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Abstract

The spectroscopic properties, structure and interconversions of optically active oxygen-de®ciency-related point de-

fects in vitreous silica are reviewed. These defects, the E0-centers (oxygen vacancies with a trapped hole or 3-fold-co-

ordinated silicons), di�erent variants of diamagnetic `ODCs' (oxygen-de®ciency centers), and their Ge-related analogs

play a key role in the ®ber-optic Bragg grating writing processes. The controversy surrounding the structural models for

the Si- and Ge-related ODCs is discussed and the similarity between the bulk and surface point defects in silica is

emphasized. The possible interconversion mechanisms between 2-fold-coordinated Si, neutral oxygen vacancies and E0-
centers are discussed. The e�ects of glassy disorder have a profound e�ect on defect properties and interconversion

processes in silica. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Since the discovery of the writing of Bragg
gratings in germanosilicate optical ®ber wave-
guides by ultraviolet light [1], spectacular advances
towards developing this ®nding into useful opto-
electronic devices have been made [2]. It is well
established that the photosensitivity is connected
to a light-induced transformation of pre-existing
point defects in glass matrix or to a creation of new
ones. Particular roles are played by speci®c defects,
connected to partially reduced Si or Ge species, the
so-called oxygen-de®ciency centers (ODCs).

Despite the considerable progress in under-
standing of many aspects of photo-induced grating
physics, a few basic questions still remain unan-
swered. The mechanisms of photo-induced trans-
formations of point defects responsible for the

refractive index changes are not well understood
on the atomic-scale level. First of all, the structural
models of Si- and Ge-related ODCs remain con-
troversial.

The main reason for this situation is simple:
ODCs are diamagnetic and thus invisible to elec-
tron paramagnetic resonance (EPR) techniques.
EPR has provided so far most of the structural
information on defects in SiO2-based glasses. The
three fundamental centers which form the basis of
the present understanding of defects in vitreous
silica, the E0-center [3], the peroxy radical (POR)
[4] and the non-bridging oxygen hole center
(NBOHC) [5] have been all discovered and char-
acterized by EPR.

While being of prime importance for applica-
tions of fused silica, the optical activity of defects
has been often only of a secondary role as a tool
for defect structure studies. The amount of the
structural information derived directly from
optical methods is limited in most cases by the
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electron±phonon interaction and by inhomoge-
neous broadening e�ects due to the glassy state.

The purpose of this paper is to review the vast
evidence accumulated on the oxygen-de®ciency-
related defects, with the following emphasis points:
· advances which have occurred after 1991, the

time of the last review on the optical properties
of defects in silica [6],

· a�ect of the glassy disorder: inhomogeneous
broadening and cross-correlation e�ects,

· similarities between interior and surface defects
in silica.
The scope will be limited to oxygen-de®ciency-

related centers in the simplest oxide glass, non-
doped vitreous silica and ± as far as similarities
exist ± to their Ge-related isoelectronic analogs in
Ge-doped glass. The defects speci®c to the more
complex binary SiO2:GeO2 glasses have been re-
cently reviewed elsewhere [7].

2. E�ect of the amorphous state

The majority of the past studies of color centers
in silica are based on a simpli®ed model, which
assumes that, except for the random orientation,
the defect centers in glassy and crystalline SiO2 are
similar. However, more recent studies indicate that
three additional phenomena are essential and must
be taken into account: the inhomogeneous broad-
ening, the cross-correlation e�ects and the presence
of defects speci®c exclusively to the glassy state.

2.1. Inhomogeneous broadening of spectra

Due to electron±phonon coupling, optical
spectra consist generally of broad bands, rather
than of separate sharp lines. Since this `broaden-
ing' is a property of the each single center and it
repeats exactly the same way (`homogeneously') in
every other instance of this defect in a crystal, it is
called homogeneous broadening. In a non-ideal
crystal or, to a greater extent, in glass, the site-to-
site non-equivalence of di�erent instances of the
same defect causes the optical transition energies
to di�er. This site-to-site variation results in an
additional `inhomogeneous' broadening of the
spectra.

The importance of inhomogeneous broadening
e�ects in silica has been recognized long ago by
EPR spectroscopists. The successes in describing
the basic paramagnetic intrinsic point defects in
vitreous silica, di�erent varieties of E0-centers [8],
NBOHCs [5] and PORs [4], are to a considerable
extent based on improved methods of data anal-
ysis. The experimental EPR spectra were ®tted
with computer-simulated spectra, explicitly taking
into account the e�ects of inhomogeneous broad-
ening on g-factors and hyper®ne interactions (the
techniques are described in, e.g. Refs. [9,10]. It was
shown that for a correct interpretation of EPR
spectra the inclusion of the inhomogeneous
broadening e�ects in the computer simulations is
essential.

By contrast, in optical studies of defects in silica
the inhomogeneous broadening has been largely
ignored until recently. The rationale for this sim-
pli®ed approach is that the contribution of the
inhomogeneous broadening (usually of order 0.1
eV) is often hard to detect on the background of
the much larger homogeneous broadening (typi-
cally 0.3±1 eV). However, for some of the defects
in silica, such as NBOHCs or ODCs, the disorder
e�ects signi®cantly a�ect the observed optical
properties and must be taken into account.

If the electron±phonon coupling in an optical
transition is small (Huang±Rhys factor is below
�4), zero-phonon and vibronic lines should be
present in optical absorption or luminescence
spectra at low temperatures. In this case the glassy
disorder can dramatically a�ect the shape of the
spectrum, completely smearing out the sharp fea-
tures. The inhomogeneous broadening e�ects can
be partially suppressed by using site-selective lu-
minescence or spectral hole-burning techniques
[11]. These techniques have proved to be useful in
the studies of NBOHCs in silica [12,13]. Except for
the case of luminescence of interstitial O2 in silica
[14], site-selective techniques are the only presently
con®rmed ways of observing vibrational structures
in the optical spectra of intrinsic defects in silica.

2.2. `The cross-correlations e�ect'

In most cases, the structure of defects in silica
cannot be determined by relying on the optical
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spectra alone, and parallel investigations of the
same defects by di�erent techniques are necessary.
The usual approach is to vary the concentration of
defects ± by synthesis conditions, irradiation, or
thermal treatments ± and to search for the inter-
related changes in measurable properties, such as
optical absorption, luminescence, infrared bands.
Due to the special role the EPR techniques play in
®nding the defect structure on the atomic scale, the
most common task of this kind is establishing the
EPR±optical correlations. However, the number
of reported unambiguous EPR±optical correla-
tions for defects in glasses is small.

Another methodologically related problem is
the attribution of several optical bands due to the
same defect. In case of vitreous SiO2 there have
been many controversial reports about the multi-
ple absorption and luminescence bands belonging
(or not belonging) to NBOHCs and ODCs. The
deviation from an exactly linear relationship be-
tween the band intensities or their peak shifts
during irradiation or isochronal anneal experi-
ments is often interpreted as a proof of their dif-
ferent origins.

The presence of disorder can give rise to
anomalous correlations between di�erent proper-
ties of the center. A defect center embedded in an
ideal crystal can be described by some set of ar-
bitrarily chosen distinct numeric parameter values
�x1; x2; . . . ; xN �, where xi represents, e.g., peak en-
ergies of optical bands, luminescence quantum
yield, excited state lifetimes, absorption cross-sec-
tions and so on. Because of the site-to-site ¯uctu-
ations, a similar center in glass must be described
instead by a probability function P �x1; x2; . . . ; xN �.
For some arbitrary property xk (16 k6N), the
probability distribution function p(xk) and the
average value xav

k are then obtained by the stan-
dard expressions

p�xk� �
Z

P �x1; . . . ; xN� dx1; . . . dxkÿ1;

dxk�1; . . . ; dxN ; �1�

xav
k �

Z
xkp�xk� dxk; �2�

where integrals are taken over all possible xis andR
P �x� � 1. In a similar way one can write a partial

probability function p�xj; xk� for any two proper-
ties xj and xk. If xj and xk are independent, that is,
disorder-induced site-to-site ¯uctuations of xj do
not automatically cause functionally correlated
changes in xk, then p�xj; xk� � p�xj�p�xk� and the
probability distribution of xk is exactly the same
for di�erent sites having di�erent properties xj.
This model is silently assumed in most of the past
studies of defects in silica.

The mutual independence of xis is, however,
merely a convenient simpli®cation. In practice the
¯uctuations of di�erent properties of the center are
mutually cross-correlated, for example, oscillator
strength, excited state lifetime and transition
energy, transition energy and the e�ciency of
photochemical transformations, components of g-
matrix in EPR spectra between themselves and
with excited state energies [9]. These cross-corre-
lations can give rise to two kinds of problems:
· The distribution functions, p(xk), and average

values xav
k of defect properties may change dur-

ing isochronal annealing, photobleaching or
any other experiment, devised with an aim mere-
ly to alter the defect concentration. If some of
the factors, a�ecting the defect concentration
(activation energies, reaction rates, photo-
bleaching e�ciency) are correlated with, say, op-
tical absorption oscillator strength, transition
energies or luminescence quantum yield, the ex-
pected linear correlation between optical ab-
sorption, luminescence and EPR signals may
be distorted, and the spectral bands may experi-
ence `anomalous' peak shifts away from their
original positions, or the shape of the photo-
bleached part of an absorption band may di�er
from the shape of the whole absorption band.

· Every experimental technique is selective in
some way, and the mathematically correct aver-
aging, assuming summing over all possible xs in
Eqs. (1) and (2) never occurs. Each method
`sees' its own preferred subset of defects. For ex-
ample, the subset of the defects with larger ab-
sorption cross-section prevails in the
absorption spectra, while the subset having larg-
er quantum yield dominates the luminescence
emission.
Because of the cross-correlations, the simple

one-to-one relationships observed between di�er-
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ent properties of defects in monocrystals may turn
to approximate ones, when measured for defects in
a glassy material. Deviations from constant ratio
between di�erent optical or EPR signal intensities
in glass do not automatically prove that the signals
originate from di�erent defect centers. The rea-
sonable extent of such deviations must be consid-
ered separately in each case. They are signi®cant in
the case of ODCs in silica.

2.3. The properties of defects in di�erent forms of
SiO2: vacancies, interstitials, and dangling bonds in
bulk and on surfaces

Since most crystalline and amorphous forms of
SiO2 have the same short range order of corner-
shared SiO4 tetrahedra, similarities between point
defects in these di�erent materials are assumed.
The early studies of defects in SiO2 have tried to
capitalize on the expected crystal±glass analogy.
However, it has turned out, that apart from the E0-
center and the interstitial oxygen molecules, simi-
larities between the defects in a-quartz and silica
are surprisingly few [15].

Evidently, the a�ect of the glassy state goes
beyond merely introducing isotropy and the in-
homogeneous broadening e�ects: it provides new
structural degrees of freedoms for defect forma-
tion. In addition to crystal-like defects, described
in the terms of vacancies, interstitials and their
aggregates, undercoordinated atoms (dangling
bonds), overcoordinated atoms and `wrong bonds'
(e.g., peroxy bridge, O±O bonding in SiO2) are
possible.

Dependent on the degree of localization, net-
work (lattice) defects of SiO2 can be divided, ap-
proximately, into three groups.

(I) Defects, whose properties are determined in
the ®rst order by interactions within a single SiO4

tetrahedron. The dangling-bond type defects,
NBOHC, POR, 3-fold-coordinated Si (`surface
variant' of E0-center) and 2-fold-coordinated Si
(one of the alternative models for ODC(II) [16])
fall in this category.

(II) Defects, whose properties are determined,
to the ®rst order, by interactions between 2
neighboring tetrahedra. Defects of this type are an
oxygen vacancy with a trapped hole (the E0-center)

and the relaxed diamagnetic oxygen vacancy,
suggested as model for ODC(I) [16]. Defects of this
class should be observable both in glass and crystal
with reasonably similar properties. The crystal±
glass comparisons have been useful in under-
standing the structure of the E0-center, and it can
be hoped that this may be helpful in the case of
diamagnetic vacancies too.

(III) Extended defects, whose properties are
determined, even in the most basic approximation,
by interactions between 3 or more SiO4 tetrahedra,
for instance, oxygen divacancies, `non-relaxed'
oxygen vacancies (alternative models for ODC(II))
or E0-centers in the case when the `weak' super-
hyper®ne lines in EPR spectra are considered.

