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Direct experimental evidence for the presence and x-ray dose dependence of radiolytically displaced oxygen
in high-purity, oxygen-deficienta-SiO2 is presented. Anneal-interrupted x-irradiation and electron spin reso-
nance measurements were used to investigate the x-ray dose dependence of the radiation response of two types
of low-OH a-SiO2, i.e., oxygen-excess and oxygen-deficient materials. The production and thermal annealing
of paramagnetic defects in these two materials were compared to explore the role played by dissolved and
radiolytically displaced oxygen in these processes. The multiple, reversible interconversions ofE8 centers and
peroxy radicals proved to be very sensitive to the presence of free oxygen in thea-SiO2 network. Such
interconversions are very probable in the oxygen-excess material due to the presence of dissolved oxygen. It
follows that such interconversions are not expected in the oxygen-deficient material, at least at low dose, in
agreement with experimental data. However, our results show that such interconversions take place above a
certain threshold dose in oxygen-deficient material. In fact, we observed peroxy radicals in oxygen-deficient
material. Their production is attributed to the presence of radiolytically displaced oxygen in this material. A
simple physical model is presented to explain the results. The model involves the random creation of displaced
oxygen atoms which undergo elastically driven recombination into oxygen molecules. It is these molecules
which participate in the interconversions in the oxygen-deficient material. A threshold is observed because the
recombination does not occur unless the distance between the oxygen atoms is less than some characteristic
length, i.e., a correlation radius of an elastically coherent nanoregion in the amorphous network. The experi-
mental results and the model imply a universal radiation response at high dose when the density of radiolyti-
cally displaced oxygen exceeds that of any precursors.

I. INTRODUCTION

High-purity amorphous silicon dioxide (a-SiO2), pre-
pared as bulk synthetic silica, optical fibers, or thin films, is
the most important wide-band-gap material used in modern
telecommunications and electronics technologies. It is used
in optical waveguides, in gate oxides for metal-oxide-
semiconductor~MOS! devices, and in a wide variety of
transmissive and reflective optical components. Defects in
the as-deposited thin films and in the as-drawn optical fibers,
or defects resulting from energetic particle or photon
radiation,1 result in a series of localized energy levels in the
energy gap of these materials. Such localized states strongly
affect electronic and optical properties due to charge trap-
ping, quantum transitions among the defect levels, and tran-
sitions between the defect levels and the conduction- or
valence-band states. These defects are intimately related to
the long-term reliability of silica-based optical fibers and thin
films. It is well documented that radiation-induced defects in
bulk a-SiO2 and fiber-drawing-induced defects in optical fi-
bers are similar, if not identical. The three most important
paramagnetic defects ina-SiO2 are theE8 center, the peroxy
radical ~PR!, and the nonbridging-oxygen hole center
~NBOHC!. TheE8 center has received extensive study since
it was reported by Weeks.2 It is firmly identified as an un-
paired spin of an electron trapped on the danglingsp3 hybrid
orbital of a silicon atom at one side of an asymmetric oxygen
vacancy,wSi•.3 The peroxy radical was attributed by Frie-
beleet al.4 to a hole delocalized over a pair of unbonded 2p

orbitals ontwo oxygen atoms in a bonded oxygen molecule,
though preferentially localized on the terminal one,wSi
uOuO•. The nonbridging-oxygen hole center, has been
assigned by Stapelbroeket al.5 to a hole trapped on an
unbonded 2p orbital of a nonbridging oxygen atom,
wSi—O•. ~The symbolwSi represents a silicon atom
bonded to three oxygens in the glass network and a dot
stands for an unpaired spin.! Several diamagnetic defects re-
sulting from the manufacturing process, such as neutral oxy-
gen vacancies (wSiuSiw), peroxy linkages (wSiuO
uOuSiw), strained or broken SiuO bonds, and hydroxyl
groups (wSiuOH!, can serve as precursors for the above-
mentioned paramagnetic defects. For instance, the tension
associated with fiber drawing can break a SiuSi bond and
make anE8 center,6 i.e., a mechanically induced atomic re-
arrangement. However, the formation of observable para-
magnetic point defects by such a mechanical process must be
accompanied by a redistribution of electrons and holes in the
network, i.e., by ionization. In contrast, the initial step in
radiation-induced defect production is the ionization of the
valence bands and the preexisting defect structures in the
network. The corresponding atomic rearrangement is a sec-
ondary effect. The fact that there is no apparent difference
between radiation-induced and fiber-drawing-induced defects
indicates that the defect structures are strongly coupled vi-
bronic systems whose response is independent of the type of
perturbation. However, the probability of an induced atomic
transformation into a defect structure is clearly dependent on
the type of perturbation.
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The radiation response ofa-SiO2 is strongly dependent
on the concentration of abnormal bonds, i.e., the deviation of
the system from the perfect continuous random network.
Among the most common sources of abnormal bonds are
nonstoichiometric oxygen content, OH and Cl impurities,
and thermal history~fictive temperature!.7 Keeping in mind
the close connection between defects in bulk silica and opti-
cal fibers, in this paper we consider the role of oxygen in
defect production and annealing in bulka-SiO2 . The role of
oxygen has been studied previously by several workers.
Stapelbroek and co-workers5 studied Suprasil W1, which is a
low-OH, oxygen-excess material.8 They found that annealing
the irradiated material in the temperature range of 100–
200 °C resulted in the growth of the peroxy radical concen-
tration with a concomitant decay of theE8 center concentra-
tion. Edwards and Fowler9 suggested that this conversion
was due to the trapping of dissolved oxygen molecules at the
E8 center sites to form peroxy radicals:

