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Models for defects in Si02 fall into the two basic categories of "vacancy-bridge" and

valence-alternation models. We have calculated the local electronic structure of the main

defects in each model, using the tight-binding and recursion methods. The localization of
each level is found and compared to that measured by ESR for the paramagnetic centers.
The silicon dangling bond, the neutral oxygen vacancy, and the positively charged oxygen

vacancy (E center) all give deep states near mid-gap. The Si—Si bond gives a bonding state
in the lower gap and an antibonding state near the conduction-band minimum. The posi-

tive, threefold-coordinated oxygen site 03+(Si3) gives a state bound only by its Coulombic
field. In general, all positively charged centers possess a "shallow" bound state 1—2 eV
below the conduction-band minimum. Such shallow states account for the prevalence of op-
tical absorption around 7.6 eV in Si02. The nonbridging oxygen introduces states just above

the valence-band maximum. The peroxyl bridge and radical give states both at mid-gap and

in the lower part of the gap. A broad absorption band around 5—6 eV is associated with the

peroxyl radical, for the first time. It is suggested that valence-alternation defects must still

be present in U-Si02, but at a much lower concentration, of order 10"cm ', than previously

supposed, due to a higher valence-alternation creation energy in SiO& than in a-Se or a-
As2Se3.

I. INTRODUCTION

Two types of models have developed for defects in
vitreous silicon dioxide, v-Si02. The vacancy-bridge
(VB) model views Si02 as a wide-band-gap insulator
and suggests that the oxygen vacancy and "intersti-
tial" (as a peroxyl bridge and radical) are the dom-
inant defects. ' The valence-alternation (VA) models
regard U-Si02 as a chalcogenide glass like As2Se3
and predict the main defects to be Si and 0 dangling
bonds and overcoordinated, positively charged oxy-
gen sites. Our current knowledge is dominated
by the electron-spin-resonance (ESR) active centers,
which are usually associated with the VB model.
We point out in this paper that some VA defects
should also be present in Si02, and that they must be
considered for a complete understanding of its prop-
erties.

We examine the electronic structure of the main
defects predicted by both models, using an empirical
tight-binding scheme and the recursion method.
Our results explain the absorption and luminescence
transitions associated with the peroxyl radical and
the nonbridging oxygen-hole center. They em-

phasize that diamagnetic VA oxygen centers should
be present, acting as charged scattering centers. We
discuss the optical transitions associated with the
paramagnetic oxygen vacancy Vo+ (the E' center),
and while we cannot assign all transitions, place
constraints on future models. We show that with
lattice relaxation significant rebonding can occur be-
tween the two Si atoms at the neutral oxygen vacan-

cy Vo . These Si—Si vacancy bonds could be the
origin of optical transitions ' usually associated
with the Vo+ centers. Si—Si "wrong" bonds intro-
duce highly localized bonding and antibonding de-
fect levels, and should give rise to a characteristic
absorption band. We argue that all positively
charged defect centers possess a "shallow" state 1—2
eV below the conduction-band minimum, bound
only by the Coulombic field. Transitions to these
levels account for the 7.6-eV absorption band seen in
a wide range of silicas.

Vitreous silicon dioxide is a wide-band-gap (-9
eV) network glass with directional bonding of mixed
covalent and ionic character. Short-range order
dominates many of its properties, with each Si and
0 atom being fourfold- and twofold-coordinated,
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respectively, as in crystalline Si02. To date, the un-

dercoordinated silicon center" ' Si3, the non-
bridging oxygen atom' ' ' Oi, and the peroxyl
radical ' ' are the only native defects which have
been positively identified, all by ESR. The E' center
is presumed to be a Si danghng bond at a charged
oxygen vacancy Vo, and has bccn correlated with
the optical-absorption band at 5.85 CV and the
luminescence band' at 4.3 eV in U-Si03 (6.2 and 4.8
eV in crystalline Si02). The peroxyl radical has
been identified with the absorption peak at 7.6 eV
and the Oi center with absorption above 2 eV and
luminescence at 1.85 eV. We explain the origins of
these transitions and point to others which have not
previously been identified. We argue that the 7.6-eV
absorption band may arise from the neutral 0 va-
cancy Vo, or Positively charged centers (03+,Vo+ }
rather than the peroxyl radical as previously sup-
posed.

In the next section, we review the VH and VA
models. Our calculational method is described in
Sec. III and the electronic structure of bulk SiOz in
Sec. IV. Results for the oxygen and silicon centers
are presented in Secs. V and VI, respectively. We
discuss our results in Sec. VII and finally summarize
our conclusions in Sec. VIII.
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FIG. 1. Bonding configurations (a) in bulk Si02, (b) at
the neutral vacancy Vo, (c) the positively charged vacan-

cy Vo+ (the E' center), (d) the doubly-charged vacancy
Vo2+, (e) the peroxyl bridge —=Si—0—0—Si=, and (f) the

peroxyl radical =—Si—0—0'.

II. MODELS OF DEFECTS IN Si02

VB defects are generally produced by radiation

displacing atoms in the network. The primary de-

fect in the VB scheme is the oxygen vacancy (see

Fig. l). Its positive state, Vo+, called the E' center,
contains only one electron and is paramagnetic.
ESR indicates that the electron localizes preferen-

tially onto one of the two Si dangling bonds directed
into the vacancy, and that the other Si atom, now

positively charged, relaxes out of the vacancy to-
wards a planar configuration. " (This planar config-
uration is also found for the isoelectronic boron sites
in 8203.' ) Thus Vo consists of one pyramidal Si3
and one planar Si3+. By analogy, we expect two py-
ramidal silicons at Vo and two planar silicons at
Vo~+. The peroxyl bridge =Si—0—0—Si= is hy-

pothesized to be the Frenkel counterpart of Vo as
the simple oxygen interstitial is presumed to be un-

stable. Direct structural evidence for the bridge is
difficult to find but it is the probable antecedent of
the neutral peroxyl radical:—Si—0—0', recently
identified by ESR.' *' The peroxyl radical is the
predominant oxygen-hole center in dry silicas (those
containing less than about 10 ppm of H). In wet sil-

icas, the nonbridging oxygen atom is the principal 0
center seen in ESR (Fig. 1). Its presumed an-

tecedent is the hydroxyl radical =—Si—0—H. The
properties of the VB defects and tentative assign-

ments of their optical transitions have recently been
reviewed by Griscom. '

VA models have successfully explained such

properties as the diamagnetism, Fermi-level pinning,
and photoinduced luminescence and ESR in amor-

phous chalcogenide glasses. The VA model em-

phasizes the special role of the lone-pair pm electrons
at the top of the valence band. ' ' Like the chal-

cogenides, sihcon dioixide has a pn valence-band
maximum. VA models have therefore been pro-
posed to describe its defect states.