Since the glassy disorder has relatively little ef-
fect on the geometry of the SiO4 tetrahedron, while
causing ¯uctuations of the mutual orientations of
the neighboring tetrahedra, it can be expected that
the inhomogeneous broadening e�ects tend to in-
crease when going from group (I) to group (III).
This argument assumes that the structure of silica
is described by continuous random network, and
that nanometer sized regions of more ordered
structure (crystallites) are not present. The latter
assumption has been recently additionally cor-
roborated by site-selective luminescence data on
NBOHCs [17], demonstrating a continuous dis-
tribution of zero-phonon line energies in glass
against the distinct states in neutron-irradiated a-
quartz.

The distinction between dangling bonds (group
(I)) and defects of groups (II) and (III) can be
di�cult, if the measurable spectral properties of
interest are largely determined by only a part of an
extended defect. Examples of this may be the ox-
ygen-vacancy type E0 center/ surface type E0 center
(isolated -coordinated Si) and neutral oxygen
divacancy/2-fold-coordinated Si.

The defects of group (I) cannot occur in a-
quartz due to the steric limitations. Indeed, the
intrinsic defects like NBOHC, POR and ODC(II),
which dominate the visible and near ultraviolet
(UV) part of the optical absorption spectrum of
vitreous silica (Fig. 1) seem to be peculiar to the
glassy state only. They are observed in a-quartz
[17±19] only after irradiation by fast particles,
usually neutrons, capable of creating amorphized
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microregions and microvoids within the displace-
ment cascades. To our knowledge, these defects
have never been observed in quartz monocrystals
irradiated by c-rays, i.e., under conditions where
only single oxygen vacancies could be created by
the fast secondary electrons. The dangling-bond
property of NBOHC and POR is presently ac-
cepted, however, there is no such agreement on
ODC(II).

While the crystal±glass analogy is thus of little
use in studies of dangling-bond type defects, an-
other extremely powerful avenue of investigations
exists: dangling bonds are present as surface de-
fects in mechanically ground silica glass or in high-
surface-area silicas (e.g. Aerosil). Because of the
surface location of the defects, they are easily ac-
cessible by gas molecules for purposeful chemical
modi®cations, tailored to reveal their atomic
composition and structure. The defect concentra-
tion and structure before, during, and after the
modi®cations can be monitored (when applicable)
by EPR, infrared, photoluminescence, di�use re-
¯ectance spectroscopies [20] and optical absorp-
tion [21]. The surface variants of E0 centers,
NBOHCs, PORs and ODCs have been investi-
gated in this way. Additionally to them, new `ex-
otic' surface radicals were found, whose existence
have not yet been con®rmed in the bulk samples:
@Si@O (oxygen double bond or silanone group)
[22] and @Si@(O2)(dioxasilirane group) [23,24].
These techniques originated two decades ago [25]
and several papers were published [26,27], calling
attention to the potential of correlated bulk/sur-
face defect studies in silica. However, until recently
this correlations has received relatively little re-
sponse, evidently due to the inter-disciplinary
barriers between the physical chemistry and the
mainstream research of physics of point defects in
solids. A concise overview and references to the
early work can be found in Refs. [27,12], the recent
results, concerning mainly surface ODCs and re-
lated defects are reviewed in Refs. [24,28].

3. Overview of defect optical bands in silica

The major reported optical absorption and lu-
minescence bands of defects in non-doped syn-

thetic silica are depicted in Fig. 1 relying on the
published values of their peak positions and half-
widths (full width at half maximum, FWHM),
assuming Gaussian shape. The lower part shows
the optical bands observed for the surface centers.
Some of the less exactly de®ned bands and bands
due to Ge-related ODCs are not included to keep
the drawing comprehensible. The reported band
parameters are summarized in Table 1. The as-
signment of the bands is still controversial in some
cases. The oxygen-de®ciency-related bands will be
discussed in the following sections.

A discussion of oxygen excess related defects is
beyond the scope of this review. Here it should be
remarked only that the most controversial is the
region around 4.8 eV: three oxygen-excess defects,
NBOHC [29], POR [30] and interstitial O3 (ozone)

Fig. 1. Overview of the major optical absorption/luminescence

excitation bands and emission bands of defect centers in syn-

thetic silica (top) and of centers on the surfaces of SiO2 (bot-

tom). The relationship between the emission and excitation

bands is indicated. The band intensities shown are arbitrary, the

positions and halfwidths correspond to their respective reported

values.
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[31] are thought to have absorption bands at this
energy, the POR being distinguished only by a
smaller FWHM (0.8 eV) as compared to the other
two bands, both having FWHM� 1.05 eV. The
exact position of the POR absorption band re-
mains somewhat uncertain, since it was separated
[30] as the UV-bleachable part of the radiation-
induced absorption spectrum in oxygen-excess
silica, and the contribution of another UV-
bleachable species, interstitial O3 cannot be ex-
cluded [32]. Until these uncertainties are resolved,
the absorption band around 5.4 eV remains as an
alternative candidate for POR, particularly, since
an absorption band for surface PORs is reported
at this energy [33], and an absorption band at
�5.2 eV is observed in silica after O� ion im-
plantation [34].

4. Oxygen-de®ciency-related defects

The main optically active oxygen-de®ciency-re-
lated defects in silica are the family of di�erent
paramagnetic E0 centers and two kinds of dia-
magnetic `oxygen-de®ciency centers', most com-
monly denoted as ODC(I) and ODC(II).
Re¯ecting the continuing controversy over the
basic structure of ODCs, a number of di�erent
naming conventions for ODCs, part of them pre-
de®ning the defect structure, can be found in the
literature.
· For ODC(II): `non-relaxed oxygen vacancy',

`defect of type oxygen vacancy', `divacancy',
`B2 -center', `silicon lone-pair center' (SLPC),
`silylene center', `2-fold coordinated Si' (Si02)
[35], `divalent Si', Si2�, `silicon oxygen-de®cien-
cy center (SODC)', E00-center [36], `Si±Si bond'.
If the shorthand notation `ODC' is used, it usu-
ally means ODC(II).

· For ODC(I): `relaxed oxygen vacancy', `neutral
oxygen vacancy (NOV)', `Si±Si bond', E-center
(after the name of the related optical absorption
band, not to be confused with the E0 center).
The Ge-related ODCs are usually denoted as

`GODC', the names SiODC, GeODC and SnODC
will be used in this paper for Si-, Ge- and Sn-re-
lated ODCs, respectively.

4.1. The E0-centers

The E0 centers may be regarded as the most
extensively studied of all intrinsic defects in SiO2.
The generic term `E0 center' is used for di�erent
paramagnetic variants of oxygen vacancy-related
centers in quartz [15] and silica, containing one
unpaired spin. In the case of glass the usage is
additionally extended [6] to denote any center
comprising an unpaired spin in a sp3-like orbital of
a 3-fold-coordinated Si atom.

4.1.1. EPR properties and structure
The EPR signal of the E0 center in a-quartz was

®rst reported in 1956 [37] and attributed to a
charge carrier trapped in an oxygen vacancy. An
overview and references to the early work on E0-
like centers in a-quartz and silica can be found in
Refs. [38,39]. The unpaired electron in oxygen
vacancy undergoes a strong hyper®ne interaction
with only a single 29Si atom nucleus. This inter-
action was explained by an asymmetric relaxation
of the vacancy, with the spin localized on one Si
atom and the other Si atom relaxed in the plane of
its three ligand oxygens [40] (Fig. 2(B)). This
widely accepted model was further re®ned by in-
cluding the interaction of the Si atom with the
neighboring bridging O atom (upper right on
Fig. 2(C) and (D)). It was found in this case that
the positively charged Si atom relaxes even further
away from the vacancy [41±43] (Fig. 2(C)), the
distance between both Si atoms increasing up to
4.5 �A. In this way, a number of features of the E01-
center in a-quartz can become similar to those of a
silicon dangling bond (Fig. 2(F) and (G)). The
bridging oxygen (upper right on Fig. 2(C) and
(D)) becomes e�ectively three-coordinated, with
the calculated Si±O distance of 2.13 [41], 2.07 [42]
or 1.82 �A [43].

Apart from the energetically lowest `outwards
puckered' con®guration of Fig. 2(C), a second
metastable minimum is calculated for a structure
depicted in Fig. 2(D), where both Si atoms are
slightly relaxed towards the vacancy, decreasing
their initial (unrelaxed) separation of 3.06 �A in a-
quartz to 2.78 [42] or 3.05 �A [43].

The energy of this `dimer' con®guration is cal-
culated to be 0.2 eV [42] to 0.3 eV [43] higher, with
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0.4 eV activation energy barrier for the transition
to puckered con®guration. This result predicts that
a new sub-type of the E01-centers, exhibiting strong
hyper®ne splittings (hfs) on both Si atoms neigh-
boring O vacancy could be created by low tem-

perature irradiation. However, such centers so far
have not been observed.

In the case of glassy SiO2, the basic structure of
E0 centers was ®nally established after the con®r-
mation of the `strong' hfs (Aiso � 42 mT) on 29Si
[44]. Four main variants of E0 centers, labeled E0a,
E0b, (Fig. 2 (E)) E0c (Fig. 2(B) and (C)) and E0d have
been identi®ed in vitreous silica by di�erences in
their g-matrices [8,6]. E0c-center is the closest ana-
log of the E01-center in a-quartz. It has positive net
charge and is the major hole-trapping center in
metal-oxide-semiconductor (MOS) structures [45].

Apart from the `strong' hfs, two `weak' 29Si hfs
are observed for the E01-center in a-quartz (�0.8 mT
with magnetic ®eld parallel to c axis), they are
caused [41] by the two nearest-neighbor Si atoms,
bonded to two of the three oxygens depicted at the
lower left corners of Fig. 2(B) and (C). Their con-
®rmation in glass could additionally prove the
structure of the E0c-center. However, this is a for-
midable task; the isotropic orientation and inho-
mogeneous broadening reduce the `weak' hfs
almost merely to a broadening of the central line
[39]. The magnitude of the splitting is dependent on
the orientations (dihedral angles) of the next-
neighbor SiO4 tetrahedra, it is smaller for con-
®gurations with small dihedral angles [46]. A
comparison between the experiment and computer-
simulated spectra led to a conclusion [39] that
con®gurations of the E0-center with small dihedral
angles (`equatorial con®gurations') must prevail.
This would mean that the distribution of dihedral
angles around the E0c-center is di�erent from the
assumed ¯at distribution in a normal glass net-
work. The origins of such distribution of next-
nearest-neighbor Si atom positions is not obvious
(see, however, Section 4.4), since the calculations
show [47] that the con®gurations with large dihe-
dral angles are energetically more favorable.

E0b-center in silica features a proton trapped in
the O vacancy and the Si atom containing the
unpaired spin relaxed outwards [6] (Fig. 2(E)). Its
closest analog in a-quartz is the E02-center [48,49].
Relaxing of the Si atom with the unpaired spin
towards O vacancy results in the E04-center
(Fig. 3(C)). This center is observed in a-quartz
[50]; however, there are no data on it occurring in
silica.

Fig. 2. Some variants of E0 centers in SiO2. (A) fragment of a

perfect lattice; (B) asymmetrically relaxed oxygen vacancy with

an unpaired electron localized in a sp3-like orbital of a single Si

atom (the `classic' model of E01 center in a-quartz [40] or E0c
center in silica [8]); (C) re®ned model for E01 or E0c centers shown

in its lowest-energy state featuring an outwards relaxation of

the positively charged Si atom [41]; (D) the same centers, shown

in the metastable `Si dimer' con®guration [42,43]; (E) proton

trapped in oxygen vacancy and Si-atom with unpaired spin

relaxed away from the vacancy (E02 center in a-quartz [48] or E0b
center in silica [8]); (F) isolated 3-coordinated Si (surface E0s(1)

center, silicon dangling bond) [54]; (G) E0s(2) center with a

neighboring hydroxyl group [54,73].
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E0a is stable only below 200 K. E0d is observed in
Cl-containing glasses [51], `buried' SiO2 ®lms
formed by oxygen-ion implantation of silicon
crystals [52] or thermal oxide ®lms processed in
dry ambient [53]. It has Aiso (29Si) � 4 times
smaller than other E0 variants, possibly indicating
that the spin is delocalized over four Si atoms,
suggesting a multiple oxygen vacancy model. The
atomic structure of E0a and E0d-centers remains
controversial.