E81O2⇒PR. ~1!

By running experiments on samples with controlled O2 con-
tent, Pfeffer10 demonstrated the role of dissolved O2 in the
above reaction. Recently,11 using repeated irradiation-anneal
experiments, we reported the reverse of reaction~1! and
demonstrated multiple interconversions of theE8 center and
the PR in Suprasil W1,

E81O2⇔PR. ~2!

Given the crucial role attributed to oxygen in reaction~2!,
it seems important to study the production, and possible in-
terconversion, of defects inoxygen-deficientmaterial. We re-
port such studies in the present paper and compare the results
to those for oxygen-excess material. We irradiate these two
types of materials with known doses of x rays. The resulting
defects are investigated using electron spin resonance~ESR!.
We find that the defect production efficiency and dose depen-
dence differ strongly for these two types of materials. As
expected, no interconversions of the type described by reac-
tion ~2! are observed at low to moderate doses in the oxygen-
deficient material. However, interconversionsareobserved at
high dose. We attribute such interconversions to radiolytic
oxygen and give a theoretical description of the results. We
also deduce a critical radius for the diffusion-limited combi-
nation of radiolytic oxygen atoms into oxygen molecules.

II. EXPERIMENTAL DETAILS

All experiments were carried out on two types of bulk
samples of ‘‘dry’’ silica ~OH content less than 2 ppm! with
different oxygen contents. Suprasil W1 has about 1018 cm23

excess oxygen molecules.10 This excess oxygen is assumed
to be in the form of interstitial oxygen molecules and peroxy
linkages SiuOuOuSi. The oxygen-deficient samples used
here, designated J8 in the present paper, have about 1017

cm23 SiuSi bonds as measured by optical absorption.12 In
preparation for the experiments, the materials were cut into
rectangular samples: the dimensions of the oxygen-deficient
samples were 3536.531 mm3, and the dimensions of the
oxygen-excess samples were 103331 mm3. All samples
were etched with 48% HF acid to remove any impurities on

the surface. The samples were x irradiated at a volume-
average dose rate ofq51.5 Mrad/h. The GE x-ray machine
with a W tube was operated at 45 kV and 20 mA. The x rays
were incident normally on the large face of the samples. The
penetration depth of the most intense x rays was much
greater than the 1 mm thickness of the samples. After one-
half of each irradiation cycle, the sample was reversed in the
x-ray beam and then irradiated from the opposite face. As a
result the dose profile in each sample was determined to be
uniform within 25%. Except where noted, the irradiation was
performed at room temperature. In a few cases, samples of
oxygen-deficient material were irradiated at 77 K to investi-
gate radiolytic hydrogen and chlorine. Following irradiation,
the samples were stored in liquid nitrogen when not in the
ESR spectrometer. The spectrometer used was a Bruker ESP
300 spectrometer with a temperature controller. The spec-
trometer was operated at X-band frequency~9.47 GHz!.
First-derivative spectra were obtained using 100-kHz modu-
lation frequency under nonsaturating conditions. Absolute
spin densities were determined to an accuracy of about 50%
by a comparison method. The spin standard was a 1.0 mM
toluene solution of the stable nitroxyl radical tempone,
whose geometrical shape was similar to that of our samples.
The ESR spectra of theE8 centers were measured at room
temperature while the spectra for the oxygen hole centers
were recorded at 100 K in order to resolve the lines of the
NBOHC and the peroxy radical.