VA defects are produced by breaking a Si—0
bond in the network. ' Undercoordinated Si3 and

0, paramagnetic centers are then formed (Fig. 2),
with the superscript referring to the charge and the
subscript to the coordination. In the chalcogenide
glasses it is possible for one of the undercoordinated
atoms to rebond with the lone pair from a neighbor-

ing chalcogen. This generates an extra bond in the
network and an overcoordinated chalcogen site. In
amorphous Se, the reaction is

Sei +Sc2 SC2 +SC3

In general the Se3 site is less stable than the original

Sei . However, it can be stabilized by the transfer of
an electron from the Se3 antibonding state into the
dangling bond of another undercoordinated atom,
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FIG. 2. Bonding configurations at (a) an isolated un-

dercoordinated oxygen site, (b) an isolated undercoordi-
nated Si site, (c) overcoordinated oxygen sites formed by
rebonding of an Si3+ center as proposed by Lucovsky
(Ref. 4), (d) overcoordinated oxygen site from the rebond-

ing of Oi+, and (e) Si3 interacting weakly with a normally
coordinated oxygen atom, as required by the Greaves
model (Ref. 3).

and we get pairs of charged diamagnetic centers in
the ground state, known as valence-alternation pairs
(VAP's). ' The transfer of the electron between the
two defects and the creation of the VAP is favored
if the energy gained by forming the extra bond
exceeds the energy required to doubly occupy the SeI
danghng bond. The stabilization of double occupan-
cy compared to single occupancy in neutral defects
is described as an effective negative correlation ener-

gy or "negative U."
Two VA models have been proposed for Si02.

Greaves considered that the electronegativity differ-
ence between Si and 0 was sufficient to stabilize the
charged centers Si3+ and 0& (Fig. 2). Lucovsky
suggested that Si3+ could rebond to give an over-
coordinated 03+ site and O~ -03+(Si3) pairs in the
network (where the parentheses indicate nearest-
neighbor coordination). The rebonding of O~+ sites
to give Si3 -03 (Si20) pairs is also possible, but
these should be much less stable than 03+(Si3)-Oi
pairs on electronegativity grounds.

Evidence for VA defects in v-Si02 is indirect:
The scattering centers of conduction electrons and
the "slow" traps at the Si02.Si interface could be
VA centers. The temperature dependence and
Stokes shift of the 4.3-eV luminescence band are

similar to those of chalcogenide glasses. Lucov-
sky originally attributed the peak at 606 cm ' in
the Raman spectrum of irradiated Si02 to the VA
03+ center. The concentration of 03+ centers is not
high enough to explain the intensity of this line,
which may instead be due to low-order rings. We
argue below that 03+ centers could still be present
in Si02, but at a lower concentration than originally
proposed. The main evidence against VA centers
comes from ESR data and in particular from that of
the Si3 center. The ' 0 hyperfine interaction in
amorphous Si02 indicates clearly that each Si dan-

gling bond interacts with only three equivalent
(backbonded) oxygen neighbors. ' The Greaves VA
model is therefore ruled out as it requires an interac-
tion with a fourth special oxygen atom to give the
Stokes shift seen in photoluminescence. In the Lu-
covsky scheme this fourth oxygen is also needed as
the precursor of the 03+ site. A comparative review
of VB and VA defects in SiOz has recently been
given by one of us and we make further comments
on the two schemes in Sec. VII.

III. METHOD

The electronic structure is calculated by taking
243-atom clusters, each consisting of 27 unit cells of
a-quartz. A random structure such as the Bell and
Dean amorphous-silica network could have been
considered instead but would not have significantly
altered the results. Defects were embedded in the
center of each network. Some, such as the oxygen
vacancy, were formed by removing atoms, while
others were formed by setting the tight-binding in-

teractions between specific atoms to zero. To form
undercoordinated Si and 0 centers, for instance, we
set the direct interaction between a silicon atom and
one of its four oxygen neighbors to zero. Certain
defects, such as the overcoordinatcd oxygen center,
could not be embedded in a single cluster, and were
formed by joining a number of clusters together as
described in Appendix A.

A s-p basis of one s and three p orbitals was used,
with first-neighbor Si-0 and second-neighbor 0-0
parameters being included (see Table I). The Si-0
interactions were given values close to those of
Laughlin et al. , while the O-O interactions were
taken from chemical pseudopotential calculations.
Second-neighbor Si-Si interactions are screened out
by the oxygen atoms, and their inclusion does not
improve the density of states (DOS). They were
only included across the oxygen vacancy and at the
Si—Si wrong bond. When bond lengths varied, the
Si-O interactions were scaled as (bond length)
while the second-neighbor Si-Si and O-O interac-
tions decay exponentially with distance and were
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TABLE I. Hopping interactions and orbital energies in eV.

Interaction —$$g sp cT ps cT pp~ —pp77

Si-0 bulk,
O-O bulk,
O-O -Op
O-O -O,',
Si-Si
Si-Si

(unrelaxed

1.61 A
2.64 A
1.49 A
1.39 A
2.34 A
3.06 A
V 0)

3.0
0.15
2.80
3.60
2.08
1.22

5.4
0.35
4.15
5.15
2.47
1.44

5.0 6.0
0.56
4.5
5.4
2.72
1.59

1.4
0.13
1.45
1.80
0.72
0.42

Si
0

'Si p-0 s.

E(s)
4.08

—1.0

E(p)
10.0

—16.0

calculated using the chemical pseudopotential pro-
grams.

The local DOS (LDOS) of the defect atom and its
immediate neighbors were calculated using the re-
cursion method with each continued fraction ex-
panded to 40 levels. Accurate information on the
character of gap states was obtained using the
method of "zeros and poles, " where the LDOS is
approximated by a set of 5 functions, with one 5
function (in the gap) being identified with the defect
level.

It is necessary to modify the orbital energies of
some defect and interface atoms from their bulk
values to reproduce certain experimental data. The
self-energies of Si orbitals in Si02 must be raised
significantly with respect to those in bulk Si in order
to fit both the gap of Si02 and the band discontinui-
ties at the SiOq.Si interface. ' ' ' Those of 0 in
Si02 and Si in bulk Si remain close to their free-
atom values. This effect is ascribed to the neglect of
orbital overlap in Si-0-Si bridges, and not to
Coulombic effects, as the 0 energies do not move.
In our work, the self-energies of particular Si sp hy-
brids are assigned values which depend on whether
the hybrid faces oxygen, or another Si or is dan-

gling, as described in Appendix B. This contrasts
with the approach taken by Laughlin et al. and
Martinez, ' who, faced with similar problems,
changed the energies of all the hybrids on a given Si
atom, rather than just those facing Si neighbors or
vacancies.

Self-energy shifts must also be included at under-
coordinated oxygen sites in order to describe correct-
ly the localization of their hole states. The shifts
arise from oxygen sites attempting to remain neutral
and are similar to those first noted in a-Se (see Sec.
QC) 32

In summary, the self-energy changes at Si sites
arise largely from the neglected orbital overlaps,

which cause individual hybrid energies to vary,
while those at 0 sites are due to changes in orbital
occupancies, which move all orbital energies at the
site.