In the surface center studies, several variants of
surface E0 centers were found [54]. A few of them
are depicted in Fig. 2: a dangling silicon bond, the
E0s(1) center (Fig. 2(F)), with an isotropic hfs
constant, Aiso(29Si)� 47.9 mT, and a dangling sil-
icon bond with a neighboring OH group, the E0s(2)
center (Fig. 2(G)), with Aiso(29Si)� 42.2 mT,
aiso(1H) � 0.08 mT (at 370 K).

4.1.2. Optical properties of the E0 centers
An optical absorption band at �5.8 eV and

FWHM �0.8 eV is characteristic of irradiated
silicas, particularly the oxygen-de®cient ones
(Figs. 1 and 5). An excellent correlation between
the EPR signal of the E0 centers in silica and this
absorption band was demonstrated in 1963 [55].
The oscillator strength of the transition was cal-
culated as f� 0.14 [56]. In retrospect, this corre-
lation must be evidently attributed to E0c-centers
[6]. For a long time this remained the only ac-
cepted EPR±optical correlation for defects in sili-
ca. Even then, deviations from the proportionality
between EPR and optical signals of E0 centers were
reported, both for crystal quartz [57,58] and silica
[59], a 5.8 eV absorption band was reported in
non-irradiated sample, containing no EPR-mea-
surable E0 centers [60].

However, two recent studies [61,62] further re-
inforce the original assignment of the 5.85 eV
optical absorption to E0c-centers. An exact linear
correlation between the EPR signal and the ab-
sorption band intensity (max. 5.79 eV, FWHM
0.93 eV) was observed [61], both for a case of dif-
ferent samples irradiated at the same c-ray dose
and for a single sample, irradiated at di�erent
doses. The reported absorption cross-section is
3.2 ´ 10ÿ17 cm2, which yields oscillator strength
f� 0.138 [56], coinciding with the originally mea-

sured [55] value of f� 0.14. An equally good
EPR±optical correlation was demonstrated for E0

centers induced in oxygen-de®cient silica by ArF
excimer laser irradiation [62]. The oscillator
strength, calculated from these data (®g. 1 in Ref.
[62]) is f� 0.128 [56].

The quantitative agreement between fs mea-
sured in three di�erent studies, using di�erent
samples and irradiation types, renders beyond
doubt the attribution of the 5.8 eV absorption
band to E0c-centers. The observed discrepancies
[36,57±59] may indicate that absorption band(s) of
di�erent origin exist in the 5.8 eV region.

The exact position of the E01 center absorption
band in neutron-irradiated a-quartz remains
somewhat uncertain. The early studies put it at 6.2
eV [3], however, recently the band maximum was
measured at 5.9 eV with FWHM of 1 eV [58], quite
close to the energy and widths in the spectra of
glasses.

For surface E0 centers depicted in Fig. 2(F) and
(G), optical absorption bands with halfwidths 1.2
eV and maxima at 6.3 [33] and 6.0 eV [54], re-
spectively, were found; the estimated oscillator
strength in both cases was f � 0.2 [54].

In the case of Ge-doped glasses the Ge-related
variant of E0 center was found to have an ab-
sorption band at 6.3 eV, FWHM � 1.1 eV and
oscillator strength f� 0.5 [63].

The electronic transition corresponding to the
5.8 eV band is still controversial. One of the ten-
tative assignments is to a charge transfer between
both neighboring Si atoms in Fig. 2(B) and (C).
However, the calculations based on this model
have remained inconclusive [64±66]. This model
implies that the optical properties of the vacancy-
type E0c-center must di�er from the other E0 vari-
ants depicted in Fig. 2(E)±(G).

Alternatively it has been suggested [67,33] that
the initial and ®nal states of the optical transition
may be con®ned to the part of the vacancy con-
taining the unpaired spin, i.e., to the 3-fold-coor-
dinated Si, predicting similar spectral properties
for all variants of E0 centers. This assignment is
supported by the similar measured peak energies
of the interior and surface E0 centers [54]. Addi-
tionally, the calculations indicate that an optical
transition from oxygen 2p lone-pair states to the
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empty state of Si dangling bond can have an en-
ergy between 5.5 and 6 eV [68].

A number of theoretical conjectures on the lu-
minescence of E0 centers have been published at
di�erent times. However, the photoluminescence
upon exciting in the E0c-absorption band has never
been found.

The 5.4 eV peak, often observed in the induced
optical absorption spectra of synthetic silica (e.g.,
[6,69,70]) is tentatively correlated to E0b-centers
[6]. This assignment is based on the similarity
between the structural models of E0b-center in
silica and E02-center in quartz; the latter is
thought to give rise to a 5.4 eV absorption band
[49,71].

In wet silicas E0b-centers have a characteristic
isochronal anneal curve with initial increase steps
at 120 and 230 K, with a subsequent steady de-
crease at higher temperatures [72,6]. This o�ers a
reliable way to test the assignment of the 5.4 eV
absorption band to E0b-centers. However, to our
knowledge so far no detailed experimental evi-
dence on isochronal anneal e�ect on the 5.4 eV
absorption band has been published.

Another hint to the possible origin of the 5.4 eV
absorption band can be derived from the studies of
the surface centers. It is suggested that if one of the
three basal bridging oxygens of the surface E0

center is substituted by an OH group, the optical
absorption maximum shifts from 6.3 to 6.0 eV [54].
Assuming a similar shift in the case of the interior
centers, an E0 center with a neighboring OH group
could have a peak in the 5.4 eV region. An interior
defect of this structure has been tentatively iden-
ti®ed by EPR in irradiated `wet' silicas (`1.04 mT
doublet' [73]). However, the interior/surface cor-
relation remains uncertain, since the reported 1H
hfs di�er in the two cases.

As an additional option for the 5.4 eV radia-
tion-induced absorption band, a peak at this en-
ergy is found for surface POR centers [33].
However, this con¯icts with the observations in
the bulk samples, where the POR absorption band
is found at 4.8 eV [30]. Evidently, the assignment
of the 5.4 eV absorption band in bulk silica merits
further studies.

Presently there are no published data on the
optical properties of the E0d-center.

4.2. ODC(I) and the 7.6 eV absorption band

An optical absorption band at 7.6 eV in irra-
diated SiO2 was found in 1957 and given a name
`E-band' [74]. The peak energy and FWHM of the
E-band reported in di�erent papers di�er slightly.
Finding their exact values are di�cult due to an
overlap with the band edge and other absorption
bands. Probably the most exact energies are 7.64
eV (FWHM 0.62 eV at 293 K [75], 0.52 eV at 60 K
[76]) for oxygen de®cient glass, 7.65 eV (0.70 eV)
for neutron-irradiated synthetic silica [59], and
7.64 eV (0.5 eV) for neutron-irradiated a-quartz
[58].

Due to its location in the technically di�cult
vacuum-ultraviolet spectral region and lack of a
correlated EPR signal, the origin of the E-band
remained obscure for a long time. A correlation of
optical absorption in this region with the POR
EPR signal was found in irradiated O2-containing
glasses [4]. However, this is evidently due to an
accidental overlap, since in most cases of oxygen-
de®cient and stoichiometric glasses the dominant
center responsible for the 7.6 eV band is diamag-
netic. After the initial suggestion of oxygen inter-
stitial [74], the E-band was tentatively assigned to
Si±Si bonds [77]. Subsequent work [78] con®rmed
that the E-band is due to an oxygen-de®ciency-
related defect (termed `ODC(I)') and that it is
distinct from another oxygen-de®ciency-related
center (`ODC(II)') which gives rise to the 5.03 eV
absorption band. By comparison of concentration
depth pro®les of ODC(I) to the pro®les of elec-
tronic and nuclear energy losses during the im-
plantation of H� ions in silica, it was shown
recently that ODC(I) can be created as a Frenkel
defect by electronic excitation [79].

Upon treatment in H2, the E-band decreases
concomitantly with the growth of the infrared
absorption of Si±H groups at 2260 cmÿ1 [80]. A
reaction

BSi±SiB�H2 ! BSi±H H±SiB �3�
was suggested. Moreover, it was noticed that the
peak position of the E-band nearly coincides with
the energy of the ®rst UV absorption peak of
Si2H6 molecule at 7.56 eV, which is due to a
Rydberg-type transition from Si±Si bonding or-
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bital to Si 4s [81]. Relying on these correlations,
ODC(I) was assigned to a `relaxed' oxygen va-
cancy or Si±Si bonding in silica [78] (Fig. 3(A)).
The peak absorption cross-section of E-band was
determined from the data of reaction (3) as
r � 7:5� 10ÿ17 cm2 [80], in an excellent agreement
with the cross section reported for Si2H6,
6:6� 10ÿ17 cm2 [81]. The assignment of ODC(I) to
an oxygen vacancy is presently nearly universally
accepted. Some of the few suggested alternatives
are a positively charged 3-fold-coordinated silicon
[82] or silicon vacancy [83].

On heating in oxygen ambient at 900°C the
intensity of the E-band decreases [84], in accor-
dance with the assignment to an ODC. The con-
centration estimates, based on the oxygen
solubility and di�usivity data, and on the as-
sumption that one O2 molecule destroys two
ODCs(I), yield the same absorption cross-section

(7.8 ´ 10ÿ17 cm2) as obtained previously [80] from
the analysis of the conversion to Si±H groups.

ODCs(I) can be readily created during the
vacuum sintering process of vapor-axial deposited
(VAD) glasses, especially of the Cl-containing
ones. Both ODC(I) and ODC(II) are produced in
proportional concentrations in this process, with
the ratio of 7.6 eV/5.0 eV absorption band inten-
sities of �3000 [85]. It has been suggested that the
E-band and the B2-band at 5.03 eV, attributed to
ODC(II) (see next section), are due to di�erent
electronic transitions of the same defect [86].
However, this assignment would require that the
oscillator strength f of the B2-band is below 10ÿ3.
However, the measured fs are much larger
(f � 0.15) (Section 4.3.2).

Additionally, the photobleaching of the B2-
band is not accompanied by any measurable
changes of the 7.6 eV band intensity [78, 87]. Ev-
idently the 7.6 eV band and B2-band belong to
di�erent defects. In fact, ODC(I) (absorption band
at 7.6 eV) is typically >103 times more abundant
than ODC(II) (absorption band at 5 eV).

Due to the di�erences in constraints from the
surrounding lattice, the Si±Si bonds formed during
synthesis of oxygen-de®cient silica glass generally
might not be identical to the Si±Si bonds formed
across radiation-induced single oxygen vacan-
cies in the a-quartz lattice. However, the peak
positions and halfwidths of the E-band in oxygen-
de®cient silica [59,75] and in neutron-irradiated a-
quartz [58] nearly coincide, possibly [88] pointing
to their equivalence in both matrices. Indeed, the
calculated bond length across the oxygen vacancy
(Table 2) is much shorter than the Si±Si distance in
a-quartz (3.06 �A) and in some calculations is quite
close to the `native' Si±Si bond length (2.36 �A) in
Si2H6 molecule or in silicon (2.35 �A). The two
most recent ab initio calculations [89,90] con®rm
the Rydberg character of the 7.6 eV transition of
ODC(I), thus further supporting the suggested [78]
analogy with the absorption transition of Si2H6.

The bleaching of the E-band by 7.9 or 6.4 eV
photons in a two-photon process is accompanied
by the creation of E0 centers [75]. However, the
number of created E0 centers is at least order of
magnitude less than the number of the photo-
bleached ODCs(I) [75], indicating that other

Fig. 3. Electrically neutral relaxed (A) and unrelaxed (B) oxy-

gen vacancies in silica, suggested as models for oxygen-de®-

ciency defects SiODC(I) [77,78] and SiODC(II) [78,89],

respectively. (C) Paramagnetic E04 center, formed by trapping of

a proton in oxygen vacancy [50]. (D) Paramagnetic H(I) center

formed by trapping of H atom on divalent Si defect [73,109]. (E)

Divalent Si atom in glassy SiO2 network (Si0
2 center), suggested

as a model for SiODC(II) [101].
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pathways of ODC(I) conversion are more proba-
ble.

On low-power excitation in the 7.6 eV region,
photoluminescence bands, characteristic to an-
other oxygen de®ciency defect, ODC(II), are ob-
served and grow in intensity [76,91±94]. The
consequences of this are discussed in Section 4.3.7
below.