Two types of experiments were performed. In the first
type of experiment, the concentration of various spin-active
defects was determined by irradiating the samples to a
known accumulated dose, removing the samples from the
x-ray beam to record the ESR spectra, and then repeating this
procedure to acquire a concentration vs dose curve for the
various defects. In the second type of experiment, the above
concentration vs dose curve was interrupted with a thermal
anneal, and then the concentration vs dose curve continued.
Several consecutive radiation-anneal cycles were studied.
The experimental procedures were described in more detail
previously.11

III. EXPERIMENTAL RESULTS

A. Defect production

Several variants of theE8 center are known,13,14 and the
most common is theEg8 center. Figure 1 shows theEg8 con-
centration@Eg8# versus accumulated dose~Mrad SiO2) for
these two materials in the uninterrupted irradiation experi-
ments. The open symbols and closed symbols represent, re-
spectively, the oxygen-excess and the oxygen-deficient ma-
terials. Over the entire dose range investigated,@Eg8#
increased sublinearly with dose in both materials, andEg8
centers were createdmore efficientlyin oxygen-deficient ma-
terial than in oxygen-excess material.

The sample dependence of the oxygen hole center con-
centration~Fig. 2! was opposite to that of@Eg8#, i.e., fewer
oxygen hole centers were detected in oxygen-deficient mate-
rial than in oxygen-excess material. The dose dependence
also differed from that of@Eg8#. As Fig. 2 shows, the dose
dependence of the oxygen hole center concentration is sub-
linear in the oxygen-excess material while it is linear or su-

53 7183ROLE OF RADIOLYTIC OXYGEN IN THE X-RAY . . .



pralinear in the oxygen-deficient material. It is important to
note that only the NBOHC was observed in the oxygen-
deficient samples. The oxygen hole center signal in oxygen-
excess material contains contributions from both NBOHC’s
and peroxy radicals. Figure 2 shows the total oxygen hole
center concentration. The ratio of the concentrations ofEg8
centers to oxygen hole centers was about 40 in the oxygen-
deficient material, but only about 4 in the oxygen-excess
material.

In addition to theEg8 and the NBOHC, two additional
defects were observed in the oxygen-deficient material: the
Ed8 center, i.e., a variant of theE8 center, and a triplet
state.14–18 These two centers have about the same dose de-
pendence, namely, saturating with x-ray dose easily~at about
1–5 Mrad!. These defects will not be discussed in the present
paper, but will be presented in a future publication.

B. Defect annealing

In thermal-anneal-interrupted irradiation experiments, the
experiments described above are interrupted with a thermal
anneal, and then the measurement of defect concentration
versus dose is continued. We previously described such ex-
periments on oxygen-excess material~Suprasil W1!.11 Those
experiments showed that a soft thermal anneal~225 °C for

10 min! was sufficient to erase completely theE8 signal.
Concomitant with the decrease of theE8 concentration, the
PR concentration increased. The NBOHC concentration did
not change with the soft anneal. Upon resuming the irradia-
tion, the PR concentration decreased rapidly while theE8
center concentration showed a corresponding increase. We
previously interpreted these effects as due to the interconver-
sion ofE8 centers and PR’s by means of molecule oxygen.

According to the above discussion, the results for the
oxygen-deficient material should differ strongly from those
for the oxygen-excess material. Indeed, we find a strong dif-
ference between these two materials. Figure 3 shows the re-
sults for theEg8 center. An anneal of 10 min at 225 °C causes
only minor changes in@Eg8# especially at doses below 50
Mrad. Such an anneal was sufficient to erase completely the
Eg8 center in the oxygen-excess material. In marked contrast,
an anneal of 1 h at 800 °C isrequired to completely erase the
E8 center in the oxygen-deficient material. As Fig. 3 shows,
however, the soft anneal does produce some decrease in
@Eg8#, and this decrease becomes more significant at higher
dose. This effect will be discussed in more detail below.
Figure 4 shows the effect of the soft anneal on the NBOHC
concentration. As can be seen, there is a large effect. Figure

FIG. 1. Eg8 spin concentration vs accumulated x-ray dose ob-
tained from room-temperature ESR measurements on two samples
of low-@OH# a-SiO2: Suprasil W1, an oxygen-excess material, and
J8, an oxygen-deficient material. The samples were x irradiated at
room temperature.

