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We have studied by means ab initio calculations including electron correlation and cluster models the
formation energies of a series of defects in bulk S#dd in silica glasses containing Ge impurities. The
defects considered include oxygen vacancEeS§i—SE=, peroxyl linkages=Si—0O—SE, peroxyl radicals,
=Si—0—0", other radicals =Si—O" and =Si", E’' centers,=Si’ "Si=, double oxygen vacancies,
=Si—Si—Si=, Frenkel pairs=Si—Si—O—0—Si=, 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 co$80163-182607)04835-2

[. INTRODUCTION LDF approach considerably overestimates the binding ener-
gies. Indeed, using a formally exact embedding scheme of
Structural defects in crystalline and amorphous silica ar¢he defect in the host crystal, a much smaller formation en-
of great technological importance for the properties of opti-ergy, about 5 eV, was obtained by means aif initio
cal fiberst A considerable number of experimental studiesHartree-Fock calculation$. In the same work a value of
has been dedicated to the optical response of oxygen defibout 6 eV was found based on the semiempirical modified
cient centers or of other defects in pure and Ge-doped silicaeglect of differential overlays approach and gCBH;g
glasse€ 1 The presence of these centers is accompanied bg;iuster?8 Very recently, it has been observed that the
typical absorption and luminescence spefcttadue to char-  initio Hartree-Fock estimate of 5 eV is not consistent with
acteristic impurity states in the band g&Despite the sub- thermodynamic criterid’ In fact, the analysis of the experi-
stantial experimental effort in the characterization of thesemental enthalpies of formation suggests that a reasonable
defects, also by means of other spectroscopies, in particuld@wer bound for the formation energy of an oxygen vacancy
electron paramagnetic resonaheeany of the assignments in SiO, is 7.3 eV?® Thus, not only the data are scarce, but
remain tentative. It is only recently that calculations of thealso not fully consistent.
absorption energies and intensities of these defects have beenlin this paper, we report a systematic investigation of the
reported at a sufficiently high level of accuracy to provide aformation energies for a series of defects in pure and Ge-
firm assignment? doped silica. These include oxygen vacanciesSi—Si=,
While the experimental data on the optical transitions ofperoxyl linkages, =Si—O—O—Si=, peroxyl radicals,
silica defects are abundant, although not fully understood=Si—0—0’, other radicals=Si—0O" and=Si’, E' cen-
almost nothing is known on the thermodynamics of the deters, =Si' *Si=, double oxygen vacancies,
fects formation. Calorimetric experiments have been per=Si—Si—Si=, Frenkel pairs, =Si—Si—O0—0—S=;,
formed to provide estimates of the formation energies oftc. The corresponding analogs with a Ge substitutional im-
dominant defects in nonstoichiometric oxidéshut to the  purity have also been studied. Finally, we also considered the
best of our knowledge no experimental data are available folormation energy of a Si vacancy. The calculations are based
the formation energy of an oxygen or silicon vacancy inon cluster models and correlated wave functions. We will
a-quartz or amorphous silica. The only estimates reported sshow that the computational approach gives reliable esti-
far are based on theoretical calculations but the values diffemates of the formation energies provided that the basis sets
significantly depending on the computational approactused for the construction of the wave functions are suffi-
used?®~18 The simplest, but also most important defect inciently flexible and that correlation effects are properly taken
SiO, is the oxygen vacancy corresponding to the proces$ito account. The computation of a series of defects treated
=Si—0—Si=—~=Si—Si=+0; two Si—O bonds are bro- at the same level of accuracy allows one to derive important
ken and replaced by a single-S8i bond. Early estimates information about the absolute and relative thermodynamic
based on extended dkel calculations and cluster models stability of a given defect. The comparison between pure and
gave about 10 eV for the energy associated to this process fGe-doped Si@ is important for the understanding of the
a-quartz*® Even higher values have been obtained by moreproperties of these materials.
recent semiempirical quantum-mechanical studies on amor- The paper has been organized as follows. In Sec. Il we
phous silica® The firstab initio estimate has been reported describe the computational method used. In Sec. Ill we give
in 1990 based on local-density functiondlDF) band- a brief discussion of the geometrical parameters of the de-
structure calculation¥’ It was found that the creation energy fects considered(in particular bond lengths and bond
in a-quartz is 7.9 eMRef. 17 but it is well known that the angles. Section IV is dedicated to the formation energies.
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d=3.024 A

FIG. 1. SpO,O¢ cluster models of local defects mquartz.(A)
Regular crystal(B) Single oxygen vacancyC) Peroxyl group(D)
E’ center. Geometrical parameters computed at the HFIHIEyel
(see text Results at the MP2/MP®] level are in parentheses.