4.3. The ODC(II) or B2-center

4.3.1. History
A neutron-irradiation-induced optical absorp-

tion band at �5.0 eV region (the `B2-band') and a
similar impurity-related band at �5.2 eV in fused
silica were discovered in mid-1950s (see Ref. [95]
and references therein). Studies of doped glasses
indicated that the impurity-related band is related
to Ge ions and oxygen de®ciency [96]. The asso-
ciated photoluminescence (PL) bands, situated at
3.13 and 4.4 eV were ®rst observed in this study.
The corresponding center was ascribed to substi-
tutional Ge, neighbored by oxygen vacancy. An
absorption band of approximately the same
wavelength was found in pure glassy GeO2 as well
[95].

The intrinsic nature of the B2-band was ®nally
con®rmed by the observed large intensities (above
100 cmÿ1) of this band in ion-implanted pure silica
[97]. The corresponding defect is usually denoted
as an `oxygen-de®ciency center', ODC(II). It was
tentatively attributed to intrinsic oxygen vacancy
[97]. This assignment was supported by a subse-
quent report of a correlation between the intensity

of the associated 4.4 eV luminescence emission
band and the concentration of EPR-detected E0

centers [98].
After it was discovered that in less pure silicas

an extrinsic Ge-related PL band exists at 4.2 eV
[99] underneath the `4.4 eV' intrinsic PL band, the
®rst detailed explanation of the luminescence
properties of ODC(II) was suggested [100]. The 4.4
eV PL band was assigned to oxygen vacancies
neighbored by two Si atoms (BSi. . .SiB)
(Fig. 3(A)) but the 4.2 eV PL band to (BGe. . .SiB)
type vacancies. The 3.1 eV PL band was suggested
to consist of two overlapping bands due to
(BGe. . .SiB) and (BGe. . .GeB) type vacancies.
The observed, obviously interrelated behavior of
the 4.2 and 3.1 eV PL bands was ascribed to
charge carriers being located either at the `Si' or
`Ge' sides of a (BGe. . .SiB) vacancy. In the
framework of this scheme, in cases of pure silica or
pure GeO2 just a single PL band was expected, at
4.4 eV for SiO2 and 3.1 eV for GeO2, while two PL
bands were predicted in the case of `mixed'
(BGe. . .SiB) vacancies.

However, the following studies of oxygen-de®-
cient or neutron-irradiated silica and of surface
centers revealed that two PL bands for ODC(II)
always exist even in pure silica and pure GeO2.
Using time-resolved techniques, a `slow' PL band
at 2.7 eV with a decay constant 10.2 ms and ex-
citation spectrum almost identical with the B2

absorption band was separated [101]. Based on the
long decay time, this band was identi®ed as a
triplet-to-singlet (T1 ® S0) transition and the
4.4 eV PL band as a singlet-to-singlet (S1 ® S0)

Table 2

Calculated Si±Si bond lengths and optical absorption energies of neutral oxygen-vacancy in SiO2 in its lowest-energy (relaxed) con-

®guration

Calculated Si±Si distance (�A) Optical absorption band

position (eV)

Cluster type Calculation method Ref.

2.52 a-quartz ab initio Boero et al. [43]

2.27, 2.3 5.0±5.2 a-quartz, glass semiempirical Sulimov et al.

[171,172]

2.55 7.5 a-quartz ab initio Pacchioni et al.

[66,89]

2.32 7.0 Si8O6H18 (optimized) ab initio Stefanov et al. [90]

2.52 a-quartz semiempirical Rudra et al. [41]

2.46 a-quartz semiempirical Snyder et al. [42]
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transition. The luminescence polarization data
were consistent with the local symmetry being
lower than C3v, most likely C2v, and a divalent Si
model for the ODC(II) was proposed (Fig. 3(E)).
Similarly, the PL bands at 3.1 and 4.2 eV were
assigned to T1 ® S0 and S1 ® S0 transitions, re-
spectively in divalent Ge [102]. The corresponding
weak S0 ® T1 absorption band has been already
observed and attributed to S0 ® T1 transition in
an interstitial Ge@O molecule [103]. The presence
of a similar set of fast decaying singlet bands and
`slow' triplet PL bands of ODCs was subsequently
demonstrated for ODCs in Sn-doped silica
[104,105] and glassy GeO2 [106]. A general `T0

2' [35]
model was put forth [104] (T@Si, Ge, Sn), em-
phasizing the similarities between the optical
properties of ODCs (II) in oxygen-de®cient pure
or Ge-, or Sn-doped silicas.

However, the situation may be more complex
than the simple T0

2 model. Two overlapping ab-
sorption bands, at 5.06 and 5.14 eV were found in
SiO2:GeO2 glasses [107], the former was attributed
to neutral oxygen-vacancy, the latter to Ge0

2. Two
similar overlapping bands at 5.02 and 5.15 eV
(designated B2a and B2b) were reported in oxygen-
de®cient silica [108,86] and assigned to oxygen
vacancy and Si0

2, respectively. This will be discus-
sed in more detail in Section 4.3.4.

While the measured set of optical properties of
ODCs ®tted fairly well with the proposed `T0

2'
scheme, the optical evidence alone was by no
means conclusive. As is often the case, the main
clues came from the EPR studies. In silicas con-
taining hydrogen, the ODCs are known to serve as
precursors to the paramagnetic `H(I), H(II) and
H(III)' centers, distinguished by their respective
1H hfs of 7.4, 11.9 and 15.0 mT [100]. It was
suggested that they are created by trapping of H
atom on ODC. In the framework of the oxygen
vacancy model H(i) (i� I, II, III) centers had to be
attributed to H atoms, trapped in (BSi. . .SiB),
(BSi. . .GeB) and (BSi. . .SnB) vacancies [100].
However, an oxygen vacancy with a trapped pro-
ton (E04-center, Fig. 3(C)) has been studied in de-
tail in a-quartz [50], and the observed isotropic 1H
hfs, 0.65 mT at room temperature, is less than 1/10
from that of the H(I) center in glass, indicating
that H(I) center has a di�erent structure.

Several years before the oxygen vacancy [100]
or `T0

2' [101] models for ODCs were put forward,
during EPR studies of surface centers on silica, the
formation of surface H(I) centers was observed on
trapping of atomic hydrogen on some unknown
surface sites [109]. Relying on the analysis of 29Si
and 1H hfs and the g-factor, the H(I) center was
identi®ed [109,27] as a surface-type E0 center (Si
dangling bond) with one of the three oxygen atoms
replaced by a proton (Fig. 3(D)). It was concluded
that the `EPR-invisible' diamagnetic precursors to
the surface H(I) centers are 2-fold-coordinated
silicon atoms, and that the H(I) centers are created
in a reaction

�4�

The assignment of the surface H(I) center to the
structure depicted in Fig. 3(D) was con®rmed by
the EPR work on interior H(I) centers [73] and by
calculations [110]. The recent EPR studies of sur-
face H(I) centers on 65% 29Si-enriched silica [111]
further support this model and reaction (4).

While the optical properties of ODC(II) and the
connection to H(I)-center seem to point to the
divalent Si model (Fig. 3(E)), a very strong argu-
ment in favor of the oxygen vacancy-based models
exists. On c-irradiation, the 5.8 eV optical ab-
sorption band of E0 centers is over 10 times more
intense in oxygen de®cient samples showing B2

absorption band, as compared to stoichiometric
silica [70]. There are numerous reports (e.g.
[78,87]) that a photobleaching of ODCs(II) gives
rise to paramagnetic E0 centers. The initial increase
of the E0 center concentration observed in oxygen-
de®cient silicas under ArF laser irradiation is
matched by the bleaching of the B2 absorption and
of the 4.3 eV PL bands (Fig. 4) [78], indicating that
ODC(II) may serve as precursors of the E0 centers.
The proposed mechanism is the conversion of a
neutral oxygen vacancy to E0 center by a direct
photoionization or by trapping of a hole

BSi . . . SiB� �hx! BSi�SiB� eÿ �5�
or BSi . . . SiB

ODC�II�
� e� ! BSi�SiB

E0 center
:
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This reaction provides the main clue for the as-
signment of ODC(II) to neutral oxygen-vacancies.
Since a neutral oxygen-vacancy was already as-
signed to ODC(I), following the theoretic conjec-
tures of a probable existence of two variants of
vacancies [77], an non-relaxed oxygen-vacancy was
suggested as a model [78]. This would theoretically
predict a 1:1 interconversion between ODC(I) or
ODC(II) and E0 center. In practice, however, this
relation is less clear-cut, since a number of alter-
native precursors to E0 centers may exist, e.g.,
BSiH [87,112], BSiCl [51] groups or strained Si±O
bonds [113]. In a number of cases these alternative
precursors produce deviations from the correlation
predicted by Eq. (5) and prompted the proponents
of the alternative Si0

2 model to suggest [104] that
the reported correlations might be accidental,
merely re¯ecting the larger probability of occur-
rence for all kinds of oxygen-de®ciency-related
defects in reduced silicas. However, all reported
anomalous cases notwithstanding, a persistent
general trend cannot be overlooked: irradiating
samples having large numbers of ODCs(II), al-
ways yields unusually large numbers of E0 centers.
This is illustrated in Fig. 5, c-irradiation of an
oxygen de®cient silica glass with the initial height
of the B2-band of 0.54 cmÿ1 develops E0 center

absorption band at 5.8 eV, which is 5±10 times
more intense than usually observed in similarly
irradiated stoichiometric silicas [114].

In this way, two sets of seemingly contradictory
experimental evidence are present: one, centered
on the reaction (4) and on the analysis of the op-
tical spectroscopy data, pointing to the two-fold
coordinated silicon (Si0

2) model for ODC(II)
(Fig. 3(E)); and another, centered on the reaction
(5) and supporting the neutral oxygen vacancy
model (Fig. 3(B)). The properties of ODCs, which
may contribute to resolving this controversy are
discussed in more detail in the following sections.

4.3.2. The basic spectral data and the scheme of
energy terms

A scheme of energy terms and the observed
optical transitions in silicon-related ODC (SiODC)
are shown in Fig. 6. A qualitatively similar scheme
is applicable as well to Ge- and Sn-related ODCs.
The lowest spin-allowed (S0 ® S1) transition cor-
responds to the B2 [97] (denoted also B2a) ab-
sorption band of SiODCs at 5.03 eV. The energy
of the next allowed singlet band (S0 ® S1), 6.8±7.0

Fig. 5. Optical absorption spectra of oxygen-de®cient synthetic

silica (A,B) and high-OH content stoichiometric Suprasil 1 sil-

ica (C) before (A) and after (B,C) c-irradiation of 109 rad (Si).

Thin lines illustrate the Gaussian resolution of the spectrum (B)

into the E0c center band, the B2-band of oxygen-de®cient cen-

ters, and the 4.8 eV band (FWHM� 1.05 eV) of NBOHC.

Fig. 4. Creation of E0 centers (circles) by ArF laser irradiation

(�hx� 6.4 eV) of oxygen-de®cient silica. The initial rapid in-

crease stage corresponds to photobleaching of SiODC(II) op-

tical absorption at 5.03 eV (triangles) and luminescence band at

4.4 eV (squares). (After Ref. [78].)
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eV is determined from PL excitation spectra
[104,76,115,94]. The absorption band at the latter
energy was found to bleach similarly to the B2-
band [116].

Assuming the elementary con®guration coor-
dinate model, the purely electronic (zero-phonon)
energies of S1 and T1 states are estimated halfway
between the peak energies of the respective ab-
sorption and PL bands and should be exact within
�0.1 eV. The energies of S2 and T2 are less certain.
The position of S2 is set inferring the same strength
of electron±phonon coupling as in the S1 state.

The singlet (S1 ® S0) emission of SiODC oc-
curs at �4.3 eV. Accurate decay constants, s, for
this emission are now obtained: in case of S0 ® S1

excitation 3.96 s6 4.1 ns at 300 K and s� 4.2 ns
at 60 K [76,115]. Assuming that the center can be
described by a simple con®gurational coordinate
model [117], the oscillator strength of the B2 ab-
sorption band is calculated from the PL decay
constant as f� 0.14. The conversion from the S1

state to triplet subsystem (likely to T2) is thermally

activated with the mean activation energy of 0.13
eV [118] (0.085±0.1 eV for surface SiODC's
[119,111]) and subject to inhomogeneous broad-
ening e�ects. The mean decay time of the triplet
(T1 ® S0) luminescence, s� 10.2 ms [101,104], is
temperature-independent between 13 and 300 K.
In ion-implanted samples s progressively decreases
from 10 to 6 ms when increasingly heavier ions are
implanted [120], a phenomenon which is likely due
to an increase of spin±orbit coupling (`external
heavy ion e�ect' [121]). The oscillator strength of
the forbidden S0 ® T1 absorption band of Si-
ODC, calculated from the radiative decay constant
is f� 1.6 ´ 10ÿ7. The presence of this band was
veri®ed by time-resolved PL excitation measure-
ment [118]. Photoconductivity measurements [122]
show that ionization of ODCs by KrF laser pulses
is a two step process, involving the populating
(S0 ® S1 ® T1) and a subsequent ionization of
the long-lived T1 state.