FIG. 2. Total oxygen hole center concentration for the samples
of Fig. 1. The ESR measurements were performed at 77 K.

FIG. 3. Eg8 spin density versus x-ray dose in the anneal-
interrupted irradiation experiments on oxygen-deficient material. At
the points indicated, the irradiation was interrupted with a soft an-
neal ~225 °C, 10 min!. The inset shows the detail of the seventh
cycle.

FIG. 4. The NBOHC spin density versus x-ray dose for oxygen-
deficient material for the same conditions as in Fig. 3.
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5 shows the effect of the soft anneal on the PR concentration.
Below about 50 Mradno peroxy radicals are observed. Such
a result is in marked contrast to the situation for the oxygen-
excess material where such an anneal produced a strong in-
crease in the PR concentration. According to the model de-
scribed by reaction~2!, PR’s were not expected for the
oxygen-deficient material. However, starting at about 80
Mrad, peroxy radicals appear upon annealingand the ther-
mally produced PR concentration increases rapidly with
dose. More details are shown in Fig. 6 for an oxygen-
deficient material irradiated to 400 Mrad. Before the soft
anneal, the low-temperature~100 K! oxygen hole center ESR
spectrum shows only the nonbridging-oxygen hole center
without peroxy radicals. However, upon annealing, peroxy
radicals dramatically appear. The postanneal irradiation
bleached some of the peroxy radicals created during the soft
anneal.

Tsai and Griscom19 previously presented experimental
evidence for the presence of radiolytic oxygen in high-purity
silicas, i.e., Suprasil 1 and 2, which contain stoichiometric
network oxygen and about 1019/cm3 OH groups. The origin
of the radiolytic oxygen was attributed to network oxygen
due to the exciton decay mechanism. However, due to the
high concentration of OH groups, the radiolytic production
of oxygen from this latter source cannot be ruled out. In the
present work, peroxy radicals have been observed in low-
OH, oxygen-deficient materials. The only possible origin of
these centers appears to be radiolytic oxygenfrom the net-
work. In that sense, the present work represent the most di-
rect experimental evidence for the radiolytic creation of oxy-
gen from the network.

At extremely high doses the concentration of radiolytic
oxygen is likely to exceed that of any precursors. In this
regime the radiation hardness is expected to have a universal
behavior, independent of precursors. Griscom20 has recently
reported the radiation hardening of optical fibers at ultrahigh
doses to processes involving radiolytic oxygen.

An additional effect was observed in the interrupted an-
neal experiments on the ‘‘dry,’’ oxygen-deficient materials.
The soft anneal converted about 90% of the remainingEg8
ESR signal to theEb8 -like line shape. The conversion ofEg8

centers intoEb8 centers upon annealing was observed previ-
ously by Griscom13 in high-OH a-SiO2 . The present work
shows that this effect is reversible, i.e., theEb8 centers con-
vert intoEg8 centers upon resumption of irradiation.

C. Other defects produced by low-temperature irradiation

We observed ESR signals due to atomic H0 and Cl0 sig-
nals in both Suprasil W1 and J8 after x irradiation at 77 K.
The ESR signals were measured at the same temperature.
The samples were kept in liquid-nitrogen continuously when

FIG. 5. The peroxy radical spin density versus x-ray dose for
oxygen-deficient material for the same conditions as in Fig. 3.

FIG. 6. ESR spectra showing details of the anneal and post-
anneal irradiation behavior for an oxygen-deficient sample which
had been irradiated to 400 Mrad. The spectra were recorded at 77
K.
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they were transferred from the x-ray machine to the ESR
spectrometer, since these two signals were thermally very
unstable and annealed out at room temperature. These two
signals were characterized by Griscom and Friebele.14,21,22

They showed that H0 and Cl0 diffuse rapidly to dimerize
with other H0 or Cl0 and convert to molecular H2 and Cl2 at
about 130 and 300 K, respectively. The origin of the radi-
olytic H0 and Cl0 can be attributed to dissociation of Si
uOH, SiuH, and SiuCl bonds. The spin concentrations of
the two centers at 5 Mrad dose are listed in Table I along
with the concentration of other paramagnetic defects. As can
be seen, there are significant differences of@H0# and@Cl 0# in
the two materials.