We first discuss the validity of our approach, the effect o
basis sets, cluster size, and electron correlati®ec. IV A).
Section IV B is devoted to the defects in pure gi@hile
the same defects involving a Ge substitutional impurity ar

discussed in Sec. IV C. In Sec. IV D we briefly discuss the

formation energy of a Si vacancy. The conclusions are su
marized in the last section.

1. COMPUTATIONAL DETAILS

A. Cluster models and wave functions
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(E) (OH);Si0"

d=1687A

(F) (OH);8i00"

d,=1684 A
d,;=1380 A
oa=117°

FIG. 2. SiQH ; cluster models of local defects wquartz.(E)
=Si—O radical.(F) =Si—0O0" peroxyl radical. Geometrical pa-
rameters computed at the HF/Hi(level (see text

atoms along the ©-Si directions ofa-quartz. The position

of all the Si and O atoms of the cluster has been fully opti-
mized. The fixed H atoms provide a simple representation of
the mechanical embedding of the solid matrix.

All electron Hartree-FockHF) self-consistent field wave
functions have been constructed using double-Z&3)
Gaussian-type orbital basis sets on Si and O aftin@ne
d-polarization function of exponent=0.4 has been added
to the Si basis set. The final value of the formation energy
has been computed by addingdapolarization function(«
=0.74) to the basis set of the O atoms directly involved in
bond breaking. The final basis sets al@s8pld/6s4pld]

(Si) and [10s5p1d/3s2pld] (O). Comparison of results
with and withoutd functions shows that they are essential
for a proper description of the formation energies but not for
sthe determination of the optimal geometrigee below A

DZ [4s/2s] basis set was used for the H atomdror the
models of Ge-doped silica we employed an effective core
Jotential for Ge which includes in the core the?lto 3p®
electrons and treats explicitly only thes4and 4p? valence
The basis set for the Ge atoms
[3s3p/2s2p]. Also in this case we added axpolarization
function of exponentv=0.246. The radical states have been
computed according to the restricted open Hartree-Fock
(ROHBP formalism. Inclusion of electron correlation at MP2
level (see below for open shell states required the determi-
nation of unrestricted HFUHF) wave functions. The values

electrons’ is

The calculations have been performed within the clusteof (S?) for UHF wave functions show pure doublet states

model approach, a technique which is particularly appropr

iwith virtually no spin contamination.

ate to study localized phenomena, like defects and impurity Geometry optimizations have been performed at the HF,
states® Clusters of various size have been used to modeROHF, and MP2 levels by computing analytical gradients of
regular and defect sites in the bulk afquartz. The cluster the total energy. Given the low local symmetry of the crystal,
dangling bonds have been saturated by H atoms, a conall the clusters are computed without any symmetry element
monly used technique to “embed” clusters of semiconduct-(C; symmetry group The clusters used are
ing or insulating material:—! The positions of the cluster Si,O;Hg, SkO;Hg, and SiO;¢H;, for the nondefective
atoms were initially fixed to those af-quartz derived from structures, see Figs. 1-4. The models of an oxygen vacancy,
x-ray diffraction data at 94 R? The embedding H atoms Si,OgHg, Fig. 1, and of a double oxygen vacancy;GiHg,
were fixed at a distance of 0.96 A from the respective OFig. 3, have been obtained by removing ¢oetwo) oxygen
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{(G) SizO10Hs
L) SisOH
d1=1.645A (L) SisOH 1
d,=1.635A d=1633 A
d;=1.643 A d=1.621 A
di= 1637 A dy=1617 A
o = 158° dy=1615A
o = 159 ds=1617A
o =157°
o =150°
as =155°
(H) Si3010Hs as =151
d=2548 A
d;=1.705 A
d;=1442 A
dy=1659 A
oy = 1067 M) SisO\H
o =118° (M) SisOH 1,
d=2436 A
d, = 1.640 A
d;=1637A
d;=1.649 A
(D Si30sHs oy =158°
(0] =152°
d; =2.656 A o =167°
d2 =2.685 A
FIG. 3. SEO.Hg cluster models of local defects mquartz.(G)
Regular crystal(H) Frenkel defect(l) Double oxygen vacancy.
Geometrical parameters computed at the HFAJHEvel (see text (N) Si50,4H};
atoms. Other clusters have been designed to investigate vari d;=23597A
ous defects, Fig. 1-4, as well as Ge-doped silica, Figs. 5 anc dy=1.668 A
6. Also for the defective structures, the cluster geometries ds = 16695;
have been fully optimized with the boundary condition that dy=2.583 A
the position of the saturating H atoms is fixed. This means “ _igzo
o=

that only local relaxation effects have been considered; long-
range lattice relaxation is not included. This may be particu-
larly important for charged defects like tie centers. How-
ever, a comparison of clusters of various size reveals only a
moderate dependence of the geometrical parameters of th
neutral defects on the cluster size; typical uncertainties in
bond length are of the order of 3—4 %.