In the case of GeODCs, the measured lumi-
nescence decay times are 109±113 ls for the
T1 ® S0 emission [104,123] and 5.5±9.5 ns for the
S1 ® S0 emission [123±125].

The initial assignment of two PL bands each for
SiODC [101] or GeODC [102], corresponding to
singlet (S1±S0) and triplet (T1±T0) transitions in a
single center, has been a subject of controversy for
a long time. The ratio between the intensities of
singlet and triplet PL bands of SiODC was ob-
served to be sample dependent, and di�erences in
the excitation spectra of both bands were found. In
a number of cases this prompted the suggestion
that these two bands originate from di�erent cen-
ters. An explanation was proposed [104], which
attributed these sample-to-sample variations and
the dependence on excitation energy to cross-cor-
relations between the inhomogeneous distributions
of excited state term energies and of the singlet±
triplet conversion rates, k3 (inset in Fig. 6, see also
Section 2.2). This mechanism was subsequently
con®rmed in two separate studies [118,119]. Dis-
order-induced e�ects are particularly strong in this
case, since ¯uctuations of term energy of order 0.1
eV, which only slightly broaden the optical ab-
sorption or emission bands, can a�ect simulta-
neously the thermal activation energy (0.13 eV) by
a comparable amount.

Fig. 6. The scheme of energy terms for silicon-related oxygen-

de®cient centers SiODC(II). The singlet ground state S0 and

singlet and triplet excited states S1, S2, T1, T2 are shown. The

estimated purely electronic (zero-phonon) term energies are

given in brackets. The peak energies of the observed absorption

and emission bands, the oscillator strengths f and radiative

decay times s are indicated at the arrows; DE is the thermal

activation energy for singlet-triplet conversion. Inset shows the

scheme of rate coe�cients for transitions between S0, S1 and T1

states (after Refs. [118,76]).
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The energy term scheme of Fig. 6 predicts
transient absorption between the excited triplet
states with a decay time equal to the lifetime of the
T1 state. This has been observed for case of Ge-
ODCs, having T1 lifetime of �110 ls. Absorption
with a similar decay constant is observed at He±Ne
and Ar� laser wavelengths in the 1.9±2.8 eV region
after KrF laser excitation pulse in Ge-doped ®bers
[126], in type-II fused silica with Ge impurities
[127] and in 95%SiO2:5%GeO2 bulk glass [128].
The transient absorption spectrum [128] consists
of a broad wing starting at 2.5 eV and extending
over 4 eV into ultraviolet; the high-energy part is
attributed to transition from T1 to conduction
band states.

4.3.3. Isoelectronic series of Si-, Ge- and Sn-related
ODCs(II) and the `heavy atom' e�ect

As discussed in Section 4.3.1, a comparison of
optical properties of oxygen-de®cient (`Si-doped')
silica, and Ge- and Sn-doped silicas reveals a
simple consistent pattern [104]. In each of these
three cases there is a slowly decaying low-energy
(LE) (2.7±3.1 eV) PL band with two associated
excitation/absorption bands in the 3.2±3.7 eV (LE)
and `high energy' (HE) 5±5.3 eV regions; a faster
decaying (allowed) HE PL band (4.0±4.4 eV)
which is associated with the HE excitation/ab-
sorption band. This pattern ®ts well with the
general scheme of transitions between the ground
singlet (S0) and the ®rst excited singlet (S1) and
triplet (T1) states of a localized center (inset of
Fig. 6). The PL polarization degree of the LE
emission bands is negative, when excited in HE
excitation band and positive, when excited in LE
excitation band. The polarization of HE-excited
HE PL band is positive. This repeating pattern
prompted the suggestion that the intrinsic (Si-re-
lated), and Ge- and Sn-related ODCs are iso-
structural and form a series of isoelectronic defects
in SiO2 [104]. This conjecture is further supported
by the formation of paramagnetic analogs of the
H(I) center, H(II) and H(III) centers on reactions
of GeODCs and SnODCs respectively with hy-
drogen [100].

The decay time of the triplet (T1 ® S0) PL of a
localized center depends on the spin±orbit cou-
pling constants of the constituent atoms. The

coupling strength increases with the atomic num-
ber Z, a phenomenon known as the `heavy atom
e�ect' in the triplet spectroscopy [121]. Hence only
the contributions of atoms with the largest Z-
number (Si, Ge, Sn in our case) are important. For
isostructural defects, having similar transition en-
ergies, a quantitative relation between the atomic
spin±orbit coupling constants, n, of valence p
orbitals and the luminescence radiative decay
constants, s, can be established. In cases when
spin±orbit coupling is dominated by a single atom,

1=s / E3n2; �6�
where E is the luminescence transition energy
[121,129], and n� 0.0176, 0.109 and 0.26 eV for
the valence p orbitals in free Si, Ge and Sn atoms,
respectively. The agreement of Eq. (6) with ex-
periment is good (Fig. 7).

The correlation of the radiative decay constants
with the respective atomic spin±orbit coupling
constants indicates that in each case of the SiODC,
GeODC and SnODC the wavefunction of the ex-
cited T1 state is in a similar way localized over the
Si, Ge or Sn atom. This gives an additional proof
that these defects are isostructural. Additionally, it

Fig. 7. Correlation of the triplet luminescence radiative decay

constants s and luminescence peak energies E of Si-, Ge-, and

Sn-related ODC with the spin±orbit coupling energies f of the

valence p electrons of Si, Ge and Sn atoms (after Ref. [104]).
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may provide an indication of the number of `heavy
atoms', over which the T1 state is localized. In the
framework of the oxygen-vacancy model, interac-
tion with two such atoms may be expected. Two
types of GeODCs, di�erently a�ected by the spin±
orbit coupling, could occur in Ge-doped glass:
oxygen vacancies of types BSi..GeB and
BGe..GeB, the former in lightly doped glasses, the
latter in heavily doped ones and in pure GeO2. If
one assumes that the T1 wavefunction is evenly
shared between both `sides' of the vacancy, a
simple analysis ([121], Eqs. (14) and (15) of Ref.
[104]) predicts that decay constant, s, should be �4
times smaller for BGe..GeB vacancy as compared
to BSi..GeB vacancy. This di�erence can be for-
mally regarded as 2 times less `average' spin±orbit
coupling energy n in Eq. (6). However, the exper-
imentally measured ss, are the same (110±113 ls)
in samples with Ge concentration ranging from of
several ppm to 10% [104,123] and decrease only to
80 ls in glassy GeO2 [106]. This relatively small
change may be caused as well by the a�ect of
neighboring Ge atoms in the second coordination
sphere (`external heavy atom e�ect'), similarly to
the reported shortening of decay constant of Si-
ODCs, caused by implantation of Kr ions [120].
Anyway, the di�erence in s is much less than the 4
times expected when changing from BSi..GeB to
BGe..GeB vacancy.

This outcome may indicate that excited state
wavefunction spreads over just a single Ge atom,
in accord with the Ge0

2 model for GeODC(II).
However, this argument is not conclusive since
some of the above assumptions on the properties
of oxygen vacancies may be wrong: either the
wavefunction of T1 might be asymmetrically lo-
calized on the `Ge side' of the vacancy, or, because
of the heterogeneous distribution of Ge in
SiO2:GeO2 glasses [130], there could be a tendency
to clustering and only vacancies of type BGe..GeB
might exist, even in lightly Ge-doped silicas.

4.3.4. Are there two overlapping `B2' absorption
bands of two structurally di�erent ODCs?

It was found in several studies [108,86] that the
B2 absorption band in pure silica can be decom-
posed in two absorption bands, denoted as B2a and
B2b, with peak energies at 5.02 eV (FWHM� 0.35

eV) and 5.15 eV (FWHM� 0.48 eV), respectively.
Excitation in the B2b band gives rise to PL bands at
3.1 and 4.2 eV. The B2a band was attributed to
oxygen monovacancies BSi..SiB [86], but the B2b

band to Si0
2 centers [108,131].

A qualitatively similar picture was reported in
SiO2:GeO2 glasses [107]: From the main absorp-
tion band at 5.16 eV (FWHM� 0.48 eV), associ-
ated with a PL band at 3.1 eV, a component with a
peak at 5.06 eV was separated (FWHM� 0.38 eV).
Photoexcitation in the latter component does not
yield PL emission but rather transforms the re-
spective centers to the Ge E0 centers. The spectral
form of this band was measured as the shape
the UV-bleachable part of the absorption in the
5 eV region. Analogously to the assignments
[86,108,131] of ODCs in pure silica, the 5.16 eV
band was attributed to Ge0

2-center, but the 5.06 eV
band to neutral oxygen vacancy of BGe..GeB
type [107]. The intensities of both these compo-
nents are increased by heating in H2 [132] or by
implantation of H ions [133]. In the latter case,
however, the spectrum of the component which
was bleachable by the UV (5 eV) light could not be
resolved from the main optical absorption band at
5.15 eV. The presence of two components was
inferred in this case from the observation that the
UV bleaching process saturated after bleaching of
3±5% of the 5.15 eV absorption band.

These ®ndings outline another symmetry be-
tween SiODC's and GeODCs, which is di�erent
from the correlations discussed in Section 4.3.3
above. However, the intrinsic nature of the B2b

band in undoped silica has been subsequently
questioned [104,134], since this absorption band
and its most selective associated feature, the PL
band at 3.1 eV, is absent in most synthetic silicas
and is never observed to be increased by particle
irradiation. Moreover, the spectral properties of
the absorption and PL bands almost exactly co-
incide with those of GeODC(II) [104], pointing to
the potential role of Ge impurities.

This controversy cannot be solved on the basis
of the spectral data alone, since an accidental
overlap of absorption bands in the 5 eV region (see
Fig. 1) and, by further coincidence, of PL emission
bands in the 3 eV region cannot be ruled out. The
role of Ge could be reliably established by the
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decay time measurements of the 3.1 eV PL band of
the B2b centers, since the triplet PL of GeODCs
has a characteristic time constant (s� 110 ls), well
separated from the s of any other known PL
center in silica and shown to bear a direct corre-
lation (Eq. (6)) with the spin±orbit coupling con-
stant of a Ge atom. The subsequent PL kinetics
measurements of the B2b-centers yielded s� 110 ls
[135], ®nally corroborating the role of Ge im-
purity.

The reassignment of B2b-band in non-doped
silica does not a�ect directly the assignments of the
two similarly placed absorption bands in
GeO2:SiO2, however it breaks the envisaged sym-
metric picture of a pair of two overlapping ab-
sorption bands of structurally di�erent ODCs
occurring at �5 eV in each of the two materials.
Additionally, the recent experimental con®rmation
of the strong a�ect of the inhomogeneous broad-
ening on optical bands of SiODCs [119,118] raises
another alternative, namely, that the observed
bleachable component of the GeODCs 5 eV ab-
sorption band [107] might be a part of the inho-
mogeneously broadened population of a single
species of GeODCs, selectively bleached by the
UV irradiation in the low-energy wing of the ab-
sorption band. The di�erences between the spec-
tral shapes of the bleached component and the
entire absorption band may be caused both by the
o�-maximum (4.89 eV) energy of the UV light
used and by possible cross-correlation between the
ODC excited state energy and the susceptibility to
bleaching. In fact, the picture observed for surface
SiODCs [119] is similar to that of GeODCs [107]:
the low- energy part of the SiODC absorption
band is bleached and converted to E0 centers.
Similar to the case of GeODCs, surface SiODCs
have di�erences up to 0.4 eV in excitation spectra
of singlet and triplet PL bands, indicating strong
inhomogeneous e�ects [136]. Although the a�ect
of cross-correlated disorder e�ects (see Sec-
tion 2.2) on ODCs was suggested some time ago
[104], the strongest proofs for them appeared only
recently [118,119]. In light of this evidence, their
potential role should be examined before drawing
the ®nal conclusion on the presence of two com-
pletely di�erent GeODC species absorbing in the 5
eV region.

