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Photoabsorption of the neutral oxygen vacancy in silicate and germanosilicate glasses:
First-principles calculations
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The photoabsorption of the neutral oxygen vacancy defects in silicate and germanosilicate glasses has been
studied by first-principles quantum chemical techniques. The lowest singlet-to-singlet excitations in these
defects occur around 7.0 eV, and involve promotion of an electron from a bonding orbital between the adjacent
Si (or Ge atoms to a diffuse Rydberg-type orbital. Such excitations are too high in energy to contribute
significantly to the 5 eV absorption band in silicate and germanosilicate glaS€863-182807)00234-9

INTRODUCTION the important aspects of the local defect environments. Since
the defect states considered in this work are quite localized, a
The prominent 5 eV photoabsorption band in silicate andelatively small cluster can be used to model the local region
germanosilicate glasses has been the focus of a large numlsfrinterest. The broken back bonds in our finite cluster model
of experimental and theoretical investigation$’ Several are terminated with hydrogen atoms to avoid artifacts from
structural models have been proposed as likely explanationgrface effects.
for the origin of this band, and although there have been no |n the present work, geometry determinations are per-
definitive assignments, it has generally been accepted thatfgrmed using Hartree-Fock theory with a polarized 6531
neutral oxygen vacancy and a divalent defect are the tweasis set! The basis set is known to yield reliable molecular
most likely candidates. _ geometries for a wide variety of systeftdsing this geom-
The oxygen vacancy model=X—Y=:X,Y=Si.Ge) gy the low-lying singlet electronic excitation energies were
was proposed by Arnofdand correlations between the decay g, 5ated with three different excited-state techniques. In in-
.Of th_e 5 eg band and the gr_ovvth o centers under UV creasing order of accuracy, these are the configuration inter-
irradiatiorf _have been used in support of this model. The, o iy single substitutioA$ (CIS), a second-order per-
recent semlempl(lcal modn‘pd neglect of dn‘ferentlgl OVerlapturbative correction applied to the CIS metRdECIS(D)],
(MNDO) calculations of Sulimov and co-workefs” have and the excited-state coupled-cluster method including single

provided support to this model. However, other worRers and double substitutioA$(CCSD. In particular, the excited-

have suggested that the singlet-to-singlet absorption of thgtate CCSD method is known to give accurate valuétin

OXygen vacancy occurs mugh h'gh%é around 7.6 eV, Simiy 2 eV) for the low-lying electronic states of molecuf@sn

larly to the ab;orphon seen |n_d|S|I§1 ' N order to describe both valence and Rydberg-type excitations
An. alternative model mvolvyng divalent defedts=Si: 0‘3;. on an equal footing, we have used larger basis sets contain-

=Ge) was propqsed by Skuja, Strelet;ky, and Pako ICh'ing diffuse s and p functions in these calculations. Initially

They performed time-resolved photoluminescence measurey performed calculations with the CIS and @$methods

mgnts of oxygen-deficient glassy $i@nd observed twq lu- using a 6-3G* basis set augmented with two sets of diffuse

minescence bands at 4.4 and 2.7 eV. Based on their dec‘%yandp functions on each Si or Ge. Later we found that a

time measurements, these two bands were attributed to lumj- sis set containing two sets of diffusandp functions with
nescence emissions from singlet and triplet excited states %f erage exponents centered at the bond midpoint yields es-

divalent defects. sentially identical excitation energi€éaverage deviation be-

We recently performed an accurate theoretical investigafween the two basis sets is only 0.02)eVere we report
tion of divalent Si and Ge defects using cluster mod&fs. results with this basis 8twhich )\/Ne.denote as 68 [2

The calculated excitation energies as well as Iuminescencg] Al the calculations have been performed with modified
band energies are in excellent agreement with the experimen--"

A 7 28 ;
tal results of Skuja and co-workérsand offer a strong sup- versmnskof thesAussiaN-94" and TITAN?® electronic struc-
port for the divalent defect model. In this paper, we report ar;[ure packages.

analogous detailedb initio study of the electronic excitation

energies for the neutral oxygen vacancy defects in silicate RESULTS AND DISCUSSION

and germanosilicate glasses. The recent development of ac-
curate excited-state techniques allows us to critically exame
ine the plausibility of this defect model in explaining the
experimental 5 eV photoabsorption bands.