FIG. 4. SEO.H;, cluster models of local defects imquartz.(L)
Regular crystal(M) Single oxygen vacancyN) Double oxygen
The HF cluster wave functions are sufficiently accuratevacancy. Geometrical parameters computed at the HEfHIE{el
for the description of geometrical parameters but the detertsee text
mination of dissociation energies requires the inclusion of
electron correlation. Various techniques have been develionally expensive, is not size-consistent, and the geometry
oped to include correlation effects starting from an HF waveoptimization at this level represents a formidable tagk.
function. Each method presents advantages and disadvaguantum-mechanical method is size-consistent when the en-
tages, and the final choice depends on the problem undergy and hence the energy error in the calculation increases
investigation. For the study of optical transitions of silicain proportion to the size of the molecule. This is particularly
defects we recently us&tia multireference configuration in- important in the calculation of dissociation energies since a
teraction approach, MR CIl. However, MR CI is computa-method that is not size consistent gives a total energy for a

B. Correlation effects
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proach. In particular it is size-consistent and it allows the

(0) $iGeOH, geometry optimization at correlated level with analytical gra-

dy = 1.721 (1.764) A dients. Therefore, we have performed MP2 calculations to
d; = 1.621 (1.652) A determine the formation energid€ of a vacancy. The sign
a=149° (149 notation is such that a positivBE refers to an endothermic

process. For the smaller clusters we have performed a full
geometry optimization of the defect at both HF and MP2

levels, see Figs. 1 and 4. In general, however, the optimal
geometries are very similar in the two approaches and single

(P) SiGeOgH, point MP2 calculations based on the HF minimum geometry
give basically the samAE as for a fully optimized MP2
d=2516(2.508) A structure(see below. Therefore, for larger clusters where the

full MP2 optimization becomes computationally very de-
manding we have performed single point MP2 calculations
at the HF optimal geometry. The errors introduced by this
procedure do not exceed 0.1-0.2 eV. We use the following
notation to distinguish between the various cases: HF/MP2
indicates that the final energy has been evaluated at MP2
level based on the optimal HF geometry; MP2/MP2 means
(Q) SiGeO;Hs that the energy is that of a fully optimized structure at MP2
level. Furthermore, we indicate the inclusionafunctions

g}:'zggf\\ on Si and O basis sets byl,d’). Therefore, the HF/MP2
d; 1674 A (d,d") notation indicates a single point MP2 calculation in-
o= 119° cludingd functions on both Si and O atoms involved in bond
o= 111° breaking based on the HF optimal geometry. MP2/MP2(

refers to a MP2 geometry optimization withfunctions on
Si but not on O. All the calculations were performed with the

HONDO 8.5 program package
FIG. 5. SiGeQHg cluster models of local defects in Ge-doped

silica. (O) Regular crystal(P) Single oxygen vacancyQ) Peroxyl
group. Geometrical parameters computed at the HFdjifével lll. GEOMETRICAL PARAMETERS
(see text Results at the MP2/MPA#] level are in parentheses.

In Figs. 1-6 we report the structure and the relevant bond
distances and bond angles for a series of defects in pure and
system of two units at very large distance which differs fromge-doped silica. The geometrical parameters have been ob-
the sum of the energies of the two isolated upitddller-  tained at the HF/HR{) level by full geometry optimization.
Plesset perturbation theory at second order, MP2, offers sewhe computed distances are expected to be reasonably close
eral advantages compared to the more elaborate MR CI agg the experimental ones. For comparison, at the HFE)IF(
level the equilibrium distances of SiO, GeO, angdxtomic
molecules, 1.502, 1.603, and 1.207 A, respectively, are very

(R) Si;GeOyoHy close to the experimental valuésio, 1.510 A; GeO, 1.625
41625 A A; 0,, 1.207 A > The computed long and short-SD bond
1= L. . . ..
O = engths obtained wi e minimum cluster, 1.

5 d;=1713 A and 1.620 A, respectively, are only slightly longer than the

' di=1619 A experimental values of 1.614 and 1.605 A ferquartz®

Si o = 15; The d polarization functions on Si and O have virtually no

L 0= 1D °

effect on the optimized geometrical parameters. Also the op-
timization at a correlated level, MP2/MR#Y, gives bond
lengths which are very similar to the HF ones, see Figs. 1
and 4. Less satisfactory is the agreement for the bond angles.