4.3.5. Reactions with H2 and connection between
ODCs and the H(I), H(II) centers

The reaction (4), postulated to explain the cre-
ation of H(I) centers [109] is the cornerstone of the
T0

2 (i.e., Si0
2, Ge0

2, Sn0
2) models for ODCs(II). The

structural assignment of the H(I) center to an E0-
type center with one nearest-neighbor oxygen re-
placed by an H atom is presently nearly universally
accepted (Section 4.3.1). Apart from the T0

2 center,
other scenarios concerning the precursors to such
structure are not advanced. The expected reverse
correlation between the concentrations of H(I)- or
H(II)-centers and the optical bands of SiODC(II)
or GeODC(II) is then the central point required to
prove the T0

2 concept.
This correlation has been well tested for the

case of surface ODC(II). For the reaction (4) to
proceed, atomic hydrogen is required. It can be
produced in reaction with NBOHCs [72,109]

BSi±O� �H2 ! BSi±O±H�H�: �7�
When samples containing both surface NBOHC
and SiODC (monitored by their triplet PL) were
exposed to H2, the PL of SiODC decreased im-
mediately and H(I) centers appeared [137]. Sub-
sequent prolonged exposure to 4.85 eV UV light
bleached the H(I) centers and restored the PL of
SiODC's. In the case when the source of the
atomic hydrogen was `deactivated' by a selective
modi®cation of surface NBOHCs through
chemosorption of CO

BSi±O� � CO! BSi±O±C±O�; �8�
a subsequent contact with H2 at T� 300 K pro-
duced neither the prompt decrease of the triplet
PL of SiODCs nor H(I) centers, indicating that
molecular H2 at the room temperature does not
react with SiODCs in their electronic ground
state.

In the case of interior SiODCs, the correlation
between their presence and the formation of H(I)
centers is reported in a number of papers, e.g.
[138±141]. In isochronal annealing of Ge-contain-
ing silicas, irradiated at 80 K, a characteristic in-
crease of H(II) center concentration at 150 K,
followed by a decay at 500 K, is matched by cor-
related reverse changes in the amplitude of the
GeODC absorption band at 242 nm [142]. The
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concentrations of c-ray induced H(II) centers in
di�erent samples of natural fused quartz is pro-
portional to the intensities of GeODC PL bands
before the irradiation [143]. However, one case of
absence of correlation between GeODCs and H(II)
was recently reported [144].

Since the E0 centers are nearly ubiquitous in all
irradiated silicas, it could be argued that instead of
the reaction (4), H(I) centers are produced in some
reaction between hydrogen and E0 center. How-
ever, although the E0 centers were found to react
with H2, no H(I) centers were formed [145].

The interaction of H2 with surface ODCs has
been studied in detail. At room temperature and
low pressures of H2 the reaction

�9�

can proceed both in the S1 and T1 excited state of
SiODC, with T1 dominating because of its much
longer lifetime [111,146,147]. At 80 K the same
reaction occurs only in the S1 state [111], provided
that the pressure of H2 is enough for the H2 col-
lision with ODC to happen within the 4 ns life-
time of the S1 state. H(I) centers are e�ciently
bleached by 5 eV light, and a dynamic equilibrium
is established between their creation from ODCs
by reactions (9) and (4) and their photodestruc-
tion by light of the same wavelength. This was
most convincingly demonstrated by isotopic ex-
change experiments [111,147]: 5 eV UV irradia-
tion of surface ODCs in H2 atmosphere converts
part of them to H(I) centers, a subsequent irra-
diation in D2 atmosphere gradually converts them
to the deuterated variant of H(I) centers. In the
case of interior ODCs the H2 concentrations are
usually less, the bleaching dominates and H(I)
centers are not induced by UV light [111]. This
e�ect is likely to pertain as well to the H(II)
centers in Ge-doped glasses, providing an expla-
nation for the reported single case [144] of H(II)
center concentration not correlating in the sense
of Eq. (4) with the GeODCs optical absorption
band in a KrF laser-irradiated 63 ppm OH con-
tent sample.

The energy balance of processes in excited state
does not preclude another reaction taking place

SiODC�H2 � �hx ! @SiH2: �10�
Since the dihydride groups are stable against
bleaching, they may become the ®nal end product
under prolonged UV irradiation of ODCs in the
presence of H2. The di�erences between the in-
frared spectra of monohydride and dihydride
groups in the 2300 cmÿ1 region are subtle (see, e.g.,
discussion in Refs. [148±150] and references
therein). The presence of @SiH2, @SiHD and
@SiD2 groups on surface of SiO2 was con®rmed
by observation of the splitting between the sym-
metric and antisymmetric stretching modes of
@SiD2 groups [147,151,152]. At T� 675 K the
reaction (10) proceeds rapidly without photoexci-
tation and with a concomitant decrease of the
singlet absorption band of SiODCs. On subse-
quent heating above 800 K the surface dihydride
groups are destroyed, and the optical absorption
of SiODCs is completely restored [152].

The optical properties of interior H(I), H(II)
centers are not known. In case of surface H(I)
centers, a broad absorption band with peak
around 5 eV and a wing extending to energies
above 5.8 eV is detected [153].

In view of the far-reaching analogies between
SiODCs and GeODCs, the results discussed above
should be at least partially applicable to reactions
of GeODCs with hydrogen as well.

These reactions increase the e�ciency of the
writing of refractive index Bragg gratings by UV
light in germanosilicate optical ®bers. There is a
convincing evidence for reactions of GeODCs with
H2 on exciting in the S0 ® S1 [148] and S0 ® T1

[154,155] absorption bands. Similarly to the case of
surface SiODCs, a characteristic shortening of the
T1 state lifetime and a decrease of triplet PL in-
tensity with increase of H2 concentration and
temperature is reported for interior GeODCs [156].

In case of Ge-doped glasses an additional H2-
related reaction is

Ge + H2 → + Ge

–O

–O

–O –O–H O–

–O –O–H O–– – –

– – –

�11�
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This reaction is con®rmed experimentally by the
observed correlated growth of O±H infrared
absorption bands and GeODCs optical absorption
band in H2-treated SiO2:GeO2 glasses [157,158]. A
subsequent calculation [159] indicates that the
energetically most favorable course of this reaction
is two-stage: ®rst by breaking of a single Ge±O
bond and forming of a ±O±H H±GeB pair, fol-
lowed by the hydrogen `migration' to the nearby
oxygen, yielding net result of the right side of
Eq. (11).

4.3.6. Relation to the E0-center
The basic evidence for SiODC(II) serving as a

precursor for the E0 center has been the creation of
E0 centers during the photobleaching of SiODCs
(Section 4.3.1 and Fig. 4). A very convincing
proof for this process was obtained recently [119],
using porous SiO2 ®lms containing up to 1019 Si-
ODC(II)/cm3, over 500 times more than attainable
in oxygen-de®cient bulk samples. A 5.0 eV irradi-
ation by KrF laser partially bleached the surface
ODC(II) absorption band gave rise to an absorp-
tion band at 6.1 eV and to a single kind of para-
magnetic species: E0s-centers. The presence of
E0s-centers was further veri®ed by observation of
the 29Si hyper®ne doublet (48 mT) and in chemo-
sorption experiments, by converting all of the
created paramagnetic centers to another EPR-ac-
tive species, PORs

BSi� �O2 ! BSi±O±O�: �12�
On heating of the UV light-induced surface E0

centers, they transformed back to ODCs(II).
During the early experiments on tribolumines-

cence (luminescence by mechanical excitation) of
surface centers on powdered SiO2, two interesting
phenomena were noticed [160]. First, while the
observed blue triboluminescence emission both by
the peak position (2.65 eV) and decay time (14 ms)
was identical to the triplet luminescence of Si-
ODC(II), there were no signs of the singlet SiODC
emission at 4.4 eV. Most unexpected, however,
was that the intensity of the emission, di�erent
from the case of photoexcitation, was related to
the concentration of the surface E0 centers and not
to the instantaneous concentration of the already
existing surface ODCs. Evidently, some process

involving E0 centers exists, which yields ODC(II)
in the T1 state. Relying on the Si0

2 model for OD-
C(II) it was suggested that the emission occurs
when two surface E0 centers meet:

BSi� � � SiB! �±O�2@Si:�BSi±O±SiB� �hx:

�13�
A similar e�ect was observed in the X-ray-excited
luminescence spectra of oxygen-de®cient silica: the
intensity of the 2.7 eV emission band changed
during the irradiation roughly proportional to the
EPR signal intensity of the E0c-centers [161].

There is one other piece of evidence which can
now be analyzed in hindsight. In the studies of
transient absorption and luminescence occurring
after a fast electron pulse irradiation of oxygen
de®cient Corning 7943 silica [162], the ODC(II)
singlet luminescence band was found to decay in a
relatively long time span of order 500 ls, closely
following the time derivative of transient E0 center
absorption and much longer than the intrinsic
ODC(II) singlet PL lifetime of 4 ns. This could
indicate that the decay of short-lived E0 centers can
yield ODCs(II) in excited state.

4.3.7. Relation to the ODC(I) (7.6 eV band)
A PL band at 4.4 eV is observed in silica when

exciting in the 7±8 eV region [163±
165,76,91,92,94]. Its intensity in di�erent samples
correlates [91] with the intensity of the SiODC(I)
absorption band at 7.6 eV. The PL excitation
spectrum [163,92] is similar, but in some cases not
coincident [166] with this absorption band. An
accompanying PL peak at 2.7 eV with a similar
excitation spectrum was also found [164,91,92].
Both these PL bands coincide with the singlet and
triplet PL bands of SiODC(II). This relation is
further strengthened by the decay kinetics data:
the lifetimes of the 4.4 eV band [76,115,94] and 2.7
eV band [91,93,164] measured upon 7.6 eV exci-
tation were found to be quite similar (however, not
identical) to the respective values for the singlet
and triplet PL bands of SiODC(II).

Since SiODC(I) and SiODC(II) are due to two
structurally di�erent defects (Section 4.2), the ob-
servation of SiODC(II) PL bands on excitation in
SiODC(I) absorption band might merely show
that SiODC(II) accidentally has a higher excited
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state around 7.6 eV. However, several experimen-
tal observations indicate that a more intricate re-
lationship exists, and both centers may represent
two di�erent con®gurations of a single defect.

A low-temperature (80 K) vacuum-UV irradi-
ation of oxygen-de®cient silicas in the 7.6 eV band
causes an increase of the 4.4 eV SiODC(II) singlet
PL intensity, monitored using a 5 eV excitation
[91]. On subsequent warming to 300 K the pho-
toinduced SiODCs(II) decay, giving rise to a blue
thermostimulated luminescence peak at 2.7 eV,
coinciding with the triplet emission of Si-
ODC's(II). These ®ndings may point to an inter-
conversion between ODC(I) and ODC(II).

The decay time of the 4.4 eV PL band upon 7.6
eV excitation was found to be shorter than in the
case of excitation at 5 eV (2.1 vs. 4.2 ns at T� 45
K), and a `two-con®guration ODC' scheme was
put forward [76]. According to this scheme
(Fig. 8), the center in the excited state can change
between ODC(I) and ODC(II) con®gurations,
with transition rates, k5 and k6. It is assumed that
after excitation in the S00 ® S01 band at 7.6 eV,
ODC(I) transforms to excited ODC(II) with a
probability k6/(k4 + k6). The decay constant of the
resulting S1 ® S0 PL of ODC(II) at 4.4 eV is

s � �k2 � k3 � k5�ÿ1: �14�

A center in a `stable' ODC(II) state has k5� 0 and
the observed ss are larger.

It was subsequently found [115,165] that the
di�erence between the ss measured at 7.6 and
5 eV excitation exists only at T < 45 K. Surpris-
ingly, at the room temperature s of the 7.6 eV
excited PL increases and is the same (4.1 ns) for
5.0, 6.8 or 7.6 eV excitation. As a tentative ex-
planation to this anomaly, the presence of some
unknown, ODC-unrelated defect was suggested
[115], which accidentally has both an excitation
band around 7.6 eV and a fast 4.4 eV PL band,
thermally quenched at higher temperatures.
However, several additional observations make
the `third defect accidental overlap' explanation
less probable.
· The anomalous low-T decrease of s is observed

on very di�erent samples, both stoichiometric
and oxygen-de®cient ones [165].