When there is an oxygen vacancy, the neighboring Si or
e atoms can come together and form a chemical bond. We
have investigated oxygen vacancies with different possible
neighboring atoms and represent them using the common
notation'®/ viz. V(SiSi), V(SiGe, and MGeG@, showing

the atoms adjacent to the vacant site. Since our models de-

As in our previous studieS:?° we have used the cluster scribe localized electronic excitations involving the defect

approach where model compounds are designed to includegion, we expect that the excitation energies are determined

THEORETICAL METHODS
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TABLE |. Geometric parametefgA) and(°)] of the (HO)X-Y(OH); molecules used in this studpptimized at HF/6-3G* level of
theory).

XY Symmetry X-Y X-0 Y-O X-Y-O Y-X-O X-O-H Y-O-H
Si/Si Se 2.32 1.65 1.65 110.7 110.7 116.7 116.7
Si/Si C, 2.32 1.64 1.64 103.1 103.1 116.5 116.5
1.64 1.64 110.5 110.5 116.9 116.9
1.64 1.64 117.4 117.4 118.0 118.0
Si/lGe Cs 2.37 1.63 1.77 112.9 109.4 118.4 113.2
Si/lGe C, 2.37 1.63 1.76 100.3 104.2 116.7 113.4
1.63 1.76 118.4 105.1 117.3 115.2
1.63 1.77 118.8 117.6 118.7 1159
GelGe Se 2.39 1.76 1.76 111.8 111.8 113.8 113.8
GelGe C, 2.40 1.76 1.76 106.7 106.7 113.6 113.6
1.76 1.76 113.9 113.9 115.0 115.0
1.76 1.76 114.2 114.2 116.1 116.1

primarily by the two defect S{or Ge atoms and their at- addition, for MSiSi), we list the results evaluated with the
tached oxygen atoms. Thus we start with the cluster€CSD method which helps to assess the reliability of the
(HO)3-Si-Si(OH)3, (HO);Si-GgOH)3, (HO);Ge-GéOH); CIS and CI$D) techniques. These calculations were carried
to represent the oxygen vacancy in the case ¢(5iS)), out with two different basis sets, namely 6&%1 and
V(SiGe, and MGeGe, respectively. In order to see if the 6-31G*[2+ ]J(without and with diffuse functions, respec-
size of our chosen cluster is reasonable, in the case dively).
V(SiS), we also consider a larger cluster model There are two immediate striking observations to be made
(H3Si0)3Si-Si(OSiHg)5, similar to the cluster used previ- on the basis of this data. First, the 6&1 basis set is
ously in the semiempirical MNDO studies of Sulimov and totally inadequate, yielding excitation energies that are too
co-workerst®1? large by up to 2 eV. The large change on going to the

For each of the cluster models, we have considered se6-31G*[2+ ] basis set is indicative of an excitation into a
eral possible geometrical arrangemefasnformations We  diffuse orbital (vide infra). Second, the CIS method is also
first report results for a structure containing a threefold syminadequate in describing the excitation energies for this sys-
metry axis along theX-Y bond (X,Y=Si or Gg. Such a tem. For example, for {8iSi), the CIS method with the
structure ha$g symmetry for \(SiS)) and MGeGg, andC;  6-31G*[2+ ] basis set yields a lowest singlet-to-singlet ex-
symmetry for (SiGe. Within this symmetry, all the geo- citation energy of 8.36 eV, a substantial overestimate com-
metrical parameters have been completely optimized at thpared to the more accurate treatments. Electron-correlation
HF/6-31G* level of theory(Table |). The optimized Si-Si effects, included in the CI®) and CCSD methods, stabilize
distance in \(SiSi) is 2.32 A, very similar to the values the excited state significantly and lower the excitation en-
obtained by Sulimov and Sokolov with MND®.The angle ergy. The CI$D) method yields an excitation energy of 6.74
Si-Si-0O is close to the tetrahedral angle. As expected, theV, close to the CCSD value of 6.97 eV. From a consider-
Si-Ge and Ge-Ge distances in the analogousSide and  ation of other similar structures, it appears that for the oxy-
V(GeGe defects(2.37 and 2.39 A, respectivelgre slightly  gen vacancy defects, the GIH method yields excitation
longer. In this paper we also analyze the dependence of thenergies with a mean deviation &0.2 eV from the accurate
computed energies on the value of this distance. CCSD values.

