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We have investigated the peroxy-radical defect in glassy Si02 by means of Mopw, a semi-

empirical molecular-orbital program, applied to a cluster of atoms chosen to simulate the

defect. Our calculations are consistent with important features of Griscom's model of the

defect as a perturbed 02 ion substituted for a single-bridging 0 ion in SiO& and at-

tached to a single silicon, and they place geometrical constraints on the defect structure for
this model to be valid. We predict the existence of a related defect (the small peroxy radi-

cal, or SPR) wherein the peroxy radical is strongly bonded to two silicons. We have also in-

vestigated the formation of the peroxy radical. Griscom and co-workers envision peroxy

linkages substituting for single-bridging oxygens during the growth process. They suggest

that upon annealing these linkages readily give up an electron to form the observed radical.

Our calculations lead us to argue against this process; rather, capture of a free hole seems

more likely. We suggest that the SPR could form via a process in which neutral oxygen

molecules diffuse through the solid and combine with F. 'i centers to form peroxy radicals.

I. INTRODUCTION

Griscom, Friebele, and co-workers recently
completed a set of detailed studies of the electron-
paramagnetic-resonance (EPR) spectra of high-

purity (less than 1-ppm foreign cations) wet and dry
fused silica. ' Their experiments were performed
on isotopically enriched samples and combined op-
tical and EPR spectroscopy with isochronal pulse
annealing techniques. From these studies, detailed
microscopic models emerged for three fundamental
defects, the E' center, ' the nonbridging oxygen
hole center (NBOHC), ' and the peroxy radical'
(PR). Models for these defects are shown in Fig. 1.

(c)

FIG. 1. Models for three fundamental defects in

Si02. (a) E& center in a-quartz. The hole is trapped on

silicon 1, while the unpaired electron is on silicon 2

(Ref. 7). A similar model is thought to be valid in fused

silica. (b) NBOHC in fused silica [after D. L. Griscom,
J. Non-Cryst. Solids 31, 241 (1979)]. (c) Peroxy radical

(PR) in fused silica (Ref. 3).

The E' center is an oxygen vacancy with a hole

trapped primarily on one of the silicon atoms
nearest the vacancy. The unpaired electron remain-

ing on the other silicon is EPR-active. The
NBOHC, as its name implies, is a trapped hole on a
singly coordinated 0 ion. The peroxy radical is

a trapped hole on a singly coordinated 02 rnole-

cule ion. These descriptions, though stated as fact,
are models, and only one of these models (the EI
center in a-quartz) has been previously tested
theoretically. There is, however, a large body of
experimental evidence, discussed below, that renders

most of the details of the models unambiguous.
Griscom and co-workers paid particular attention

to the annealing and radiation behavior of these de-

fects'. The peroxy radical exhibits surprising
behavior in that, for temperatures below about
400'C, the concentration of this defect grows with

annealing temperature and with radiation dose,
while in the same temperature range the concentra-
tions of NBOHC and E' centers decrease.
Griscom' has suggested, as a model for the defect

precursor, peroxy linkages grown into the oxide. To
account for the annealing data Griscom suggested
that such stable linkages could easily shed an elec-

tron, leading to formation of the peroxy-radical
center.

In this paper we present the first detailed theoret-

ical treatment of the peroxy radical. In Sec. II we

review the experimental results and the proposed
model for the peroxy radical. Because some con-
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clusions about this defect depend on the results for
the NBOHC and E' centers, we include discussions
of these where necessary.

In Sec. III we briefly discuss MINDO/3, the
molecular-orbital method used for the calculations.
This is planned to be discussed in detail elsewhere,
as will our results for bulk SiOz and other well-

understood defects. These results indicate that MAN-

DO/3 gives a remarkably reliable picture of SiOz.
In Sec. IV we present our results for the peroxy

radical (PR) and its precursor. We develop two
models for the peroxy radical. In one, the peroxy
radical is attached to a single silicon atom, ' and
the unattached silicon atom relaxes into the plane of
its remaining three oxygen neighbors. We argue
that this model (the PR model) is appropriate for
situations in which there are large Si-Si separations.
In the second model, the peroxy radical is strongly
bonded to two silicon atoms, but only one of the
two oxygen atoms of the peroxy radical is involved

in this bonding. Because this model apparently
would be appropriate for normal Si-Si separations
(between -3.05 and 3.25 A), we call it the small

peroxy radical (SPR). While both of these models
are consistent with ' 0 hyperfine data, only the PR
exhibits the appropriate Si hyperfine interaction,
and to date there is no experimental evidence for
the existence of the SPR. This is discussed in detail
in Secs. II and IV.

The defect-formation problem has been con-
sidered for both of these models. For normal Si-Si
separations, our calculations indicate that a
peroxy-linkage precursor would be energetically un-

favored by about 3 eV. We infer from this energy
difference that such precursors are unlikely to occur
in the growth process of crystalline SiOz. Forma-
tion of the SPR could, however, take place by a
mechanism in which dissolved 02 molecules diffuse
and combine with existing E' centers.

In the case of large Si-Si separations, the peroxy
linkage is favored energetically over a single-

bridging oxygen atom. However, the annealing
behavior is not in agreement with our calculations
at this point in that we do not predict that the pre-
cursor will readily "shed" an electron. We suggest,
rather, that hole trapping is responsible for creation
of the peroxy radical. This is discussed further in
Sec. V.

