• centers.

The breaking of thewSi—O • bond to form awSi• radi-
cal and an O atom costs 4.8 eV. This value is intermed
between that of awSi—O—Siw structure, 5.5 eV, and tha
of a Si—O bond in a peroxyl linkage,wSi—O—O—Siw,
4.5 eV. ThewSi• defect can also be obtained by dire
breaking of thewSi—Siw bond of an oxygen vacancy. I
this case, the formation energy is of 2.6 eV, Fig. 7. Mu
higher is the energy necessary to form anE8 center consist-
ing of awSi • radical and awSi1 ion; this is 7.9 eV starting
from a neutral oxygen vacancy,wSi—Siw, and can be
viewed as the sum of two contributions, the energy requi
to break the Si—Si bond, 2.6 eV, and the ionization energ
of thewSi• radical, 5.3 eV, Fig. 7. However, the calculatio
of formation energies of charged defects with cluster mod
does not include long-range electronic and structural re
ation effects that can have non-negligible effects on the
ergetics.

In Fig. 8 we report the formation energies of a Frenk
defect,wSi—Si—O—O—Siw, and of a double oxygen va
cancy, wSi—Si—Siw. For these calculations we used
larger cluster, Si3O10H8, Fig. 3. The Frenkel defect is 7.6 e
less stable than the regular structure; this energy corresp
to the cost of breaking two Si—O bonds,'11 eV, minus the
gain due to the formation of the O—O bond,'0.7 eV, and
of a Si—O bond, '2.6 eV. The energies involved in th
process are very close to those computed with the sm
clusters for an isolated O vacancy and a peroxyl group. T
further shows that the results are not~or very weakly! depen-
dent on the cluster size and that the bond energies are p
s
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tically transferable from one structure to another. For
same reason, the energy necessary to form a double ox
vacancy from a regular structure, 17.4 eV, is almost exa
twice the energy involved in the formation of a single v
cancy, Fig. 8. This is of course a very large energy, but
net cost is substantially reduced if one assumes the forma
of an O2 molecule~in this caseDE becomes 12.6 eV!.

C. Point defects in Ge-doped SiO2

The trends observed in the stability of the various defe
of pure SiO2 are found also when Ge substitutional impu
ties are present. The main difference, however, is that
Ge—O bond is weaker than the Si—O one. This is well
documented by the difference in stability of the correspo
ing diatomic molecules, Table I: theDe of SiO is about 20%
larger than that of GeO. In a similar way, the comput
formation energy of an oxygen vacancy involving a Ge su
stitutional impurity is 7.5 eV, see Fig. 9, compared to the 8
eV computed for pure SiO2. This is an important result sinc
it suggests that the damage caused byg rays in Ge-doped
silica will result in the preferential formation of oxygen va
cancies involving a Si-Ge pair rather than a Si-Si pair.
course, this is not restricted to the single oxygen vacan
but it applies also to other defects like a Frenkel defect o
double oxygen vacancy, see Fig. 10. For instance, the for
tion of a Frenkel pair costs only 6.5 eV, i.e., 1.1 eV less th
in pure silica. In conclusion, we provide strong evidence t
the presence of Ge atoms in the bulk of SiO2 leads to a
preferential breaking of the Ge—O bonds with respect to the
Si—O ones and to an increase in the concentration of
defects due to interaction with radiation.

FIG. 8. Formation energies of defects in pure silica fro
Si3OxH 8 cluster models. Values in eV obtained at th
HF/MP2(d,d8) level ~see text!. See Figs. 3 for geometrical struc
tures.

FIG. 9. Formation energies of defects in Ge-doped silica fr
SiGeOxH 6 cluster models. Values in eV obtained at th
HF/MP2(d,d8) level ~see text!. See Figs. 5 for geometrical struc
tures.
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D. The Si vacancy

It has been suggested that ion bombardment of silica
lead to the creation of Si vacancies.40 Of course, given the
relatively strong Si—O bond, the rupture of four of such
bonds is a process which requires a large amount of ene
The removal of a lattice Si atom results in the formation
four wSi—O• radicals. This process has been studied us
the larger Si5O16H12 cluster and the corresponding defectiv
cluster~with one missing Si atom!. The cluster was treated
with a smaller basis set, 3-21G, except for the Si and
atoms involved in bond breaking. For these atoms we use
DZ basis set on both O and Si atoms. We found a format
energy for the Si vacancy of'17 eV at the HF level. With a
similar treatment the Si—O bond dissociation energy com
puted with the smaller Si2O7H6 cluster is'4 eV. The Si
vacancy formation energy corresponds roughly to four tim
the Si—O bond dissociation energy. Given the absence
correlation effects, this value is certainly underestimated,
about 35%. Therefore, a reasonable estimate for the Si
cancy formation energy is about 23 eV. This value howe
will be reduced by the recombination of thewSi—O• radi-
cals to form two pairs of peroxyl groups. The energy gain
the process 2wSi—O •→wSi—O—O—Siw is of 2.2 eV,
Fig. 6; this means that the formation energy for a Si vaca
will be close to 18–19 eV. This is a very large energy, a
the concentration of these defects caused by radiation d
age is expected to be low.

V. CONCLUSIONS

We have determined by means of accurateab initio cal-
culations the formation energies of a series of point defe

FIG. 10. Formation energies of defects in pure silica fro
Si2GeOxH 8 cluster models. Values in eV obtained at th
HF/MP2(d,d8) level ~see text!. See Figs. 6 for geometrical struc
tures.
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in pure and Ge-dopeda-quartz. We have shown that corr
lation effects and inclusion ofd orbitals on Si and O ar
essential for a proper description of the Si—O chemica
bond. The strength of a Si—O bond in crystallinea-quartz is
about 5.5 eV. The creation of an O vacancy implies the
ture of two of these bonds, with a total cost of 11.1
partially compensated by the formation of a direct Si—Si
bond with an energy gain of 2.6 eV. Therefore, the comp
formation energy for an O vacancy is 8.5 eV. This valu
consistent with recent thermodynamic arguments which
mate a lower bound for the defect formation energy of
eV.19 The insertion of a free O atom into awSi—O—Siw
structure results in a peroxyl group,wSi—O—O—Siw,
with an energy gain of 0.7 eV. It is important to note, ho
ever, that the recombination of two lattice O atoms to fo
O2 is accompanied by an energy gain of'5 eV. It is very
likely that this species forms and remains trapped into
cavities of the crystalline structure. Indeed, very recently
presence of interstitial O2 molecules in silica glass has be
detected by means of optical spectroscopy.41 The rupture o
the—O—O— bond of the peroxyl group, 2.2 eV, is found
be easier than the breaking of the Si—O bonds whos
strength goes from'4.5 eV in wSi—O—O—Siw, to 4.8
eV in wSi—O•, and 5.5 eV inwSi—O—Siw. Therefore
we observe a dependence of the Si—O bond dissociatio
energy on the local electronic structure. The displaceme
a lattice O to form a Frenkel defec
wSi—Si—O—O—Siw, requires a large amount of energ
about 8 eV, as the consequence of the high Si—O bond
dissociation energy.

The replacement of Si by Ge in the SiO2 lattice results in
weakened Ge—O bonds compared to the Si—O counter-
parts. Therefore, we expect that radiation damage in
doped silica will result in the preferential breaking of
lattice sites occupied by Ge atoms. Finally, we have
estimated the formation energy of a Si vacancy. This is
high, around 20 eV, consistent with the fact that the rem
of a lattice Si implies the rupture of four Si—O bonds. High-
energy processes, like ion bombardment, are probably
essary to form appreciable concentrations of these defe
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