The DOS calculations of the following sections do
not include the Coulombic part of the defect poten-
tial explicitly. Its effect must be added a posteriori.
Deep states have recently been defined as those gap
states which are bound only by the central-cell part
of the total-defect potential. Conversely, shallow
states are bound by the long-range part, usually the
Coulombic tail. This new definition has important
consequences for SiOz. There, the low electronic
screening (@=1.5) causes nominally shallow states
to have binding energies comparable to those for
deep levels ( —1—2 eV). Shallow states can therefore
be confused with true deep states if the "depth" of a
trap is defined in terms of its binding energy.

Clearly shallow states need only be added
a posteriori for charged centers. The DOS shown in
the figures are those for neutral centers. The states
associated with negative centers are highly localized
because of the large hole mass and the major
Coulombic effects are already included as on-site
self-energy shifts. The states of positive centers
need more careful consideration. Positive centers
are not as strongly localized because of the low elec-
tron effective mass in Si02, and the shallow levels
are bound below the conduction band by an effective
Rydberg. If the central-cell potential does not bind
a deep state the shallow levels are the only gap states
associated with the defect. If a deep state exists, the
Coulombic tail still pulls shallow levels, orthogonal
to the deep levels, out of the conduction band.
Hence deep positive centers like Si3+ also possess
additional shallow levels not included in the figures.

The binding energy of shallow levels at positive
centers is essentially that of the valence exciton be-
cause of the large effective-mass ratio. This is diffi-
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IV. BULK Si02

The calculated DOS of a-quartz is presented in
Fig. 3(a) along with the experimentally measured
photoemission spectra. The two sets of spectra are
in good agreement with each other. The electronic
structure of Si02 is based on a unit made up of one
oxygen atom and the two sp hybrids from its sil-
icon neighbors. The oxygen s band is centered
about —20 eV. The band between —10 and —5 eV
is due to strong Si—0—Si bonding states, while the
lower part of the one between —4 and 0 eV arises

(a) Total
~ Og

/ '\

\
'

cult to determine experimentally in Si02 because of
its indirect forbidden gap. The conduction-band
minimum of quartz is at I and the valence-band
maximum is at the zone boundary. Transitions
from the higher 0 m valence bands are forbidden in
any form of Si02 with tetradhedral Si sites because
the phases of these ~ orbitals prevent their coupling
to Si s conduction states in the dipole approxima-
tion. The optical spectrum of Si02 exhibits a large
peak at 10.4 eV assigned to a direct exciton, but it is
difficult to determine the onset of direct allowed
band-to-band transitions and thereby estimate the
exciton binding energy. Estimates of the Ryberg
vary widely '; a value of 1.5 eV is assumed here.

from Si—0—Si weak-bonding states. The top of the
valence band, just below 0 eV, comes from oxygen
lone-pair pn orbitals. These pn. states will play an

important role in many of the defects considered
below.

Figures 3(b) and 3(c) show the DOS projected
onto an oxygen and a silicon site, respectively. The
valence bands project mainly onto the oxygen site.
There is a net charge of +2.3e on each silicon and
—1.15e on each oxygen, indicating an ionicity of
about 60%. The calculated band gap is 9.0 eV as
compared with the experimental value of 8.9
eV 2, 35,38

V. OXYGEN CENTERS

A. Nonbridging oxygen

The calculated LDOS at the nonbridging (or
onefold-coordinated) oxygen atom is shown in Fig.
4(a). The isolated Si—0 bonding state is weaker
than the strong Si—0—Si bonding state, so the band
between —10 and —5 eV is replaced by a Si—0
bonding peak at —4.4 eV. The two pm. orbitals,
which are perpendicular to the bond, give rise to the
lone-pair peak at —1 eV. Because of the reduced
coordination the oxygen s state lies at —17.8 eV,
above the corresponding bulk band.

Filling the valence band in Fig. 4(a) gives the neg-

atively charged 0& center, while the 0& center is
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(b)0
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0
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(c)Si C
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FIG. 3. (a) Calculated DOS and photoemission spec-
trum (Ref. 36) of SiOq. Fermi level lies at 0 eV. (b) and
(c) are the DOS projected onto an oxygen and a silicon
site, respectively. Each division on vertical scale of this
and following diagrams indicates 0.5 elec-
trons eV ' atom
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FIG. 4. LDOS at an undercoordinated oxygen atom
(nonbridging oxygen center) assuming (a) no orbital ener-

gy shift and (b) all orbitals on undercoordinated oxygen
site raised by 1.5 eV due to charge-transfer effects.
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formed by creating a hole in this band. For the 0&
center, charge-transfer effects raise the self-energies
of the oxygen orbitals and lift the pn. states into the
gap. Self-energy shifts also occur at the 0~ center.
Figure 4(a} indicates that the pn orbitals couple to
pm orbitals on neighboring oxygen sites, forming the
lone-pair band of width 1.5 eV. The hole formed by
creating Oi would then be quite delocalized, leaving
a significant negative charge on the onefold-
coordinated site. This raises orbital energies on the
0~ site until they are consistent with the local
charge transfer. In Fig. 4(b} we show the LDOS at
the 0~ site with the orbital energies raised by 1.5
eV. (This is consistent with the self-energy shift at
the peroxyl radical. } Two pn lone-pair states rise
above the valence-band edge, giving a highly local-
ized hole state at 0.62 eV. This state has 92%%uo of its
weight on the oxygen pm orbital, as in ESR, where
the nonbridging oxygen hole center is found to be
essentially 100%%uo localized in one oxygen p orbital.

The 0~ center also gives gap states. Being nega-
tively charged, its self-energies and gap states are
shifted even higher than those for 0& .

A number of localized transitions involving the
gap states are possible [see Fig. 5(a}]. Electrons can

be excited from the valence band into the hole state
of 0& . The transition is localized on the Si—0
bond and so in an exact calculation its energy should
be calculated by transition-state methods. A 1.85-
eV luminescence band, correlated with nonbridging
oxygen centers, could arise from recombination of
electrons in the gap state with holes in the valence
band. Little bond relaxation is expected at the non-
bridging oxygen center, so that there should only be
a small Stokes shift. The 1.85-eV band can be excit-
ed by light of energy between 1.9 eV and over 5 eV.
At the lower end of the excitation spectrum, elec-
trons are lifted from the valence-band maximum to
the defect state, while at the upper end, they come
from deeper in the band, with the hole left behind
then becoming localized at the band edge. The non-

bridging oxygen level in silicate glasses is also be-
lieved to lie above the valence-band maximum of
Si02 and causes much of the 2.5-eV reduction in
their optical gap. '