The excitation energies evaluated for each of these defects The nature of the electronic excitations is illuminating.
with the CIS and CIfD) techniques are listed in Table Il. In The lowest excitation is not a simple bonding-antibonding

TABLE Il. Excitation energiegeV) for the lowest three singlet excited states of the (EO)(OH); molecules §5/C5 isomers.

XIY Excited 6-31G* 6-31G*[2+]
(symmetry state CIS CIS(D) CCSD CIS CIS(D) CCSD
Si/Si s 10.35 9.06 9.08 8.36 6.74 6.97
(Se) o 10.14 8.80 8.84 8.62 6.97 7.21
Px.y 8.88 7.92 7.93 8.55 7.29 7.39
SilGe s 10.06 8.63 8.45 6.71
(Cy) o 9.68 8.31 8.67 6.99
Pry 8.69 7.59 8.42 7.12
GelGe S 9.85 8.39 8.67 6.85
(So) P, 9.40 8.06 8.64 6.94

Pry 8.59 7.37 8.37 7.00
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transition involving the Si-Si bond, as obtained by Sulimov
and SokoloV'® While it is dominantly a one-electron transi-
tion, it is best described as a promotion of an electron from
the Si-Si bonding orbital to a diffuse orbit@Rydberg-type
excitation). The inclusion of diffuse functions in the basis set
is clearly of importance to describe such excitations. This is
reminiscent of the lowest electronic excitation in the
Si,Hgmoleculé® which is from a Si-Si bonding orbital to a
4s-type Rydberg orbital. The CCSD method yields an exci-
tation energy of 7.6 eV for $Hg, in excellent agreement
with the experiment&® In addition, the singlet-to-singlet ex-
citation energies for the {8iGg and (GeGe defects have
been obtained with the C(B) method. The resulting values
(Table Il) are quite similar to those for (BiSi).

Analysis of other low-lying excitations also reveals simi-
lar Rydberg-type character. The second and third excitations
have p-type character along the bond and perpendicular to S o
the bond, respectivelyTable 1). Such excitations occur  FIG. 1. The (HSiO);Si-S(OSiH;); cluster used in this work
about 0.1-0.5 eV higher in the different systems and havé&he terminating H atoms are not shown

much larger absorption cross sections due to the favorable ) )
dipole selection rules. Our conclusions are completely opposite to those reached

We have also considered other possible conformationdfy Sulimov and co-yvorkei‘g’” using the semiempirical
arrangements for the defect geometries. The excitation enefNDO technique. Using relaxed cluster geometries for the
gies depend only weakly on such structural variations. Th@Xygen vacancy, they obtain singlet-to-singlet excitation en-
most stable conformation for (iSi) hasC, symmetry. Itis ~ €rdies ranging from 4.3 to 5.3 eV for a variety of models.
about 0.1 eV more stable than tig structure considered ©Our CCSD values, which should be very accurate, are con-
earlier. This is mainly due to the presence of internal hydroSiderably higher. The discrepancy is not due to the size of the
gen bonding between differertOH groups in theC, iso- cluster since for ‘(/SlSD the same sized qlu;te_r was uged in
mer. The Si-Si-O angles vary between 103 and 1Tz&ble b_oth stydles. In addmon, the rela>§ed Sl—Sl distance is very
1) due to this hydrogen bonding. Though such a structure isimilar |n.both studies. A'nOFher major difference between_the
probably unrealistic to describe the oxygen vacancy, we findwo studies is the qualltatl\(e nature of_the lowest excited
that the excitation energy is not strongly dependent on sucff@te. Contrary to the bonding-antibonding character of the
details. The energy depends principally on the Si-Si distancef@nsition, predicted by MNDO, we obtain a transition from a
which in theC, structure is, in essence, identical to the cor-°0nding orbital to a diffuse orbital. Since MNDO does not

responding distance in ti& isomer(2.32 A). Consequently contain any diffuse functions, such excited states cannot be
the lowest excitation energy in the isomer at the CCSD levellréated adequately with this technique. We conclude that