IV. DISCUSSION

A. Comparison of detect production in oxygen-excess
and oxygen-deficient materials

Figures 1 and 2 show thatE8 center generation is more
efficient in the oxygen-deficient material as compared to the
oxygen-excess material, while the reverse holds true for oxy-
gen hole center generation. One contribution to the genera-
tion of E8 centers and NBOHC’s in both materials is pre-
sumably the fissure of, perhaps strained, SiuOuSi bonds,

2~wSiuOuSiw !1hn→~wSiuO•1Siw !

1~wSiuO2
•Siw !. ~3!

The energyhn in reaction~3! is supplied by the secondary
electrons resulting from the x-ray absorption. In order to ac-
count for the different efficiencies for defect generation in
the two materials shown in Figs. 1 and 2, it is necessary to
examine the role played by precursors and oxygen-associated
defect conversion.

The higher number ofE8 centers in the oxygen-deficient
material can be accounted for qualitatively in terms of the
higher number of precursors in this material. These precur-
sors are associated with the oxygen deficiency and with im-
purities. The oxygen deficiency in sample J8 results in a
large number~1017cm23) of SiuSi homobonds. These act
as precursors forE8 generation according to

wSiuSiw1hn→wSi•11Siw1e2. ~4!

Other precursors may include SiuCl and SiuH bonds. Un-
der radiation,E8 centers can be formed by radiolysis of those
bonds,

wSiuH1hn→wSi•1H0 ~5!

and

wSiuCl1hn→wSi•1Cl0. ~6!

Table I shows that a relatively large Cl0 concentration was
observed in the oxygen-deficient material following low-
temperature irradiation; the H0 concentration was lower in
both materials, but larger in the oxygen-excess material as
compared to the oxygen-deficient material. Thus, reactions
~5! and especially~6! probably also contribute to a larger
E8 concentration in the oxygen-deficient material as com-
pared to the oxygen-excess material.

As discussed above, it has been shown thatE8 centers
may convert rapidly to PR’s in oxygen-excess material at
temperatures of about 200 °C. It seems likely that this pro-
cess also occurs at room temperature, although at a reduced
rate. We have also shown that, under room-temperature irra-
diation, some of these PR’s reconvert toE8 centers. It seems
plausible that during the room-temperature irradiation of the
oxygen-excess material reaction~2! leads to a net production
of PR’s and thus accounts for the larger oxygen hole center
production in the oxygen-excess material as compared to the
oxygen-deficient material.

B. E8-PR interconversion in oxygen-deficient material

The interconversion ofE8 centers and PR’s observed in
oxygen-excess material11 is not expected in low-OH,
oxygen-deficient material due to the lack of the interstitial
molecular oxygen. Indeed, such interconversions are not ob-
served at low dose in the oxygen-deficient material, indicat-
ing the absence of O2 molecules. However, starting at about
80 Mrad accumulated dose in the oxygen-deficient material
such interconversions are observed; and, as Figs. 3 and 5
show, the magnitude of the effect increases strongly with
dose. This interconversion implies that radiolytic oxygen
molecules are present in the irradiated, oxygen-deficient ma-
terial, and their concentration increases sharply with dose.

We propose a simple physical model to explain this un-
usual behavior of oxygen in irradiated, low-OH, oxygen-
deficient material. Our explanation is based on the fact that
glass~silica glass, in particular! is a strongly disordered sys-
tem which can be characterized on average by a correlation
length Rc . The existence of such a correlation length has
been well documented with a number of experimental tech-
niques and theoretical approaches.23 However, the numerical

TABLE I. Defect yields in oxygen-deficient~J8! and oxygen-excess~Suprasil W1! low-@OH# silicas as
determined by ESR measurements. Samples were x irradiated to 5 Mrad and the ESR measurements per-
formed at 77 K immediately following the irradiation. The H0 and Cl0 measurements were made on samples
x irradiated at 77 K; other measurements were carried out on samples irradiated at room temperature. N.D.
indicates ‘‘not determined.’’