B. Peroxyl bridge

We calculate the electronic structure of the
peroxyl bridge assuming the same atomic configura-
tion as in H202, where the 0—0 bond length is 1.49
A and the two 0—H bonds have a relative dihedral
angle of 100'. ' The DOS projected onto one of the
bridging oxygens is shown in Fig. 6. The 0—0
bond dominates the LDOS. It gives rise to a bond-
ing po. resonance at —4.4 eV and an empty po' gap
state at 4.2 eV. The oxygen 2s band splits into a
pair of states at —23.2 and —15.5 eV. Of the two p
orbitals not directly involved in the 0—0 bond, one
forms a bond with the neighboring Si atom, while
the other is essentially a gnr lone-pair orbital. The
pm. orbital is almost parallel to the 0—Si bond of the
neighboring oxygen atom. The 0—Si bonding state
lies predominantly on the oxygen site and interacts
with the pm orbital to raise it just out of the lone-
pair band and 0.35 eV into the gap. This gap state

lh'l2/ll/XX//x/ll/X/lp/h'8/h'1/ T //ll/X/8/pl/1/8
II II

43eV 2.8ev

7.6eV 5.85eV 9' O
O

W 4

FIG. 5. Proposed optical transitions due to defects in
Si02.. (a) excitations at nonbridging oxygens, (b) excita-
tions at peroxyl radicals, (c) excitation of an electron into
the shallow state of 03+, followed by its relaxation to (d)
Si3 and recombination with 4.3-eV luminescence, (e) and
(f) other transitions at Si3 and Si3+, (g) cryo* transition
at a Si—Si bond, and (h) possible transitions at Vo .

-IO lO-20 0 20
Energy (ev)

FIG. 6. LDOS of an oxygen atom in a peroxyl bridge
=Si—0—0—Si—=.
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is filled in the neutral peroxyl bridge, and is thus
ESR inactive. Because of its localization on an 0
lone-pair orbital, direct transitions from this state to
the bottom of the conduction band are forbidden
[see Fig. 5(b)]. An allowed transition should occur
between the oxygen pa bonding band at —4.4 eV
and the empty po' state at 4.2 eV, giving an absorp-
tion band near 8.6 eV.

(o)

C. Peroxyl radical

The peroxyl radical has the same atomic and elec-
tronic configuration as the undercoordinated Se
center (—Se—Se' ) in amorphous Se, with a onefold-
coordinated chalcogen being bonded to a normally
coordinated one in each. Vanderbilt and Joanno-
poulos found that with this configuration a unique
lone-pair interaction, described below, causes a sig-
nificant charge transfer between the two terminal
atoms, raising the orbital self-energies on the defect
site. In Se the self-energies are raised by 1.25 eV,
while we find that in Si02 they must be raised by 2.0
eV to obtain the peroxyl-hole localization seen in
ESR."

The electronic structure of the radical is calculat-
ed including the 2.0-eV self-energy shift on the ter-
minal site and assuming the same atomic configura-
tion as in the H—0—0' radical, with the 0—0
bond length set to 1.39 A and the Si—0—0 bond an-
gle set to 106' (Fig. 7). The oxygen 2s levels split
into a bonding-antibonding pair, as in the bridge,
and the 0—0 bond again produces a po. resonance,
now at —3.6 eV, and an empty po' gap state at 6.6
eV. The antibonding states lie predominantly on the
terminal site [Fig. 7(a)] due to the self-energy shifts.
Of the two pv orbitals on the terminal oxygen, one
gives the filled lone-pair state at 1.8 eV, while the
other lies parallel to and interacts with the lone-pair
orbital on the next-to-last oxygen, giving a pm bond-
ing resonance at —2.4 eV and a half-filled pm* state
2.1 eV above the valence-band edge.

This terminal m interaction causes the charge
transfer between the two sites and consequent in-
crease in the defect-site self-energy. The next-to-last
atom contributes two electrons from its lone-pair or-
bital and the terminal atom contributes one to the
pn. -pm. * pair. If both atoms had the same orbital en-
ergies, they would share these three electrons equal-
ly, causing a net transfer of 0.5 electrons to the ter-
minal atom. To compensate this charge transfer,
the Coulomb interaction raises the orbital energies
on the onefold-coordinated atom, thereby increas-
ing its share of they' hole. The p~' state is half-
filled in the neutral peroxyl radical and is found
from ESR to have 75% of its weight on the terminal
site and 25% on the next-to-last one. ' Our self-

-ZO -IO 0
Energy (eV)

R
IG 20

FIG. 7. LDOS at a peroxyl radical =—Si—0—0' pro-
jected onto (a) the terminal oxygen site and (b) the next-
to-last one. %ith the use of the zeros and poles method
(Ref. 30), two states are resolved under the broad peak in
the lower half of the gap, at 1.8 and 2.1 eV, respectively.

energy shift was chosen to fit this experimentally
determined wave function.

Two allowed transitions in particular should
occur at the radical in Fig. 5(b): one between the
lone-pair pm and ~' states and another between the

po and po.* states. The p~ resonance and the half-
filled pn. * state are split by 4.5 eV in our calcula-
tions. In gaseous H—0—0', a broad absorption
band at 6 eV is due to transitions between these two
states. Introducing 02 into NaC1 gives an ab-
sorption band at 5 eV due to oxygen pm. -pm. * transi-
tions. Our calculations may underestimate the
p~-pm transition energy, as is common in chemical
pseudopotential calculations. %e therefore expect
an absorption band at 5—6 eV in Si02. This has not
been identified yet, probably because of its overlap
with stronger bands, in particular, the 5.85-eV band
associated with the E' center. Support for this argu-
ment comes from the annealing studies of Friebele
et a/. They found that the correlation between the
annealing of the ESR intensity of the E' center and
the 5.85-eV band is best in samples of wet silica,
where the predominant oxygen defect is the non-
bridging oxygen center. In dry silicas, where the
peroxyl radical dominates, significant absorption
occurs at 5—6 eV after annealing the E' center. %e
attribute this absorption to the pm. -pm* transition.

The 7.6-eV absorption band which has been corre-
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lated with the peroxyl radical cannot be due to the
oxygen po-po' transition. We find a splitting of
over 10 eV between these levels, so the associated ab-
sorption should lie above the band gap. Further-
more, the peroxyl bridge is the presumed antecedent
of the radical and, because of the greater atomic
separation, the 0—0 bond is weaker there than at
the radical. Therefore, if the 7.6-eV band arises
from o-0' transitions at the radical, a lower-energy
peak of similar width and intensity should be associ-
ated with the bridge. No evidence has been found
for such a band.

D. O,(Si, j

The overcoordinated oxygen site 03+(Si3) is the
most important oxygen defect in the UA defect
scheme. It is isoelectronic with the N site in Si3N&,
which is planar or near-planar. A pyramidal struc-
ture is, however, also possible, as is more commonly
found for threefold-coordinated group-V atoms (e.g.,
NH3). The DOS with the Si-0-Si angle set equal to
both 120' (planar) and 98' have been calculated and
are presented in Fig. 8. The Si—0 bond length has

been increased from the bulk value of 1.61 to 1.71
A, because of the threefold coordination, as suggest-
ed by Lucovsky.