7.21 eV, is quite close to the value of 6.97 eV seen earlier foMNDO s not adequate for obtaining accurate excitation
the S isomer. energies in such systems

Similar structures were also considered foiSIGe and While we can definitively rule out the relaxed oxygen

V(GeGs. They are even less sensitive to the structural deYacancy model, other related models involving partially re-

tails. The analogou€, isomer for VGeG@ and theC, iso- Iaxed_ or unrelaxed such vaca_ncies, have bee_n proposed to
mer for V(SiGe have very similar excitation energies. gxplam the 5 eV photoabsorptlon. The unde_rlylng argument
In order to test the adequacy of our defect model clustel” these "_‘_Ode's IS that_ n the wt_reous em_nro_nment of the
size, we have performed QlI3) calculations for \(SiSi) us- gerr_nanosnmate gla;s, it is possible for Si-Si dlstancgs to
ing a larger cluster (§5i0),Si-S(OSiHy); (Fig. 1). There is deviate from t'h.e optimal value of 2.3 A. In_qrder to conS|_der
very little change in the excitation energy upon going to theSl_Jch a possibility, we have performed additional calculations
larger cluster, consistent with the localized nature of the elecith stretched bond lengths on i structure. In these
:tg?,ntiﬁ eeé?,gztig?;t;hz g IaSngn;j oqé ?:ggzgg\?eﬁ/nea:?eie\?ery TABLE Ill. Dependence of lowest three singlet excitation ener-
close to the values (;f 8.4 and 6.7 eV’ seen for%és,omer gl-e;lée’}/[)ch](Eez??;}stﬁggzsis?;nge Si-Si bond lengthCCSD/
for the small cluster. The optimized Si-Si distance in the '
larger cluster(2.32 A) as well as the Si-Si-O angles are also A(Si-S)

Excited-state type

very similar to those in the smaller cluster. A) s 0, 0,
Our calculations have clear implications. First, for the Y
structures considered so far with relaxed geometries, the cal- 0.0 6.97 7.21 7.39
culated lowest singlet-to-singlet excitation energies cluster 0.1 6.84 7.05 7.25
around 7.0 eV. Their values are substantially larger than 5 0.2 6.71 6.88 7.10
eV and thus excitations involving the relaxed oxygen va- 0.3 6.57 6.71 6.95
cancy do not explain the 5 eV excitation band in glasses. We 0.4 6.43 6.53 6.79
showed recently that divalent Si or Ge defects, on the other 5 6.30 6.35 6.64

hand, have excitations very close to 5 EA#°
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calculations, the Si-Si distance was fixed at distances ranginground state. Partially relaxed geometries with a distribution
from 2.32 to 2.82 in steps of 0.1 A. Electronic excited statesf distances are likely to yield only a broad shoulder of the 7
at these geometries were then evaluated with theV excitation.

6-31G*[ 2+ ] basis set and are listed in Table Ill. For abond Other authors have suggested that the 5 eV band results
stretching of 0.2 A, the excitation energy decreases by 0.2from a singlet-to-triplet excitation of the oxygen vacanidy.

0.3 eV. We anticipate our CCSD model to be sufficientlyHowever, singlet-to-triplet transitions are unlikely to yield
reliable for such bond length changes. On stretching thetrong absorptions, particularly for Si. We are currently
bond by 0.5 A, the excitation energies decrease by as muatvaluating the excitation energies for the low-lying triplet
as 0.7-0.8 eV, though theoretical calculations for such farstates to see if such a model is relevant.

from-equilibrium bond distances are expected to have larger
uncertainties.

The calculations reported above indicate that the excita-
tion energy does decrease at stretched bond lengths. How- We are indebted to M. Head-Gordon and T. J. Lee for
ever, a completely unrelaxed geometry with a Si-Si distancgroviding us with the excited-state CCSD prograiRef. 28
of 3.1 A is not a stable arrangement and is unlikely for theused in this work.
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