Defect concentration (1015/cm3)
Sample @Eg8# @NBOHC# @PR# @H0# @Cl0# @Ed8# @Triplet#

Suprasil W1a 5.15 1.08 2.52 0.72 1.62 N.D. N.D.
J8b 12.60 0.2 N.D. 0.15 6.13 0.7 0.15

aManufactured by Haraeus-Amersil.
bProvided by Dr. H. Hosono of Tokyo Institute of Technology.
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value ofRc is strongly dependent on the nature of the physi-
cal phenomenon under consideration. For example, the cor-
relation length for intermediate-range order in amorphous
silica ~from x-ray diffraction data! is about 40 Å.24 The cor-
relation length for processes of transport and scattering of
charged carriers~free electrons and holes! in silica is quite
different. In this paper, with regard to the problem of soft
annealing in irradiated oxygen-deficient silica, we will be
interested in yet a different correlation length which charac-
terizes a space relaxation of elastic strain, stress, and inter-
atomic interactions associated with radiation-induced point
defects in glass.

The concept of a correlation length allows us to consider
amorphous silica as a disordered system consisting of a set
of nanoregions of different sizes and shapes that fill out the
entire sample, and behave as coherently self-connected elas-
tic microregions. The mean size of these nanoregions is des-
ignated by the quantityRc . This characteristic scale plays an
essential role for our further consideration.

As is well known, amorphous silica tends toward compac-
tion under irradiation. Radiation-induced compaction might
be explained in part by a strong attractive interaction be-
tween radiolytically displayed oxygen atoms because the
volume of an O2 molecule is less than the volume of two
separated oxygen atoms in silica,V~O2),2V~O!. However,
this attractive interaction~which would be a long-range elas-
tic attraction in a crystal lattice! is cut off at the correlation
radiusRc in the case of a disordered glass network. Thus this
interaction between oxygen atoms can be considered as an
analogue of the screened Coulomb~or Yukawa! potential.

In accordance with the concept of a correlation length
Rc , we have independent diffusion of oxygen atoms in dif-
ferent nanoregions if the mean distance between them ex-
ceeds the correlation length for the elastic interaction,
R.Rc . We assume that, within a nanoregion, the driftlike
motion dominates the diffusive motion. With this assump-
tion, if at least two oxygen atoms are generated in one nan-
oregion,R<Rc , they always combine into an O2 molecule
with probability 1.

To demonstrate the existence ofRc and to obtain a rough
estimate of its value, we proceed as follows. We use the
results in Figs. 1 and 5 to plot the change in@PR# on anneal-
ing vs the average separation ofE8 centers. The average
separation ofE8 centers at a particular dose is just propor-
tional to @E8#21/3. The results are presented in Fig. 7. We
expect the concentration ofE8 centers to be proportional to
the concentration of radiolytic oxygen atoms at high dose.
With this assumption, Fig. 7 shows that the annealing-
induced change in@PR# depends very strongly on the average
separation of oxygen molecules.

We now present the details of the model. Radiolytic oxy-
gen atoms are created randomly ina-SiO2 during irradiation.
A fraction of these atoms combine into oxygen molecules
and participate in the conversion ofE8 centers into PR’s
during a subsequent anneal@see Eq.~1!#. We describe the PR
andE8 concentrations during this time interval by the equa-
tions

d@E8#

dt
52~c11c2!@E8#,

d@PR#

dt
5c1@E8#. ~7!

We assume first that bothc1 and c2 are constant, and we
further assume thatc15L@O2# whereL is a constant. Solv-
ing these equations shows that thechangein the PR concen-
tration during the anneal is given by

D@PR#5K@E8#@O2#, ~8!

whereK is a constant which depends onL, c2 , and the
annealing time, and@E8# is theE8 concentration at thebe-
ginning of the anneal. Equation~8! is the solution of the
kinetic problem stated by Eqs.~7! above; it is not a rate
equation nor does it represent a mass action law; it is simply
the net change in PR concentration during the thermal an-
neal. The preceding discussion was based on a constantc1 .
In fact @O2#, and hencec1 , probably depends on time. Two
cases may be treated: O2 molecules may be created during
the irradiation and consumed in reaction~1! during the an-
neal; and O2 molecules may be createdand consumed dur-
ing the anneal. In either situation,@O2# as a function of time
probably has a well-defined maximum. In such conditions, a
step-function approximation for the time dependence of
@O2# allows us to simplify the integration of the rate Eqs.~7!
with a time-dependentc1 , and get Eq.~8! as a result. In this
case@O2# in Eq. ~8! represents the time-averaged value of
@O2# during the anneal. The constantK in this case depends
onL, c2 , the annealing time, and the shape function describ-
ing the time dependence of@O2#.