For both the C» pyramidal [Figs. 8(a) and 8(b)]
and the D3s planar structures [Figs. 8(c) and 8(d)],
the Si—0 bonds remove all states from the gap,
leaving a resonance at the bottom of the conduction
band. A net charge of —0.8e is found on 03+ in
our calculations and +2.25e on each of the neigh-

boring silicons, leaving the center with an overall
+le charge compared to the bulk. The Coulombic
tail of the 03+ center produces a shallow state at
7.4—8 eV, as discussed in Sec. III. Owing to the
threefold coordination, a resonance occurs at the
bottom of the oxygen s band. The chief difference
between the pyramidal and planar oxygen LDOS is
in the lone-pair, weak-bonding band at —4 to 0 eV.
%'ith pyramidal bonding, much of the weight in this
band is shifted towards lower energies, whereas with
planar bonding a p lone-pair resonance is found just
below the valence-band edge. This defect is only ex-

pected to be stable in the charged state 03+. Upon
capture of an electron, it reconstructs by breaking an
Si—0 bond to give an Si3 center.

E. 03{Si20)

(f)

O

CO
C8

C3

The last oxygen center that we consider is the
03+(Si20} site, formed by overcoordination of an
01+ site. This defect is the amphoteric partner of
S13 in the VA scheme. Its electronic properties
are dominated by the 0—0 bond (Fig. 9). We as-
sume that the threefold-coordinated oxygen [Fig.
9(a}] is in a pyramidal configuration. The charac-
teristic oxygen 2s structure is seen around —20 eV.
An empty pu' antibonding state is found below
midgap, whose exact energy depends on the 0—0
bond length. A sharp resonance at the top of the
valence band is localized chiefly on the 02(SiO) site
and arises mainly from its lone-pair orbital. In the
planar-bonding configuration, the filled lone-pair or-
bitals on the two oxygen atoms w'ould interact to
give a pm bonding resonance in the valence band and
a fully occupied pn' antibonding state above the
band edge. Inclusion of the Coulomb potential
would pull a defect state out of the conduction band,
giving a shallow level near 7.4 eV.

-2Q -IG G IG 2G

Energy {eV)

FIG. 8. {a) LDOS at an overcoordinated oxygen site,
and {b)at one of its three silicon neighbors assuming a py-
ramidal bonding configuration. {c)and {d}: the same for
planar bonding.

VI. SILICON CENTERS

A. Silicon dangling bond

The isolated undercoordinated silicon atom S13 1s
the most important silicon-related defect in the VA
scheme. %e examine the pyramidal neutral state
S13 and the planar charged center Si3+. %e set the
self-energy of the sp dangling bond in Si3 and p-
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FIG. 9. (a) LDOS of an oxygen atom bonded to two

silicon neighbors and one oxygen neighbor. (b) The
LDOS at the oxygen neighbor.

like dangling bond in Si3+ to the bulk silicon value,
4 eV below that of the other hybrids {see Appendix
B).

The LDOS at an unrelaxed Si3 site is presented in

Fig. 10{a). A highly localized gap state is found at

(a)

4.9 eV, or 0.4 eV above the sp3 hybrid energy and

close to the valence-band edge of bulk silicon. This
state has 32%%uo s character and 52%%uo p character at
the defect site. Otherwise, the LDOS is virtually

unchanged from that of a bulk Si atom in Si02.
We assume that the Si3+ site relaxes to the planar

configuration without any other movement of the
lattice, so the Si—0 bonds are slightly shorter than
at the pyramidal site. A sharp pr-like dangling-
bond state is found at 6.7 eV, or 0.7 eV above the Si

p energy [Fig. 10{b)],which is 88% localized on the

p orbital perpendicular to the bonds to the three
nearest neighbors. This state would move down-

wards if an additional Coulombic self-energy shift
were included. Two cr' antibonding Si-0 states are
found at 15 eV which are of e symmetry. A reso-
nance of a

&
symmetry is found at the bottom of the

conduction band. This again is a 0' state and so lies

within the Si—0 bonding plane. The Coulombic po-
tential transforms this resonance into a shallow state
at about 7.4 eV. Thus we believe there are two
states associated with Si3+, a deep m and a shallow
0' state.

The extremely high localization of both the Si3
and Si3+ states causes their energies to follow close-

ly the input hybrid energies. Our predictions there-
fore are clearly model dependent. If the hybrid en-

ergies are shifted less, say, in proportion to the num-

ber of backbonded oxygens, then Si3 and the related
vacancy levels {see below) will be placed higher in
the gap. We have largely ignored correlation at
these centers. The Coulombic repulsion will be
largely intra-atomic at Si3 and Si3 and so could
shift the on-site self-energies and hence the energies
of the defect levels at these centers.

(b)

I 1
\ $

'I \ f ~ ~ \
/

~
'
~ W I

$
~ ~ ~ $ ~ ~ ~ ~ $ ~ ~ e ~ $ ~ ~ ~

/
0 ~

-20 -l0 0 l0 20

Energy (eV)

FIG. 10. (a) LDOS at an isolated pyramidally bonded

Si3 site. (b) LDOS at an isoalted planar bonded Si3+ site.

B. Oxygen vacancy

The oxygen vacancy is best considered in terms of
its two-component Si3 sites. In the neutral vacancy
Vo two pyramidal Si3 centers interact, giving a
weak Si—Si bond. The separation of the two Si
atoms at an unrelaxed vacancy is 3.06 A, only 30%
greater than the Si-Si distance in bulk Si. ESR indi-
cates that the electron at the positive vacancy Vo+
localizes preferentia11y on one of the Si atoms, giv-
ing Si3 and Si3+ sites. Si3 retains its pyramidal
bond angles, while Si3+ relaxes towards the planar
configuration described above. We expect the
doubly-charged vacancy Vo + to consist of two pla-
nar Si3+ sites.

The electronic structure of the unrelaxed neutral
vacancy V& is presented in Fig. 11. Two sp hy-
brids interact to give a filled cr and an empty o.

state. These levels are placed at 3.0 and 7.0 eV using
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FIG. 11. DOS projected onto one of the two Si3 sites at
the neutral oxygen vacancy Vo . No lattice relaxation is
ass uIQed.

interactions calculated by chemical pseudopotential
methods. This assumes the hybrids are unmodi-
fied by the surrounding network and probably
overestimates the o-o' splitting at the unrelaxed va-
cancy.

The observed sphtting in a real vacancy will be
highly dependent on the degree of relaxation of the
surrounding lattice. The mean coordination of SiO2
is sufficiently low that the Si-Si distance could vary
over a wide range, even in quartz. The strength of
this bond can be optimized while maintaining ap-
proximately tetradhedral bond angles without im-

posing a large strain on the lattice. Given even
moderate reconstruction, a clearly defined Si—Si
bond should therefore exist at Vo .