(S) SizGeOyH; In fact, with the SjO,Hg cluster we compute a SiO—Si
bond angle of 155° which is 8% larger than the angle of 144°
L di=2555A measured im-quartz by x-ray diffractiorf? In this respect, it
' gzzii?gi is worth noting that the MP2 angle, 151°, Fig. 1, is closer to
di= 1658 A& the experimental one. The differences in bond angles can be
oy =103° due to intermediate range ordering effects not included in a
a;=118° cluster wave function.

The oxygen removal from the £),Hg minimum cluster
model, see Fig. @), results in the formation of a direct

FIG. 6. SiGeQHs cluster models of local defects in Ge-doped Si—Si bond of 2.53 A, Fig. (B). This result is only moder-
silica. (R) Regular crystal(S) Frenkel defect. Geometrical param- ately dependent on the cluster size; in fact, with the
eters computed at the HF/HEY level (see text SisO45H 1, cluster, Fig. 4M), we found a similar Si-Si dis-



7308 GIANFRANCO PACCHIONI AND GIANLUIGI IERANO 56

TABLE I. Dissociation energie®, of SiO, GeO, Q, and S{OH), molecules.

Method D(Si—O) (eV) Dy (Ge—0) (eV) D(0—0O) (eV) D, (OH);Si—OH] (eV)
HF/HF(d) 4.19 2.69 -0.81 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,d") 4.59 3.29 1.22 4.79
HF/MP2(d,d") 8.01 6.80 4.80 5.65
MP2/MP2(d,d") 8.09 6.90 5.04

ExperimentalRef. 39 8.26 6.78 511 6.76

aSee text for definitions.
bErom ab initio MP4 calculations, Ref. 38.

tance, 2.44 A. The formation of a peroxyl group, FigCl,  than Si, 1.52 against 1.46 A. Therefore, longer distances are
results in an ©-0 bond length of 1.43 A and in elongated expected in the SiGe or Ge—O bonds compared to the
Si—O bonds. Because of the strain induced by the presenamrresponding Si-Si or Si—O bonds. For instance, the di-
of the —O—O— peroxyl group, the Si atoms flatten out to atomic gas-phase molecule GeO is 0.1 A longer than the
some extent. This is found also using the largejOgiHg  isovalent SiO moleculé Indeed, the Ge-O bond for a Ge
cluster, Fig. 8H), which models a Frenkel defect, i.e., an O substitutional impurity inx-quartz is 1.70-1.72 A depending
vacancy adjacent to a peroxyl group. In this case we noticen the cluster model useldee Figs. 80) and GR)], i.e.,
that the Si—Si distance in the oxygen vacancy, 2.55 A, is0.05-0.10 A longer than in the corresponding pure ,SiO
almost identical to that computed for the isolated defect, 2.53tructure. On the other hand, the-SBe distance in an oxy-
A. The similarity of the geometrical parameters in Figd8)L  gen vacancy involving the SiO—Ge bond breaking=2.5
and 1C) and Fig. 3H) indicates a small mutual influence of A, see Figs. B) and &S), is surprisingly close to that of a
the two adjacent defects and further support the indeperSi—Si bond. This result can be of considerable importance
dence of the results on cluster size. for the study of optical transitions in crystalline and amor-
The E’ center, Fig. ID), is a positively charged center phous silica. In fact, it has been shown that the optical tran-
and the amount of geometry relaxation is expected to beaition of an oxygen vacancy, occurring at about 7.6 eV in
large. The cluster used, Fig([l), is too small to reproduce a-quartz, is sensitive to the SiSi (hence to the Si-Ge
the long-range geometrical distortion of this site. Calcula-distance:® Finally, we notice that, apart from the slightly
tions with much larger clusters are in progrdsas already  longer Ge—O bond, there is no significant difference in the
noticed by other authorS, both Si atoms assume a nearly geometry of a peroxyl group or of a Frenkel defect in Ge-
planar coordination although the unpaired electron is preferdoped compared to pure sili¢af. Figs. 3Q) and §S) with
entially localized on one side. This is shown by the values ofFigs. AC) and 3H)].
the EPR hyperfine coupling constants which show a substan-
tial localization of the spin density on a Si atGi?’
The Si—O distance in the=Si—0O " and=Si—0—O" IV. FORMATION ENERGIES
radicals, Figs. @) and 2F), about 1.68—-1.69 A, is longer
than that of a normal SO bond ina-quartz; on the other
hand, the ©-O distance in the peroxyl radical, 1.38 A, Fig.  In order to establish the accuracy of the computed forma-
2(F), is shorter than in the peroxyl group, 1.43 A, FigClL ~ tion energies we have determined the bond dissociation en-
The results have been obtained with small clusters and son®fgies for a few gas-phase molecules for which thermody-
care is necessary in the analysis of the data=i—O" and namic data or state-of-the-art calculations exist. Since we are
=Si—0—O0 " radicals. Therefore, we do not further discussparticularly interested in the SiO, Ge—O, and G-O
these defects. The electronic structure and EPR parametdp§nds we have considered the SiO, Ge@, @nd S{OH),
of paramagnetic defects will be addressed in detail usingnolecules. The experimental dissociation enerdigs of
larger cluster models in a separate publicafibn. SiO, GeO, and @are 8.26, 6.78, and 5.11 eV, respectivély.
The structure of a double oxygen vacancy has been comAt the MP2/MP2(,d") level the computed,'s are 8.09,
puted with two clusters, §DgHg, Fig. 1), and SiO,;H;,,  6.90, and 5.04 eV, respectively, in excellent agreement with
Fig. 4N). Of course, the smaller model allows only a partialthe experiment, Table I. At the HF/MP@@’) level, the
relaxation of the central Si atom to respond to the formatiorapproach followed for the determination of the formation
of the double vacancy; the resulting-S&i distances=2.67  energies, the computdl,'s, 8.01 eV(SiO), 6.80 eV(GeO,
A, are about 0.1 A longer than in the single oxygen vacancyand 4.80 eV (@), are also reasonably close to the measured
Using the larger $0,4H ;, cluster, however, we found only ones with errors of less than 6%, Table I. To estimate the
a small change in the SiSi distance, 2.60 A, Fig.(). The  accuracy in the description of single-SD bonds we have
longer Si—Si distance in the double oxygen vacancy com-computed theD, for the process $DH) ;,—(OH);Si"+OH".
pared to the single vacancy reflects the higher strain in thé&n estimate of 6.3 eV has been reported for this bond
structure due to the removal of two lattice oxygens. strength based on high-quality calculaticfishis latter value
We consider now the local geometrical structure of de-ds slightly larger than ourD,=5.7 eV computed at the
fects in Ge-doped silica. Ge has slightly larger atomic radiugiF/MP2(d,d’) level. In general, we can conclude that the