· The T-dependence (between 80 and 300 K) of
the 4.4 eV PL band intensity is the same when
excited by 7.6 or 5 eV [92].

· Simultaneously with the 4.4 eV band, the char-
acteristic triplet PL band of SiODC(II) at 2.7
eV appears on 7.6 eV excitation [91]. Its excita-
tion spectrum peaks at 7.7 eV [93], but the decay
is non-exponential and ± similar to the case of
the 4.4 eV PL band ± shorter (s � 1±3 vs. 10
ms) [167] as compared to the case of 5 eV exci-
tation.
It is unlikely that some independent defect

could be ubiquitous and have two PL bands with
both the spectral and kinetic properties closely
matching those of SiODC(II).

The other possibility that the observed PL
could be caused simply by excitation to some
higher excited state of SiODC(II) is contradicted
by the di�erent (shorter) luminescence decay in
both singlet (4.4 eV) and triplet (2.7 eV) bands.

The complex properties of PL decay rates can
still be described in terms of the interconversion
scheme (Fig. 8), if the possible disorder-induced
cross-correlation e�ects (Section 2.2) are taken
into account. The presence of disorder is in fact
silently assumed already in the originally proposed
`two-con®guration model' [76], by postulating that

Fig. 8. Scheme of the rate coe�cients for the suggested transi-

tion between ODC(I) and ODC(II) con®gurations of ODC af-

ter excitation in the 7.6 eV absorption (S00 ® S01) band of

ODC(I). Optical transitions are denoted by straight vertical

arrows, non-radiative transitions by wavy lines; k5 and k6 are

the transition rates between both con®gurations of the center.

The transitions to triplet terms of ODC are not shown (after

Ref. [76]).
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di�erent instances of SiODC(II) have radically
di�erent conversion rates k5 (Fig. 8). The k2, k3,
which a�ect the observed decay constant
(Eq. (14)), and k6 are then most likely distributed
as well. If cross-correlation between k6 and k3 or
k5 exist, the experimentally observed shortening of
decay times at low temperatures is explainable by
assuming that the fraction of the SiODC popula-
tion, having the largest k6s at helium tempera-
tures, has also the largest non-radiative rates k3

and k5 which cause the quenching of the `fast'
fraction at higher temperatures [168]. In fact, this
fraction may formally play the role of the un-
known, fast decaying `third' defect suggested in
Ref. [115] to explain the T-dependence of decay
kinetics.

In this way, the presently available experimental
observations most likely point to the conversion
between SiODC(I) and SiODC(II).

4.3.8. Theoretical calculations of SiODC(II) opti-
cal properties

As discussed above, the main two suggested
alternatives for SiODC(II) are neutral oxygen va-
cancy and divalent Si atom (Si0

2). These hypotheses
are tested in a number of theoretical studies, by
calculating ®rst the optimum geometry of the
cluster with the defect, and then evaluating the
parameters of the expected optical transitions and
their agreement with the experiment.

The bond lengths and angles in Si0
2 were calcu-

lated in recent ab initio studies [169,170] and are
depicted in Fig. 3(E). As expected, the optimal
bond angle, 98±101° is less than the tetrahedral
angle of �109°, due to the increased Si 3p fraction
of the ground state.

For a neutral oxygen-vacancy, similarly to the
case of E0 centers (Section 4.1.1), the calculations
predict bistability: `relaxed' (Fig. 3(A)) and `non-
relaxed' con®gurations (Fig. 3(B)) may exist
[42,43,89]. The lowest-energy relaxed con®gura-
tion, attributed to ODC(I) is stabilized by a strong
Si±Si bonding; the calculated Si±Si distance is 2.3±
2.5 �A (Table 2 and Section 4.2). If the charge is
distributed unequally between the both Si atoms
neighboring vacancy, a metastable (so-called `non-
relaxed') con®guration can form due to an elec-
trostatic interaction of the positively charged

3-fold-coordinated silicon with the negative charge
of the neighboring bridging oxygen atom
(Fig. 3(B)). The energy of this metastable state, Em

is calculated to be �1.5 [42], 2.3 [43] or 2.7 eV [89]
above the ground state, with activation barriers of
0.3±0.5 eV. Within the oxygen-vacancy hypothesis,
this con®guration of the vacancy is attributed to
SiODC(II).

Some of the vacancies may freeze-in in the un-
relaxed state during silica manufacturing process
at T � 1500 K. Their equilibrium concentration
relative to the relaxed vacancies is �exp()Em/kT).
The calculated Em between 1.5 and 2.7 eV yields
concentration ratio between 10ÿ5 and 10ÿ9, less
than the typically observed ratio of SiODC(II)/
SiODC(I) concentrations, 3 ´ 10ÿ4 [85]. One fur-
ther point, which may cast some doubt on the
bistable state of the O vacancy in SiO2 is the so far
lacking experimental con®rmation by EPR of the
similarly predicted metastable state of the E0 center
(Fig. 2(D)). This evidence is absent despite the
high sensitivity of EPR spectroscopy and the
metastable state energy being higher in this case
only by 0.2 [42] or 0.3 eV [43].

These discrepancies cannot, however, rule out
the unrelaxed vacancy model, since the calcula-
tions were performed with the coordinates of the
three-coordinated oxygen (Fig. 3(B)) taken from
a-quartz. Evidently, in case of glass they are
distributed, and in principle a fraction of the
vacancies could have much lower energy of their
metastable states, coming into a better agreement
with the experiment. However calculations of
this possible e�ect are not yet available and it
remains to be seen if it can be reconciled with
the expected associated e�ects in the optical
spectra.

As compared to the equilibrium geometries, the
calculation of SiODC optical properties is a much
more formidable task. The inaccuracies of the past
studies have been often too large to use them for a
meaningful suitability evaluation of Si0

2 or vacancy
models. However, computational techniques are
improving, and ab initio methods are increasingly
used instead of semiempirical ones. Even then, an
uncertainty in excitation energies of �0.3 eV re-
mains depending on the choice of cluster size and
basis function set [169].
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The results of the most recent calculations are
summarized in Table 3. The both independent ab
initio studies [89,90] agree well with the assignment
[78] of the 7.6 eV absorption band of SiODC(I) to
the S0 ® S1 transition in a relaxed oxygen vacancy
(`Si±Si bond') (Fig. 3(A)). The suggested analogy
[80] to the absorption of Si2H6 molecule is con-
®rmed as well.

Contrary to this, the semiempirical (MNDO)
work [171,172] indicates that the S0 ® S1 tran-
sition in the relaxed vacancy (Si±Si distance 2.3
�A, Table 2) has a much lower energy and pos-
sibly gives rise to the B2-band of SiODC(II) at 5
eV. As a further support for this assignment, a
good correlation between the calculated and

observed positions of the 4.4 eV (S1 ® S0) PL
band is found. However, the positions of triplet
absorption and emission bands are about 1 eV
o� their experimental values. An additional
problem is that this scheme does not explain the
origin of the 7.6 eV band. It was suggested [90]
that the discrepancies between the results of the
ab initio [89,90] and semiempirical studies
[171,172] are caused by the limited basis set (lack
of di�use Rydberg-type Si orbitals) in the latter
case.

The ®rst high-level ab initio calculation of
optical transitions in the unrelaxed oxygen va-
cancy (Fig. 3(B)) was reported only recently [89].
The results are compared to the experimental

Table 3

Optical absorption and photoluminescence (PL) band positions for ODCs in SiO2 computed within the alternative neutral oxygen-

vacancy (NOV) or divalent Si (Si02) models

Ref. Method Model Absorption band energy (eV) PL band energy (eV)

`7.6 eV'

band

`5.03 eV'

(B2-band)

`3.15 eV'

band

`4.4 eV'

band

`2.7 eV'

band

Sulimov et al. [171] Semi-empir. NOV

(relaxed)

S0 ® S2 (?) 4.8±5.3

S0 ® S1

4.2

S0 ® T1

4.2±4.8

S1 ® S0

1.8±2.8

T1 ® S0

Sulimov et al. [172] Semi-empir. NOV

(relaxed)

S0 ® S2 (?) 4.95

S0 ® S1

3.9

S0 ® T1

4.52

S1 ® S 0

1.50

T1 ® S0

Pacchioni et al. [89] ab initio NOV

relaxed

7.5 S0 ® S1 X n.a. 4.3

S1 ® S0

1.3(?)

T1 ® S0

(see also Fig. 9) ab initio NOV,

unre-

laxed

X 5.3

S0 ® S2
a

n.a. X X

Stefanov et al. [90] ab initio NOV,

relax.

7.0, 7.2, 7.4 b

S0 ® S1;2;3

n.a. n.a. n.a. n.a.

Sokolov et al. [175] Semi-empir. Si02
d X 4.8 n.a. 3.8 2.5

Pacchioni et al. [89] ab initio Si02
d X 5.6

S0 ® S1

n.a. n.a. n.a.

Stefanov et al. [170],

Zhang et al. [169]

ab initio Si02
d X 5.2

S0 ® S1

3.1 S0 ® T1 4.49

S1 ® S0

2.53

T1 ® S0

Experiment (see Fig. 6) 7.64 [75] c 5.03 [97] c 3.15 [118] 4.4 [78] c 2.7 [101]c

X� the band is not attributed to this model structure. n.a.� data not available.
a S0 ® S1 band occurs at 3.3 eV, see Fig. 9.
b The transitions to S2 and S3 are thought to have larger oscillator strengths than the 7.0 eV band.
c Representative references. There are many data sources.
d For the energy term scheme of Si0

2, see Fig. 6.
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data on SiODC(II) and SiODC(I) (Table 3). A
tentative scheme of computed optical transitions
is shown in Fig. 9. The two lowest transitions to
singlet states, S01 and S02, with oscillator strengths,
f� 0.09 and f� 0.21, respectively, correspond to
the transfer of electron from the negatively
charged to the positively charged Si atom. The
energy of the 5.0 eV absorption (`B2') band of
SiODC(II) matches reasonably with the S00 ® S02
transition energy. This excitation breaks the
silicon-(3-fold-coordinated oxygen) bond
(Fig. 3(B)), causing a relaxation and producing
the same excited state as in the case of excitation
in the 7.6 eV band of SiODC(I). The energy of
the resulting S1 ® S0 PL band is calculated at 4.3
eV with the radiative lifetime of 3 ns, in excellent
agreement with the experimental values for Si-
ODC(II).

Taken alone, these results may support the
unrelaxed O vacancy model for SiODC(II).
However, several other ®ndings of this study [89]
point to the contrary. The expected energy of the
T1 ® S0 transition (Fig. 9) is much less than the
experimental 2.7 eV. Further, this scheme pre-
dicts a 100% e�cient photobleaching and con-
version of SiODC(II) to SiODC(I) upon
excitation in the B2-band, at variance with the
experimental observations [173]. Most contro-
versial, however, is the assignment of the B2-band
to transition to the second excited singlet state,
implying that an allowed lower-energy (S00 ® S01)
absorption band exists around 3.3 eV. Photoex-
citation into this band should give rise to the
usual singlet and triplet PL bands of SiODC.
These e�ects are not observed experimentally
[174]. The B2-band is quite surely due to the
excitation to the ®rst exited singlet state of
SiODC(II). In this way, the calculation [89] may
provide the ®rst theoretical evidence that the
energy of the excited states of the unrelaxed ox-
ygen vacancy may be too small to be responsible
for the B2-band.

The optical properties of the alternative model
for SiODC(II), the 2-fold-coordinated Si atom
(Si0

2, Fig. 3(E), Fig. 6) were recently computed in
several studies (Table 3). A reasonable agreement
with experiment for the 5 eV absorption band and
2.7 eV T1 ® S0 PL was obtained in the semiem-
pirical study [175]. However, the energy of the 4.4
eV S1 ® S0 PL was not well reproduced,
prompting the authors of Ref. [175] to conclude
that Si0

2 model is not appropriate.
Contrary to such a conclusion, a recent ab initio

study [169] reported an excellent agreement with
the experiment for all four lower-energy optical
bands (Table 3). Moreover, the parallel calcula-
tion of optical transitions in Ge0

2 yielded good
agreement with experimental energies for GeODC.
A subsequent paper [170] reproduced as well the
energy of the S0 ® S2 absorption band (6.8 eV
calculated as compared with the experimental 6.9
to 7 eV [104,76,115]).