Turning to Vo+, the preferential localization of
its single electron on one of the vacancy Si sites"
indicates that the two Si atoms interact very weakly
with each other at this center. Thus, experimentally,
the defect levels and wave functions associated with
V0+ should be very close to those of isolated Si3
and Si3+ centers. %e therefore expect a half-filled
dangling-bond state close to 4.9 eV and an empty @-
like dangling bond at or below 6.7 eV. Being posi-
tively charged, V0+ also possesses a shallow state at
7.4 eV, as did Si3+. %e also expect that Vo +,
where the Si atoms are even further apart, is very
similar to two isolated Si3+ centers, with two almost
degenerate empty dangling states near 6.7 eV. The
gap states and resonances have similar orbital char-
acter to those in their parent Si3 centers.

C. Si—Si bond

The electronic structure of the Si—Si wrong bond
is presented in Fig. 12. Such defects are expected in
oxygen-deficient samples of Si02. Two silicon sp
hybrids interact to give a filled strong-bonding 0.
state at 1.2 eV and an empty o level at 8.9 eV.

FIG. 12. DOS projected onto one of the two silicon
atoms in a Si—Si wrong bond.

The splitting between the cr and cr* states is 7.7 eV
in our calculations. %'hile we have confidence in
our calculated splitting, the mean value of the o-0*
states, i.e., the Si hybrid energy, may lie higher. Our
present results position both the o and o' states
within the band gap, whereas a higher value of the
Si hybrid energy would place the 0.* state within the
conduction band. The 0-0' optical transition
should give a distinct band near the intrinsic absorp-
tion edge at 7.6 eV.

VII. DISCUSSION

A. General

To date most native defects identified in Si02
have been of the VB type. There is little evidence
for VA defects. In this section we consider the ex-
tent this reflects the experimental techniques em-

ployed and the type of samples studied or whether it
requires abandoning the VA model for SiOq. The
VB centers have been identified chiefly via ESR
measurements. As ESR only probes paramagnetic
defects, it can give no direct information concerning
the presence or absence of diamagnetic VA centers.
Secondly, most of the samples studied have in some
way been removed from the vitreous Si02 ground
state, either by y-irradiation, neutron bombardment,
or the fiber-drawing process. These processes may
introduce new defects into the material, different
from the preexisting ground-state defects.

It is essential to know whether incident radiation
merely excites preexisting defects or creates further
defects. The VB defects scen by ESR are generally
observed in highly y-irradiated quartz or U-Si02
samples. New centers are almost certainly being
created in concentrations of order 10' cm . y rays
and neutrons are sufficiently energetic to knock on
atoms, rather than just breaking individual bonds,
and so create oxygen vacancies, peroxyl bridges, etc.
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Less energetic photons create electron-hole pairs and
ionize ibreak} individual bonds. VA defects are of
the broken-bond type.

ESR data for the E' center in y-irradiated Si02
appear to refute the VA model for Si centers. ' No
special neighboring oxygen atom is seen, as required
in the Lucovsky and Greaves models. Also an iso-
lated Si~ dangling bond should have an axially sym-
metric g tensor, as seen at E' centers at the Si02 sur-
face. The g tensor of a bulk E' center has
orthorhombic symmetry even in v-Si02, indicating
an ordered environment for the Si&, as in the vacan-
cy. ' Recently, however, further E'-like centers
have been discovered in x-irradiated v-Si02. These
anneal out below room temperature and may have
axial g tensors, and as such, could be related to VA
defects.

In spite of this evidence, there are problems in
abandoning completely the VA model for Si02. The
bonding in SiOz is covalent so breaking a single
bond to create a VA defect pair should require less
energy than breaking two bonds to create an oxygen
vacancy. Thus VA defects should be thermodynam-
ically preferred to vacancies. Otherwise, one is
forced to postulate that VA defects attract each oth-
er and pair up into VB centers, perhaps because
some screening process has lowered the energy of
Vp.

A resolution to these difficulties is to propose that
VA defects are indeed the intrinsic defects in unirra-
diated and, perhaps, strained Si02 while y rays pro-
duce VB centers. The VB defects then mask the ef-
fects of the lower density of VA defects in ESR ex-
periments.

The expected density of VA centers can be de-
rived from their creation energy. It is generally sup-
posed that a density of VAP's characteristic of the
glass transition temperature Tg is frozen into the
glass on cooling. ' In a-Se a VAP creation energy
of 0.3 eV with Tg =330 K gives a density of about
10' defects per cubic centimeter. We suggest a den-
sity of about 10' cm of VAP's in Si02 corre-
sponding to a VAP creation energy of 2.6 eV with

Tg ——1350 K. Compared with their respective band
gaps, the creation energy is proportionately larger in
Si02. This may be due to the poorer screening at
Oi in Si02 and the Si . . Si repulsions which
cause O&(Si&) to be planar.

This interpretation requires the 4.3-eV lumines-
cence band to be associated with both isolated Si3
and E' centers. A 4.3-eV band, excited by 7.6-eV
light and associated with the E' center, ' ' is also
seen in unirradiated v-Si02. If the intrinsic defects
in Si02 are of the VA type, Si~ must also give exci-
tation and luminescence bands at these energies. We
shall show that this is so in the next section.

The Oz (Si&) is the stable positive VA defect in
v-Si02, not Si& . Although originally incorrectly as-
sociated with the 606-cm ' Raman line of v-Si02
and thus supposed to be present in unrealistically
large quantities, a density of, say, 10' cm of these
centers would be tenable. Glass scientists generally
associate valences of only 1 or 2 with oxygen in sili-
cated glasses. Oq+ are, however, the only oxygen
sites in the covalent crystal Zn2Si04 and in other
phenacites. ' Zn appears to be tetravelent in silicate
glasses, implying the presence of 0&+ there as
well. 4'

More native defects must exist in Si02 than have
so far been identified by ESR. The E' center, the
peroxyl radical, and the nonbridging oxygen radical
are all believed to be trapped hole centers. As ra-
diation creates electron-hole pairs, trapped-electron
centers should also exist for compensation.

O~+ may be one of the missing" electron traps in
the VB scheme. We have argued that an indepen-
dent Oq+ is chemically more stable than Sip+. It
is diamagnetic and is not easy to identify experimen-
tally. On capture of an electron, it forms an Si3
site, which may be only metastable at room tem-
perature.

B. Optical transitions

To date few firm correlations have been made be-
tween optical transitions and particular defect states
in Si02. This contrasts with the situation in other
systems, where optical data often play a major role
in defect identification. Most defect-absorption
bands in Si02 are studied in irradiated samples and
luminescence usually involves the decay of defects in
an excited state. The photoinduced luminescence
found by Gee and Kastner is an important excep-
tion, as it involves transitions at preexisting defects.
Further understanding of defects in Si02 now re-
quires the laborious process of correlating the inten-
sities of the various transitions with the concentra-
tions of particular ESR centers. We must also ex-
amine the role of diamagnetic centers, for instance,
through annealing studies or photoinduced ESR
measurements.

Figure 5 shows the major subgap optical transi-
tions seen in Si02. We attempt to assign the various
bands to specific transitions. Our assignments for
the silicon centers are less firmly grounded than
those for the oxygen centers, but place constraints
on future models of these centers. It is noticeable
that transitions at 7.6 eV could have a number of as-
signments. This energy occurs so frequently for two
reasons. It corresponds to the excitation energy to
shallow states of any positive center. Secondly,
transitions from localized oxygen states at the bot-
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tom of the gap to the conduction-band minimum are
no longer forbidden, and some lie in this range.