A. Accuracy of the method
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TABLE Il. Defect formation energ\AE for an oxygen vacancy in-quartz.

Basis set Basis set Theoretical
Regular site Oxygen vacancy Si (0] leveP AE (eV)
Si,O;Hg Si,OgHg Dz DZ HF/HF 55
Si,O;Hg Si,OgHg DZ+d DZ HF/HF(d) 6.6
Si,O;Hg Si,OgHg DZ+d DZ+d HF/HF(d,d") 6.7
SicOy6H;° SicO;5H16 DZ+d DZ HF/HF(d) 6.7
Si,O;Hg Si,OgHs DZ DZ HF/MP2 7.0
Si,O;Hg Si,OgHg DZ+d DZ HF/MP2(d) 7.9
Si,O;Hg Si,OgHg DZ+d DZ MP2/MP2(d) 7.9
Si,O;Hg Si,OgHg DZ+d DZ+d HF/MP2(d)(d") 8.5

8See text for definitions.
®Basis DZ+d on Si and DZ on O involved in bond breaking, 3-21G on all remaining atoms.

bond strength in these simple molecules is properly dewe added a function on O, HF/MP2d,d’), and we ob-
scribed although it may be slightly underestimated. tainedAE=8.5 eV. This value represents our best estimate
The previous results .refer to small_gas—phase moleculegyf the formation energy of an oxygen vacancy; it is consis-
while we are interested in the energetics of processes ocCUisnt with the recent proposal of Boureau and Carniato of a
ring in solid state. Therefore, before discussing the computegymation energy>7.3 eV!® These data also explain the
formation energies it is useful to consider computational aSgiscrepancy between the othay initio value reported in the
pects with direct impact on the energetics. To this end Weiterature,~5 eV '8 and the experimental gueSthis is sim-
consider the formation energy of an oxygen vacancy in PUr§ly due to the lack off functions on Si and O and of corre-
SIO,; we first analyze the effect of basis set and cluster siz€ation effects. The Si and @ functions cause an increase of
Let us consider the minimum 8)/Hg cluster, Table Il. At AE py ~1-1.5 eV, whereas correlation effects contribute by
the HF/HF level, withoutd functions on O and on Si, We apout 1.4-1.5 eV. The two terms are roughly additive, and
found aAE of 5.5 eV. This value compares rather well with thejr simultaneous inclusion is essential in order to obtain
the AE~5 eV found with a more elaborate embedding ap-rejiaple formation energies of defects in silica. In the follow-
proach using a similar basis sewith no d polarization  jng we report only our best estimates of the formation ener-