The concentration ofE8 centers appearing in Eq.~8! is
determined directly from the ESR data. We now proceed to
estimate the concentration of O2 using the concept of a nan-
oregion discussed above. The nearest-neighbor distribution
functionG(R) for the case of randomly distributed defects
is25

G~R!54pR2N0expS 2
4p

3
R3N0D , ~9!

whereN0 is the density of defects, which in the present case
we take to be the density of radiolytically displaced oxygen
atoms. The probability of the recombination of O atoms into
O2 molecules is proportional to the integral ofG(R) over a
nanoregion so that

FIG. 7. Thermal-anneal-induced change in PR concentration vs
RE8 for the oxygen-deficient material. The solid line represents the
theoretical expression discussed in the text.
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@O2#5 1
2N0E

0

Rc
dRG~R!5 1

2N0F12expS 2
4p

3
Rc
3N0D G .

~10!

As discussed above, we assume that, at high dose,
N05a@E8#, wherea is somewhat less than unity~see be-
low!. If we defineRE8 as the mean separation ofE8 centers
before the thermal anneal (@E8#5(4pRE8

3 /3)21), the result-
ing theoretical formula for the data of Fig. 7 is given by the
expression

D@PR#5
1

2
KaS 4p

3
RE8
3 D 22H 12expF2aS Rc

RE8
D 3G J . ~11!

The solid line in Fig. 7 is a fit of Eq.~11! to the data with the
value of a1/3Rc516 nm andKa510219 cm3. As can be
seen, the equation gives a good description of the sharp in-
crease in the anneal-induced PR concentration at high dose.
The actual values of the fitting parameters should be viewed
with caution for several reasons. Because of the limited
range of theRE8 for which we have nonzero values of@PR#,
the results are rather insensitive to the value ofRc used in
Eq. ~11!. In addition, all parameters are renormalized by the
parametera. This renormalization is not so serious forRc ,
becausea only enters as the cube root. However, a value of
16 nm is in the range of the size of nanoregions which might
be expected ina-SiO2 . If we takea'1/10, then we see that
K1/3'10 nm. Interpreting this later value in terms of Eq.~8!,
we might expect that 10 nm represents a capture radius for
the reaction of anE8 center with an O2 molecule during the
whole soft thermal annealing process. The results appear
self-consistent.

We can place a lower limit on the parametera by the
following argument. Comparing Figs. 3 and 5 shows that the
increase in PR concentration during annealing is approxi-
mately 1/80 times theE8 concentration. This increase is a
measure of the minimum concentration of O2 molecules and
leads toa>1/40. In fact, we may assume that the total
atomic oxygen concentration is at least a few times greater
than this value; thus the value of 1/10 used seems reasonable.

The mechanism based on dimerization of oxygen pre-
sented above gives a good account of our results. As a pos-
sible alternative mechanism, radiolytic oxygen might convert
E8 centers to PR during annealing by the two reactions

E81O⇒NBOHC ~12a!

and

NBOHC1O⇒PR. ~12b!

Figures 3 and 4 show that the concentration ofE8 centers is
roughly two orders of magnitude greater than that of
NBOHC. Under this condition, reaction~12a! should occur
at a much higher rate than reaction~12b! during the thermal
anneal, leading to an initialincreaseof the NBOHC concen-
tration. However, Fig. 4 shows that the NBOHC concentra-
tion decreases. In addition, the various isochronal annealing
studies in the literature always show a decrease of the
NBOHC concentration. Thus reactions~12! do not appear to
play an important role in thermal annealing. A comparison of
Figs. 4 and 5 provides additional evidence that reactions~12!
do not make a significant contribution in the present case.

The annealing of NBOHC shows a smooth behavior as a
function of dose, while the annealing of the PR’s shows an
onset at about 80 Mrad. Thus these two oxygen hole centers
appear to anneal by different processes.

C. Other annealing mechanisms

Our previous results11 on the interconversion ofE8 cen-
ters and PR’s in oxygen-excess material showed that there
was not a one-to-one correspondence between the decrease
in @E8# and the increase in@PR# on annealing for 10 min at
225 °C; the decrease in@E8# was greater than the increase in
@PR#. In the case of oxygen-deficient material, a close in-
spection of Figs. 3 and 5 shows that a similar relation holds.
In addition, as Fig. 4 shows, the@NBOHC# decreases on
annealing in the oxygen-deficient material.~The soft anneal
also removes theEd8 center and triplet states discussed ear-
lier.! These facts strongly suggest that there must be effective
annealing mechanisms at 225 °C other than that of oxygen-
diffusion-limited reactions. At such moderate temperatures,
the predominant annealing mechanisms may be controlled by
the diffusion of small interstitial molecules.