A luminescence band at 1.85 eV has been correlat-
ed with the nonbridging oxygen center. This can be
excited by light between 1.9 eV (Ref. 8) and over 5
eV. We suggest excitation involves transitions
from the valence band to the Oi gap state [Fig.
5(a}]. The hole left in the valence band becomes a
trapped polaron at the valence-band maximum. The
luminescence is then due to electron-hole recornbina-
tion.

No sub-band-gap absorption is expected at the
peroxyl bridge —=Si—0—0—Si—=. For the peroxyl
radical, we identify for the first time a broad absorp-
tion band at 5—6 eV due to transitions localized at
the 0—0 bond between its pm valence-band reso-
nance and its half-filled pir' gap state [Fig. 5(b)].
The same transition gives a band at 5 eV for 02 in
NaCl (Ref. 44) and at 6 eV for the free H—0—0'
radical in a vacuum. An absorption band at 7.6
eV has been correlated via ESR with the peroxyl
radical. We argue that this band is probably due to
transitions at a diamagnetic center formed along
with Si—0—O'. If, however, it arises from transi-
tions at the radical itself, it is most likely due to an
excitation from the pm* gap state to an upper con-
duction band.

Various transitions have been experimentally
correlated with the presence of silicon centers. The
4.3-eV luminescence and the 5.85-eV absorption
correlate with E' centers. ' ' ' The 4.3-eV
luminescence is excited by 7.6-eV photons but
presently absorption at this energy has been correlat-
ed with peroxyl centers. ' The origin of the 2.8-eV
luminescence band' is unknown. Our assignments
for these transitions depend on which center is
presumed to be present, Vp, 03+, or:—Si—Si-= .
This applies particularly to the 4.3-eV luminescence
whose excitation and luminescence spectra depend
strongly on the sample type. Both spectra are
sharp and strong in neutron-irradiated quartz, with
excitation at 7.6 eV and emission at 4.8 eV. Emis-
sion in v-SiOz is at lower energy, 4.3 eV. In unirra-
diated samples the absorption and emission are weak
with a sharp excitation spectrum but a broad emis-
sion spectrum. In irradiated samples the effects are
stronger, the emission spectrum sharpens up, and
the excitation spectrum develops a low-energy
shoulder.

The simplest assignment is for unirradiated v-

SiOq where we argued that 03+ was the dominant
center. In our model in Figs. 5(c) and 5(d), a valence
electron is excited by 7.6-eV photons into the shal-
low 03+ level. The center then relaxes nonradiative-
ly in classic VA fashion ' into a Si3 center. The
hole is likely to be trapped nearby as a polaron, and

can recombine with the electron giving 4.3-eV
luminescence. The broadness of the emission line
may reflect the variation of the transition energy
with electron-hole separation. This could be con-
firmed experimentally by time-resolved lumines-
cence.

Transitions at Vp are more difficult to assign be-
cause of its complexity and the unknown relaxation
in some of its charge states. In our calculations
Vp+ possesses deep states around 5 and 6.7 eV and
a shallow state at around 7.4 eV. We argue that
Vp+ is the only stable configuration to possess the
Si3+ site, as elsewhere independent sites rebond to
give 03+. Vp+ has similarities to 03+. Valence
electrons can be excited to its shallow level by 7.6-
eV photons. If the center then relaxes without
forming a weak Si—Si bond, the electron and hole
will recombine with emission at 4.3 eV. A number
of other transitions are possible, such as those illus-
trated in Figs. 5(e} and 5(f). The 2.8-eV lumines-

cence corresponds to the calculated position of the
deep level on the flat Si3+ at Vp+.

Two Si sp hybrids interact at Si—Si wrong bonds
to give o. and o.* states split by 7.7 eV in our calcula-
tions. Thus the Si—Si bond also produces charac-
teristic absorption around 7.6 eV. We find both
states in the gap but the o.* level may in fact be a
conduction-band resonance. If so, cr—+o* transi-
tions [Fig. 5(g)] might also give 4.3-eV lumines-

cence. The excited electron enters the o.* resonance.
The Si—Si bond, now containing only one electron,
relaxes to give either an isolated Si3 center or a
much weakened Si—Si bond. The electron then de-

cays back into the gap state emitting light around
4.3 eV.

At Vp, two Si sp hybrids interact to form a
weak bond, giving a o and o* state in the gap. The
splitting between the two states is highly dependent
on the degree of relaxation and assumed strength
across the vacancy, but, in any case, a clearly de-
fined bond is formed. Some characteristic absorp-
tion band is expected due to o.~o.* transitions at
Vo [Fig. 5(h)]. We assign the 5.85-eV absorption
band commonly seen in SiOz (Ref. 9) to this transi-
tion. Both the o and o.* states should lie in the gap.
Upon exciting an electron into the o.* state, the bond
would become unstable, and the center relaxes out-
ward until the o. and o.* levels are almost degenerate.
The excited electron then returns nonradiatively into
the o-bonding level. Such a picture is consistent
with the absence of any photocurrent or photo-
lurninescence associated with the 5.85-eV band. '

C. Electron scattering

Holes form polarons in v-Si02 but electrons, re-

markably, behave as free carriers thanks to a low ef-
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fective mass and the absence of a mobility edge in
the conduction band. The scattering frequency
determines the electron mobility and is given by

where N is the density of scattering centers, o their
effective cross section, and U the electron velocity.
t.ucovsky attributed the scattering to a high densi-
ty, of order 3X10' cm, of defects, which per
force must then be either paired or dipolar, with a
small scattering cross section. We suggest a much
lower concentration of defects which can now be
separate, Coulombic scatterers of higher cross sec-
tion as in Refs. 2 and 3.

VIII. CONCLUSIONS

Models for defects in SiOq fall into the two broad
categories of VB and VA models. The defects in y-
irradiated and fiber-drawn SiO2 are of the
displaced-atom VB type with little evidence of VA
defects. There remains, however, the possibility that
defects in unirradiated vitreous SiO2 may be of the
broken-bond VA type.

The characteristic absorption bands could be due
to any of these centers. For the nonbridging oxygen,
a highly localized state is found above the valence-
band edge. We assign the optical-absorption band at
2 eV in Si02 to excitation of electrons into this state
giving the Oi center. The trapped elec-
trons then decay back into the valence band, giving
a narrow luminescence band at 1.85 eV and little
Stokes shift.

The DOS of the peroxyl bridge and radical have
many features in common and are dominated by the
0—O bond. The peroxyl bridge cannot be detected
directly by ESR or sub-band-gap optical absorption.

Self-energy shifts localize the peroxyl hole state
predominantly on the terminal atom of the radical.
A broad optical-absorption band at 5—6 eV is iden-
tified for the first time as arising from lone-pair pv-
pm transitions at the radical. An optical-absorption
band at 7.6 eV (Ref. 5) could be due to excitation
from the radical pm' state but is more likely due to
transitions at other centers.