functions.’® By adding the d function on Si, gies obtained at the HF/MP@(d’) level.
HF/HF(d), AE becomes 6.6 eV; when also thefunction

on O is included, HF/HFR{,d"), AE becomes 6.7 eV show- ) ) )

ing that at the one-electron level tfe function on Si is B. Point defects in pure SiQ

considerably more important than tbeon O. The energies discussed in the paper are defined with re-
A possible source of error in the computed formation enspect to the formation of ground-state atomic oxygém,

ergies is the dependence &E on the cluster size. For our However, it is likely that the creation of oxygen vacancies in

study we used relatively small clusters but we also considthe bulk of SiQ is accompanied by the formation of molecu-

ered larger models like the s8),¢H1; cluster, Fig. 4L). This  |ar oxygen, Q. The experimental dissociation energy of O

cluster is derived from the smaller,;8;;Hg cluster by replac- s 5.1 eV2® the computed one at the HF/MRR(@') level is

ing three embedding H atoms with(SH); groups, Table Il. 4,80 eV, Table I. Therefore, defect formation energies with

For the=Si—O—SE= unit involved in bond breaking we respect to @can be easily derived by considering an energy

used the same basis set as iRCBHg while all the other  gain of 4.8 eV for the process 200,.

atoms were treated with a smaller basis 3-21G basid’set. HF/MP2(d,d’) formation energies for a series of defects

With this larger fully optimized clusteAE at the HF/HF()  are reported in form of thermodynamic Born-Haber cycle in

level is 6.7 eV, i.e., almost coincident with that obtained with F|g 7. As discussed in the previous paragraphs’ the forma-

the smaller model. Therefore, we can safely conclude that

the size of the cluster has virtually no effect on the binding —Si-0-Sie
energies, at least for neutral defedtharged defects can
induce substantial polarization of the lattice which is not /,07 M\
taken into account by a small clusker
. . . 20
We consider now the importance of correlation effects. =5i-0-0-Si= RN =Si—Si=
The formation energy computed with the minimum@Hg 9.2
cluster at the HF/MP2 level is 7.0 eV, Table II, i.e., 1.5 eV +4/ \22 +2/ yg
larger than at the one-electron level. WiHunctions on Si, .

HF/MP2(d), AE becomes 7.9 eV, Table Il. We repeated =8i-0-0°+'Si= —— =8i-0"+°0-Si= 240) =Si +°Si= —— =Si'+"Si=

the calculation by performing a full MP2 geometry optimi- 23 98 o3

zation, MP2/MP2(), but we found no change in the forma-  FIG. 7. Formation energies of defects in pure silica from
tion energy which remains 7.9 eV. This is due to the fact thatij,O,H ; cluster models. Values in eV obtained at the
the regular structure and the O vacancy are stabilized by theF/MP2(d,d’) level (see text See Figs. 1 and 2 for geometrical
same extent by the addition of tlieorbitals on Si. Finally, structures.
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tion energy of an O vacancy is 8.5 eV. This process involves l

the rupture of two SO bonds, with formation of=Si =Si-0-5i-0-Si=
radicals, and the consequent recombination of the two dan- l

gling bonds to give a direct SiSi covalent bond. The en-

ergy gain associated to this latter process is 2.6 eV, see Fig. +7.6 20 \+17.4
7. Therefore, one can estimate the bond dissociation energy

; : : _ -20 |
of the Si—O bond in a-quartz as 2D, (Si—0)=8.5 eV o . e o
1 = - === = —_— =, l—S—SE
+2.6 eV andD,(Si—0)=5.5 eV. In the crystal, the forma- Sl SI' 0-0-Si +96 S || l
tion of an oxygen vacancy can be associated with that of a
peroxyl group giving rise to a Frenkel defect, FigH3. The FIG. 8. Formation energies of defects in pure silica from

addition of an isolated O atom to the=Si—O—Si= bond, SiOHg cluster models. Values in eV obtained at the
leading to a peroxyl unit, corresponds to an energy gain oHHF/MP2(d,d’) level (see text See Figs. 3 for geometrical struc-
0.7 eV, Fig. 7. This is due to the relatively strong—@  tures.

bond in the peroxyl group which compensates for the in-

creased strain in the lattice. The removal o @O atoms ica|ly transferable from one structure to another. For the
from the:s':OS, OS' SE p(—::roxygl)gzrmif) tlg' for;n {a}ﬂ'oxy- same reason, the energy necessary to form a double oxygen
gen vacancy==ok—oE=, requires 9.2 €v, FIg. 1. 1hIS €n- yacancy from a regular structure, 17.4 eV, is almost exactly

ergy is reduced to 4..4 eV if the process is considered WltqWice the energy involved in the formation of a single va-
respect to the formation of an,@nolecule.