It is well known that chlorine is a fairly common impurity
in synthetic SiO2 .

26,27 Some silicas contain high concentra-
tions (.4000 ppm! of chlorine, which come from the manu-
facturing process such as dehydration from silica soot boules
and plasma oxidation of SiCl4 . Table I shows, for the special
case of irradiation and ESR measurement at 77 K, a rela-
tively large concentration of Cl0. In the oxygen-deficient
material the total concentration of this atomic chlorine is
about one-half the concentration of theEg8 centers. These
atoms are probably produced radiolytically from SiuCl
bonds as indicated by reaction~6!. It seems likely that Cl2

2 is
also produced during the low-temperature irradiation due to
trapping of electrons released by reaction~4!, although this
species normally would not be observable by ESR~see, how-
ever, Ref. 1!. It is known that, following irradiation at 77 K,
the Cl0 population decreases rapidly with increasing tem-
perature between 100 and 300 K.14 This decrease is probably
due to the diffusion-controlled dimerization of atomic chlo-
rine. Given the large number of SiuSi homobonds present
in the oxygen-deficient material and the relatively high Cl0

population produced by low-temperature irradiation, it seems
likely that the predominant sources ofEg8 centers are reac-
tions ~4! and ~6! during both low-temperature and room-
temperature irradiation. Considering the mobility of Cl0 at
room temperature and the large number of electrons released
by reaction~4!, it seems likely that the radiolytic chlorine
resulting from room-temperature irradiation will be mostly in
the form of Cl2

2 with a relatively small population of Cl2
0.

Both the Cl22 and the Cl2
0 are expected to be immobile and

stable at room temperature.14,27At 225 °C, however, the neu-
tral molecules could diffuse and react with theE8 centers to
produce diamagnetic centers:

2~wSi• !1Cl2
0→2~wSiuCl!. ~13!

The Cl2
2 are more stable than their neutral counterparts;

thus they remain immobile in the network until the tempera-
ture is raised high enough (.600 °C! to detrap the electrons
from the molecular ions, at which temperature they can par-
ticipate in annealing.
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This additional contribution toEg8 annihilation explains
why, during the thermal anneal, the decrease in@Eg8# is
greater than the increase in@PR#. For the oxygen-deficient
material in the low-dose range, the annealing ofEg8 centers is
likely due mainly to molecular chlorine. Since the concen-
tration of NBOHC’s is 40 times lower than that ofEg8 cen-
ters, similarly, the anneal of NBOHC’s may be through the
process

2~wSiuO• !1Cl2
0→2~wSiuOCl!. ~14!

V. CONCLUSIONS

We have studied two types of low-@OH# amorphous silica,
oxygen excess and oxygen deficient, to investigate the role
of nonstoichiometric oxygen concentration in x-ray-induced
defect production and thermal annealing. The most interest-
ing feature in the oxygen-excess material is the interconver-
sion ofEg8 centers and PR’s. Molecular oxygen plays a key
role in this process. Interconversions are also observed in the
oxygen-deficient material at high x-ray dose. The observa-
tion of Eg8-PR interconversion in oxygen-deficient silica is
direct experimental evidence for the presence of radiolyti-
cally displaced oxygen in this material. These interconver-
sions in the oxygen-deficient material increase strongly
above a certain threshold dose. A simple physical model is

presented to explain the results. Radiolytic oxygen atoms
undergo elastically driven recombination into O2 molecules
if their separation is less than a correlation length which
corresponds to the mean radius of some elastically coherent
nanoregion. The model provides a reasonable description of
the experimental results; the best estimate of the correlation
radius is 16 nm.

The oxygen-deficient material appears to contain a large
number of precursors forEg8 production, probably due to Si
uSi bonds~oxygen vacancies! and Cl impurities. These pre-
cursors account for the higher efficiency ofEg8 production in
the oxygen-deficient material, while interconversion may ac-
count for the higher efficiency of oxygen hole center produc-
tion in the oxygen-excess material for the dose range inves-
tigated. The present results on the role of radiolytic oxygen
imply that at very high dose, when the density of radiolytic
oxygen exceeds that of any precursors, the radiation response
may be a universal feature, independent of the type of silica.
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