Absorption at 7.6 eV can occur at a number of de-
fects. Shallow levels, associated with positively
charged defects, such as 03+ or Si3+, will lie 1—2
eV below the conduction-band edge, or about 7.6 eV
above the valence band. Si—Si wrong bonds give o
and o' gap states split in our calculations by 7.7 eV.

03+(Si20) is expected to be unstable on electrone-
gativity grounds. O3 (Si3) is a stable configuration
in Zn2Si04 and Be2Si04 and is argued to be also
present in SiO2, acting as an electron scattering
center. It is a diamagnetic center, and so has no as-

sociated ESR signal. 03+(Si3) gives a state 1—2 eV
below the conduction-band edge, localized only by
its Coulomb potential. Transitions to this state
could give the 7.6-eV-photoluminescence excitation
band associated with the E' center. The center then
relaxes giving 02(Siz) and Si3 . The luminescence is
due to the electron in Si3 recombining with the
valence-band hole.

Both the Si3 and Si3+ centers give highly local-
ized states near midgap, lying near the isolated sp
and p hybrid energies, respectively. The 5.85-eV
band correlated with the E' center cannot then be
due to transitions between the Si3 and Si3+ levels as
previously supposed. We assign it instead to transi-
tions at the neutral oxygen vacancy Vo . With lat-
tice relaxation, significant rebonding occurs at Vo
and the two Si3 interact to give a o-o* pair in the
gap. Transitions between these two states give no
photocurrent or luminescence, as is also found with
the 5.85-eV band.

We suggest that further experiments should be
carried out which distinguish between existing de-
fects and newly created ones. In particular, defects
created by y rays should be reexcited by less energet-
ic photons. Photoinduced ESR measurements, with
sub-band-gap photons, would indicate the concen-
tration of diamagnetic centers in the ground state
and more clearly assign particular absorption bands
to specific transitions. They could indicate for dry
silieas whether annealing proceeds via the creation
and annihilation of defect centers or, as is more like-
ly, via charge transfer between existing centers.
Time-resolved luminescence would give information
on the charge state of radiative centers. The study
of oxygen-deficient silicas ' and SiO„prepared by
sputtering would also be fruitful, particularly in the
crossover region from Si—Si bonds to supposed oxy-
gen vacancies.

At present, there are many gaps in our under-
standing of the intrinsic defect centers in vitreous
SiO2. Measurements such as those proposed here
would go a long way towards improving our under-
standing and towards finally answering to what ex-
tent, if at all, valence-alternation defects occur and
are the native defects in SiO2.
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APPENDIX A: THE OVERLAPPING
CLUSTER METHOD

(o) bridge

The overlapping cluster method is a technique for
calculating the electronic structure of defects in
amorphous materials. Its advantage lies chiefly in
its application to defect complexes and overcoordi-
nated defects, as will be illustrated below. %e
demonstrate the method with the threefold-
coordinated lattice shown in Fig. 13(a). To create a
twofold-coordinated defect in this lattice, we can
simply set the interaction between the central atom
(site 1) and one of its neighbors (site 2) equal to zero
[Fig. 13(b)]. The shortest path between the two de-
fects so created passes through four atoms, so their
mutual interaction should be negligible. For a
fourfold-coordinated defect, we take a second cluster
in which we have created a twofold-coordinated de-
fect, and join it to the first through the two under-
coordinated central atoms, as shown in Fig. 13(c).
%e then calculate the electronic structure of this
bridging atom. No interactions are allowed between
the atoms in the two overlapping clusters except at
this bridging site.

For SlO2, an oxygen atom was removed from the
center of a 243-atom cluster of u-quartz, leaving
two silicon dangling bonds pointing into the vacancy
so created. The direct interaction between the two
silicon atoms is set to zero. Defect centers can then
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FIG. 14. LDOS on oxygen atom at {a)bridging site be-

tween two clusters, (b) on one of the neighboring oxygen
sites, and (c) at core of a perfect 243-atom cluster.

(c}

be created by using one of the Si dangling bonds as a
bridge between clusters.

To illustrate the accuracy of the technique, a per-
fectly coordinated Si02 structure was formed by
joining two 242-atom clusters of a-quartz together
via a bridging oxygen atom. In Fig. 14(a), we

present the LDOS on this bridging atom. The
LDOS on one of the neighboring oxygen sites is
presented in Fig. 14(b) and that of an oxygen atom
at the center of a normal 243-atom cluster in Fig.
14(c). The three figures are practically identical.
Not only do the bands in all three have the same
widths but also most of the features resolved in the
perfect-cluster DOS are also resolved in the model-
cluster LDOS's, ~here very little redistribution of
spectral weight occurs. The results for Si sites,
though not presented here, are equally satisfying.

FIG. 13. (a) A defect-free threefold-coordinated lattice.
(b) A pair of twofold-coordinated defects produced by
breaking a bond in a threefold-coordinated lattice. (c) A
fourfold-coordinated defect in a threefold-coordinated
structure created by joining undercoordinated sites from
two different lattices. The two sites joined by the heavy
line are treated as being the same atom.

APPENDIX 8: Si ORBITAL ENERGIES
IN Si02

The orbital self-energies of Si atoms in SiO2 must
be raised significantly with respect to those in bulk
Si to fit the gap of SiO& and the band discontinuities
at the Si02.Si interface. Following Laughlin et al.
we attribute this to the neglect of orbital overlap in



3794 EOIN P. O'REILLY AND JOHN ROBERTSON 27

empirical tight-binding calculations. We use orbi-
tals whose energies are directionally dependent, with

sp hybrids which point towards oxygen neighbors
being given the bulk Si02 energy e, and those which
point towards Si neighbors or into a vacancy being
given the bulk Si energy e+4b, (6&0). In an sp3

hybrid basis, the on-site interaction matrix for a Si
atom with one Si and three oxygen neighbors be-
comes

direction, (Bl) becomes

e, +5 Lh Mh N4

Lh ep+L 6 LMh LNE

MA LMh ep+M 6 MNh

Nh LNh MNh ep+N 4

(B2)

e+4h V V V

V e V V

V V e V

V VV@
(Bl)

where V is the usual intra-atomic matrix element be-

tween sp orbitals. As we work in an s-p basis of
one s and three p orbitals, we must transform (Bl) to
that basis. With the Si neighbor along the (I,m, n)

where (L,M, N) =V 3(l, rn, n) sp.
3 orbitals whose en-

ergies are directionally dependent are represented in
an s-p basis by the inclusion of off-diagonal elements
in the self-energy matrix. Similar matrices can be
formed for Si atoms with one and two oxygen neigh-
bors.

We set the Si self-energies in bulk silicon 4 eV
below those in bulk Si02. The bottom of the Si con-
duction band is then 3.5 eV below that of Si02, as
found experimentally at the Si02.Si interface.
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