X : e . cancy, Fig. 8. This is of course a very large energy, but the
00;264 %rZ%IfTrﬁsoi]; t:k?oftkloet\)ﬂ;islrlh_aﬁlt??e—ngrgysimireﬁa cost is substantially reduced if one assumes the formation
to break a SLO bond in a=Si_O—Si= chain ~55 ey. ©°f an G molecule(in this caseAE becomes 12.6 eV
Thus, the strength of the SiO bond depends in a marked
way on the neighboring groups. The breaking of the-O
bond in=Si—O—0—SE&= to form two =Si—O" radicals
gqgquzsi:ngs%zlez\;, ti'gr'] ikterIIZr:Seg;CrZ(l]isi'rsegh?g IIbHrEe:a]:k the The trends observed in the stability of the various defects
Si—O bond. This suggests that radiation or thermal damag@f pure SiQ are fc;yhnd alsp Véhﬁen Ge sukl?stltutlona}l 'n;lpu”;]
in pure SiQ will result in the preferential formation of ties arebpredse_nt. ima;]n |heren_ce, owe\/rlgr, Ist aﬁt €
—=Si—O radicals rather than of peroxyl radicals, ©8—C bond is weaker than the SIO one. This is we

=Si—0—0O". These centers, however, could easily form byQOcumented by the difference in stability of the correspond-
direct combination of @with =Si" centers.

C. Point defects in Ge-doped SiQ

ing diatomic molecules, Table I: tHe, of SiO is about 20%

The breaking of the=Si—O * bond to form a=Si radi- larger than that of GeO. In a similar way, the computed
cal and an O atom costs 4.8 eV. This value is intermediatéormation energy of an oxygen vacancy involving a Ge sub-
between that of a=Si—O—Si= structure, 5.5 eV, and that Stitutional impurity is 7.5 eV, see Fig. 9, compared to the 8.5
of a Si—O bond in a peroxyl linkage=Si—O0—0—S=, eV computed for pure Si© This is an important result since
4.5 eV. The=Si" defect can also be obtained by direct it suggests that the damage causedbsays in Ge-doped
breaking of the=Si—Si= bond of an oxygen vacancy. In silica will result in the preferential formation of oxygen va-
this case, the formation energy is of 2.6 eV, Fig. 7. Muchcancies involving a Si-Ge pair rather than a Si-Si pair. Of
higher is the energy necessary to formEncenter consist- course, this is not restricted to the single oxygen vacancy,
ing of a=S:i " radical and &=Si" ion; this is 7.9 eV starting but it applies also to other defects like a Frenkel defect or a
from a neutral oxygen vacancy=Si—SE, and can be double oxygen vacancy, see Fig. 10. For instance, the forma-
viewed as the sum of two contributions, the energy requiredion of a Frenkel pair costs only 6.5 eV, i.e., 1.1 eV less than
to break the Si-Si bond, 2.6 eV, and the ionization energy in pure silica. In conclusion, we provide strong evidence that
of the=Si" radical, 5.3 eV, Fig. 7. However, the calculation the presence of Ge atoms in the bulk of Si@ads to a
of formation energies of charged defects with cluster modelgreferential breaking of the GeO bonds with respect to the
does not include long-range electronic and structural relaxsi—O ones and to an increase in the concentration of the
ation effects that can have non-negligible effects on the endefects due to interaction with radiation.
ergetics.