In disagreement with the results of Refs.
[169,170], much higher S0 ® S1 transition energy
for Si0

2 (5.6±5.8 eV) was reported in Ref. [89].
However, this controversy was subsequently re-

Fig. 9. Scheme of computed optical transitions in relaxed and

unrelaxed oxygen vacancies in SiO2. Arrows denote the optical

absorption (OA) and photoluminescence (PL) transitions. The

dotted lines indicate non-radiative transitions but have no

quantitative meaning. The lowest triplet states (T1, T2) of the

unrelaxed vacancy were not calculated. The underlined transi-

tion energies are close to those measured for SiODC (Table 3).

Additionally, two so-far not observed absorption transitions at

6.2 and 3.3 eV are obtained (after Ref. [89]).
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solved [68]: using a larger size cluster yielded the
computed S0 ® S1 energy in agreement with the
one reported in Refs. [169,170]. It was shown [170]
that the computed energies steadily converge to
the experimental ones with increasing cluster size
and basis set.

As the things presently stand, the calculated
optical properties of Si0

2 are in a good agreement
with the experimental data on SiODC(II). There is
nearly universal consensus that the relaxed O va-
cancy must absorb around 7.5 eV and is a good
model choice for ODC(I). On the other hand, the
®rst ab initio calculation of the optical properties
of unrelaxed oxygen vacancies [89] demonstrated
that several important features of ODC(II) cannot
be reproduced by this model. It remains to be seen,
if further re®nements of the unrelaxed oxygen
vacancy model can bring it in to better agreement
with the experiment.

4.4. How does it all ®t together?

The conversions between oxygen-de®ciency-
related centers in silica, discussed in Sec-
tions 4.3.1±4.3.8 are summarized in Fig. 10. The
ODC(II)-to-H(I) and ODC(I)-to-E0 conversions
are supported by solid experimental evidence and
the probability that any one of them could be
disproved looks remote. Neither the `pure' two-
coordinated Si (`Si0

2') [101,104] nor `pure' oxygen
vacancy models [78] for ODC(II) are capable of
explaining the entire set of relations depicted in
Fig. 10. The Si0

2 model ®ts well with the observed
optical properties of ODC(II) and with the con-
version to H(I) center (Eq. (4)), but does not o�er
an easy explanation for the interconversions of
ODC(II) and E0 centers. On the other hand, the
`vacancy only' models for ODC(II) explain excel-
lently the ODC(II)±E0 interconversion (Eq. (5)),
reasonably explain the ODC(I)±ODC(II) relation,
but have problems explaining the optical proper-
ties and ODC(II)±H(I) interconversion.

However, the implied contradictions persist
only in the framework of the traditional approach,
where it is assumed that a perturbation of the
electronic subsystem through excitation or ion-
ization of ODC has only a minor or moderate
e�ect on the ionic subsystem. The loss of an elec-
tron (Eq. (5)) by a neutral oxygen vacancy then is
indeed the only possible ODC(II) ® E0 conversion
mechanism [176], and the response to the elec-
tronic excitation of ODC, the ODC(I)-to-ODC(II)
conversion, is then limited to the relaxation of an
already existing atomic structure. This premise
need not be necessarily true. There is ample evi-
dence that electronic excitation of vitreous silica by
ArF [177,178] or KrF [179,180] excimer laser
pulses gives rise to permanent macroscopic in-
crease of density, indicating permanent rear-
rangements in the network of SiO4 tetrahedra. The
amorphous state is absolutely essential for this to
occur: no density changes were observed in simi-
larly UV-irradiated quartz crystal [179]. Photo-
induced densi®cation is found as well in Ge-doped
glasses, e.g., [181].

Divalent Si defects (Si0
2) and neutral oxygen

vacancies accommodate the same amount of oxy-
gen de®ciency and interconversion between these

Fig. 10. Outline of the experimentally proved interconversions

(solid arrows) between ODC(II) and ODC(I), E0 centers, and

H(I) centers in silica. The most characteristic spectroscopic

features are indicated at each center.
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two atomic arrangements may in principle take
place [24,131,160]:

�15�

This mechanism could be responsible for the
observed interconversions between ODC(I) and
ODC(II) on excitation in the 7.6 eV absorption
band. The same structural rearrangement, fol-
lowing the photoionization or trapping of a hole
on Si0

2 may transform it to the E0 center:

@Si:��hx! @Si� � eÿ

@Si� �@Si@!� Si�
�
SiB�@Si@: �16�

A mechanism, which could govern the equilib-
rium of reactions (15) and (16) was discussed re-
cently in some detail [24] and is illustrated in
Fig. 11. It is based on a general assumption that in
disordered networks it is easier to satisfy the op-
timal bonding requirements of low-coordinated
atoms than those of tetrahedrally coordinated
ones. The key factor a�ecting the reaction equi-
librium is the local arrangements of atoms around
the ODC. Reaction (15) is shifted to the left for
ODCs with `optimal' con®gurations of the neigh-
boring atoms, favoring both a stronger Si±Si
bonding across the vacancy and a minimum local
strain energy of Si±O bonds of the surrounding
glass network. A cluster of a-quartz with O va-
cancy could be an example of such con®guration
(dashed curve in Fig. 11). With increasingly dis-
torted surrounding con®gurations, the strain en-
ergy increases and at some point the relaxation
energy gain due to the less rigid bonding con®gu-
ration requirements of divalent Si may prevail over
the loss of the Si±Si bonding, and a potential en-
ergy minimum for the con®guration depicted at
the right side of Fig. 11 may be created.

In Ge-doped silicas, the conversion from the
vacancy of the BSi..GeB type to Ge0

2 con®gura-
tion in a similar process is even more favorable,
since an additional energy gain of �1.3 eV occurs
due to the replacing of one Ge±O bond (at the left
side of reaction (15), assume one Si substituted by
Ge atom) with the stronger Si±O bond.

Quite similar to the relaxed/unrelaxed oxygen
vacancy concept [78], the reaction (15) proposes
the existence of two interconvertible states of
ODC, however, with Si0

2 substituted for the unre-
laxed vacancy. This model implies, that under
photoionization or trapping of charge carrier,
structural rearrangement takes place and Si0

2

`switches' to the threefold coordination, forming a
paramagnetic E0 center.

The glassy disorder (inhomogeneous broaden-
ing) e�ects are an essential part of this model. This
assertion is consistent with the absence of
ODCs(II) in a-quartz, and ± through cross-corre-
lation e�ects (Section 2.2) ± with reports of sepa-
rate photobleachable components of SiODCs [119]
(or GeODCs [107]). Evidently, only a part of the
total SiODC(I) (oxygen vacancy) population is

Fig. 11. Scheme of the suggested structural conversion between

neutral oxygen vacancy (left side) and divalent Si (right side)

con®gurations of ODC(I) and ODC(II) in silica. The presence

of local strain in the vitreous network around the oxygen va-

cancy con®guration is thought to be an essential condition for

the right side energy minimum (top, solid line) in the con®gu-

rational space to exist (after ideas of Ref. [24]). This scheme is

an alternative to the conversion between the relaxed and un-

relaxed vacancy con®gurations depicted in Fig. 3(A) and (B).
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able to switch between the vacancy and Si0
2 (OD-

C(II) con®gurations.
This picture may help to explain another dif-

®culty, common to all concepts, which assume
that the bistability of ODCs is inherent to every
instance of an ODC (corresponding to the solid
curve in Fig. 11). In this case, the only factor
which a�ects the concentration ratio between
ODC(II) and ODC(I), is the thermal equilibrium
between both states. The experimentally observed
concentration ratio SiODCs (I)/(II) is of order
103±104 [85]. When oxygen-de®cient sample with
SiODC(I) is subjected to highly non-equilibrium
conditions, e.g., c-irradiation, one might expect
that SiODC's would be `trapped' in SiODCs(I)
and SiODC(II) states in comparable numbers,
meaning an increase of SiODC's(II) over several
orders of magnitude. Contrary to this, the ex-
perimentally observed increase of SiODC(II)
concentration is rather moderate ([182] and
Fig. 5).

The Si0
2±oxygen vacancy interconversion hy-

pothesis removes both main stumbling blocks of
the previous concepts: the disregarding of the
E0±ODC(II) connection in the `pure' Si0

2 concept
[104] and of the H(I)-ODC(II) connection in the
`vacancy-only' models. The same mechanism may
be applicable to explain the conversion between
GeODC(II) and Ge E0 centers [183].

The details of the structural rearrangement
suggested by the reactions (15) and (16) are pres-
ently not known, and further experimental and
theoretical work is required to test the feasibility of
this process. However, one feature is obvious even
from the sketch of Fig. 11: for Si±O bond
switching to occur, the next-nearest-neighbor sili-
con must be as close as possible to the oxygen
vacancy, that is, in the terms used for discussing
the structure of E0 centers (Section 4.1.1) it must
be in the `equatorial' position. Surprisingly, the
recent EPR study of E0 centers in silica yielded the
same conclusion [39]: in order to explain the 29Si
superhyper®ne structure, anomalously large pro-
portions of neighboring Si atoms in `equatorial'
positions must be assumed. A possible conse-
quence is that the E0 centers, created in reaction
(16) from divalent Si centers might be distin-
guishable by their 29Si superhyper®ne structure

from the E0 centers originating from other pre-
cursors.

5. Conclusion

The presently available experimental and the-
oretical evidence indicates that ODC(I) can be
con®dently attributed to neutral diamagnetic ox-
ygen vacancies in silica. The model for ODC(II)
remains more controversial, two most popular
options are a neutral unrelaxed oxygen vacancy
and a 2-fold-coordinated Si atom (Si0

2). The ob-
served interconversions between di�erent forms of
oxygen-de®ciency related centers in silica (E0

centers, ODCs(I), ODCs(II) and H(I) centers) in-
dicate that ± whatever the model for ODC(II) is
assumed ± electronic excitation or charge trapping
on ODCs cause changes in the atomic con®gura-
tion of the defect, including the rearrangement of
Si±O bonds. An attractive scheme is ODC(II)
being due to the Si0

2 center, and its structural
conversion to an oxygen vacancy or an E0 center
taking place on electronic excitation or trapping
of a hole. This mechanism seems to be reasonably
consistent with all of the currently accumulated
evidence and an alternative to the `relaxed±unre-
laxed' oxygen-vacancy scheme. Further studies
are necessary to prove or disprove these mecha-
nisms.

The a�ect of the glassy disorder and particu-
larly, of the cross-correlation e�ects has probably
been underestimated in the less recent studies of
optical properties of ODCs in silica. Many of the
observed cases of anomalous behavior of ODCs
may be traced to the glassy disorder, combined
possibly in some cases with distinct modi®cations
of ODC neighborhood (e.g., by a neighboring OH
group).

While the primary subject of this review was the
evidence concerning ODCs in pure silica, much of
the knowledge gained on SiODCs may be appli-
cable to GeODCs, which are presently the most
important in photoinduced Bragg-grating appli-
cations. Analogies between SiODCs and GeODCs
are useful in many aspects, however, in case of
GeODCs several qualitatively new phenomena
emerge.
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· Because of the lower Ge±O bond energy as com-
pared to Si±O bonds, formation of divalent Ge
in binary SiO2:GeO2 glasses is more favorable.

· 4-coordinated Ge in binary glasses serves as
electron trap (GEC), providing an easy way
for charge compensation for positively charged
Ge E0 centers, thus assisting the interconversion
between the electrically neutral GeODC(II) and
Ge E0. In contrast, the nature of the dominant
electron traps in pure silica is still not clear.

· Di�erently from pure silica, a compositional dis-
order is additionally present in binary
SiO2:GeO2 glasses, capable of producing a num-
ber of distinct modi®cations of GeODC with
close spectral parameters. Together with the
``usual'' quasicontinuous broadening due to
the glassy disorder, compositional disorder can
give rise to a complex underlying structure of
the optical spectra of GeODCs.
On reviewing the ODC subject, an upsurge of

new, high quality experimental and theoretical
work by di�erent groups is notable in the past 3
years. It may be hoped that this activity will lead
shortly to a more clear picture of one of the until
now most controversial defect species in pure or
Ge-doped silica, and consequently to a solid un-
derstanding of the micromechanisms of the photo-
induced Bragg grating writing.
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