In Fig. 8 we report the formation energies of a Frenkel

defect,=Si—Si—O—0O—Si=, and of a double oxygen va- =Si-0-Ge=

cancy, =Si—Si—Si=. For these calculations we used a

larger cluster, SD;oHg, Fig. 3. The Frenkel defect is 7.6 eV +0 /07 +7.5 \_ -0

less stable than the regular structure; this energy corresponds

to the cost of breaking two SiO bonds,~11 eV, minus the -20

gain due to the formation of the-00 bond,~0.7 eV, and =5i-0-0-Ge= e =Si—Ge=

of a SO bond,~2.6 eV. The energies involved in the
process are very close to those computed with the smaller F|G. 9. Formation energies of defects in Ge-doped silica from
clusters for an isolated O vacancy and a peroxyl group. ThiSiGeQH ¢ cluster models. Values in eV obtained at the
further shows that the results are rfot very weakly depen-  HF/MP2(d,d’) level (see text See Figs. 5 for geometrical struc-
dent on the cluster size and that the bond energies are praities.
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l . in pure and Ge-doped-quartz. We have shown that corre-
=S8i-0-Ge-0-Si= lation effects and inclusion ofl orbitals on Si and O are
! essential for a proper description of the-SD chemical
bond. The strength of a SiO bond in crystallinex-quartz is
+6.5 -20 \ +15.5 about 5.5 eV. The creation of an O vacancy implies the rup-
ture of two of these bonds, with a total cost of 11.1 eV,
partially compensated by the formation of a direct-Sii

| -20 ! bond with an ener in of 2.6 eV. Therefore, th ted
SGe0.0.Sie _Si Siz \ gy gain of 2.6 eV. Therefore, the compute
=Si Gle 0-0-Si ———>+9.0 SF—GI ' formation energy for an O vacancy is 8.5 eV. This value is

consistent with recent thermodynamic arguments which esti-
FIG. 10. Formation energies of defects in pure silica frommate a lower bound for the defect formation energy of 7.3
Si,GeQH 5 cluster models. Values in eV obtained at the eV.!° The insertion of a free O atom into=ESi—0—SE=
HF/MP2(d,d’) level (see text See Figs. 6 for geometrical struc- structure results in a peroxyl group=Si—O—0O—SE,
tures. with an energy gain of 0.7 eV. It is important to note, how-
ever, that the recombination of two lattice O atoms to form
D. The Si vacancy 0, is accompanied by an energy gain=eb eV. It is very

It has been suggested that ion bombardment of silica calikely that this species forms and remains trapped into the
lead to the creation of Si vacanci€sOf course, given the cavities of the crystalline structure. Indeed, very recently the
relatively strong Si-O bond, the rupture of four of such Presence of interstitial pm_olecules in silica glass has been
bonds is a process which requires a large amount of energgletected by means of optical spectroscp¥he rupture of
The removal of a lattice Si atom results in the formation ofthe—O—O— bond of the peroxyl group, 2.2 eV, is found to
four =Si—O" radicals. This process has been studied usin@® €asier than the breaking of the—SD bonds whose
the larger SjO,¢Hy, cluster and the corresponding defective Strength goes from=4.5 eV in=Si—0—0—S&, to 4.8
cluster (with one missing Si atoin The cluster was treated €V in =Si—0’, and 5.5 eV ir=Si—O—S&=. Therefore,
with a smaller basis set, 3-21G, except for the Si and Ove observe a dependence of the—& bond dissociation
atoms involved in bond breaking. For these atoms we used @€rgy on the local electronic structure. The displacement of
DZ basis set on both O and Si atoms. We found a formatio® _ lattice O to form a  Frenkel  defect,
energy for the Si vacancy e£17 eV at the HF level. Witha =SHSO—0—SE&, requires a large amount of energy,
similar treatment the Si-O bond dissociation energy com- @bout 8 eV, as the consequence of the high-Gi bond
puted with the smaller SD;Hg cluster is~4 eV. The Si  dissociation energy. . o .
vacancy formation energy corresponds roughly to four times The replacement of Si by Ge in the SiGatthe results in
the Si—O bond dissociation energy. Given the absence ofveakened Ge-O bonds compared to the-SO counter-
correlation effects, this value is certainly underestimated, byparts. Therefore, we expect that radiation damage in Ge-
about 35%. Therefore, a reasonable estimate for the Si valoped silica will result in the preferential breaking of the
cancy formation energy is about 23 eV. This value howevefattice sites occupied by Ge atoms. Finally, we have also
will be reduced by the recombination of teeSi—O" radi- ~ €stimated the formation energy of a Si vacancy. This is very
cals to form two pairs of peroxyl groups. The energy gain forhigh, ar_ound_ 20 eV, consistent with the fact that the r_emoval
the process 2Si—0 "—=Si—0—0—Si= is of 2.2 eV, of a lattice Si |mpl|es_ the_ rupture of four-SiO bonds. High-
Fig. 6; this means that the formation energy for a Si vacancgnergy processes, like ion bombardment, are probably nec-
will be close to 18—19 eV. This is a very large energy, andesSsary to form appreciable concentrations of these defects.
the concentration of these defects caused by radiation dam-
age is expected to be low. ACKNOWLEDGMENTS
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