II. EXPERIMENTAL BACKGROUND

The first EPR spectra of neutron-irradiated crys-
talline and fused quartz were obtained by Weeks'

over 20 years ago. The spectra of both materials
consisted of a single sharp line and a broad absorp-
tion band, the band in the crystal showing more
structure. Further experiments by Silsbee" on crys-
talline a-quartz indicated that the sharp line had
hyperfine satellites that were weak in intensity, but
whose splittings were indicative of both strong and
weak interactions.

Detailed analysis of these lines led to the model
for the EI center shown in Fig. 1(a). Theoretical
calculations using this model have reproduced
most experimental results. We plan to discuss these
results in detail elsewhere.

While the E' resonance data received a good deal
of attention in the literature, ' ' the broad EPR
absorption accompanying the E' signal was almost
ignored. It was known to have very weak Si hy-

perfine interaction, ' indicating that the spin was
associated with the oxygen sublattice. The g shifts
implied that the spin was probably a hole. '

Recently Griscom and co-workers have undertak-
en a detailed study of this spectrum in noncrystal-
line SiOz. Through isochronal pulse annealing
studies on both "wet" (high OH content) and "dry"
(low OH content) silicas, Friebele et al. ' determined
that the broad band was a superposition of signals
due to two different defects. One of these is
predominant in wet oxides and the other in dry.
Further identification was facilitated by enriching
samples' with ' O. The ' 0 hyperfine data indicat-
ed that the oxygen-related hole center (OHC) in wet

silica was a hole trapped on a single oxygen atom in

a lone-pair p orbital.
The final model' for the OHC in wet silica,

shown in Fig. 1(b), has the nonbridging oxygen
atom facing an OH group. The presence of the OH
group is consistent with the strong positive correla-
tion of the amplitude of the NBOHC (wet OHC)
EPR signal with the number density of OH groups
in the glass, and with thermodynamic calcula-
tions.

The OHC in dry silica has also been analyzed'
using ' 0-enriched samples. The dry oxides were
enriched to 36 at. % ' 0 and then annealed at
550'C. This treatment eliminated the E' center
while it maximized the ratio of dry to wet OHC
concentrations. A successful computer simulation
of the resulting EPR spectrum was obtained' by us-

ing the following assumptions:
(1) The spin is associated with a perturbed 02

ion which is assumed to be configured as in Fig.
l(c).

(2) Given the 36-at. % ' 0 enrichment, the possi-
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ble combinations of ' 0, ' 0 could be obtained for
the two oxygen sites. The appropriate weighting
factors for each configuration were calculated,
along with the number of EPR lines expected.

(3) The value for g3 was obtained from a best fit
to the experimental spectrum. g~ and g2 were ob-
tained from the theory of the 02 ion. '

(4) The values for the hyperfine parameters AI~
and A j were also obtained from best fits to experi-
ment with the assumption that 100% of the spin
resided on the two oxygen atoms.

From the computer simulation of the EPR spec-
trum it was determined that the spin has almost
pure p character, and that it spends 74% of its time
on one oxygen atom and 26% on the other. Al-
though it was impossible to determine on which
oxygen the spin spends most of its time, it was as-
sumed to be primarily on the terminating oxygen in
Fig. 1(c).

Isochronal pulse annealing studies have also been
performed on the dry oxides'. In these experiments
the irradiated sample was subjected to a series of
10-min annealing steps. In each successive step, the
temperature was increased by 50'C. Between steps
the sample was cooled to 77 K for EPR measure-
ments and then allowed to warm up to room tern-
perature for optical-absorption measurements. The
results of these experiments are shown in Fig. 2.
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FIG. 2. Correlation of the intensity of the EPR spec-
tra of the "wet, " "dry, " and total (wet+ dry) oxygen-
associated hole centers in y-irradiated Suprasil W-1 with
the peak height of the 7.6-eV optical-absorption band as
a function of 10-min isochronal anneals (after Ref. 1).

Note that the E' and the NBOHC (wet OHC) EPR
signals decrease monotonically with increasing an-
nealing temperature, while the dry OHC signal in-
creases with temperature up to 350'C. Note also
that the 7.6-eV optical absorption also rises, indicat-
ing that it is probably associated only with the dry
OHC.

To account for the ' 0 hyperfine data, along with
the optical correlation and annealing characteristics,
Griscom and co-workers proposed the following
model. ' Pre-existing in the glass are Si-0-0-Si
linkages, wherein 02 molecules substitute for
0 ions. These molecules are assumed to be pre-
cursors of the peroxy radical. It is argued that
upon radiation or annealirig, this linkage readily
gives up ari electron, breaking an Si—0 bond, and
forming the configuration shown in Fig. 1(c). At
the same time, the silicon that is only threefold
coordinated relaxes in a manner similar to the E'~

center. The assertion that this system should easily
shed an electron is made on the strength of experi-
ments on peroxy-borate glasses. '

Griscom and Friebele recently completed a set of
EPR experiments on dry, Si-enriched oxides.
The changes in the EPR spectra due to enriching
the sample with Si are indicative of a strong hy-
perfine interaction with a single silicon atom. To
within experimental resolution, the evidence is
strongest for a conformation in which the peroxy
radical is attached to only a single silicon atom. In
fact, the experiment indicates that the unpaired spin
interacts at least 5 times more intensely with one
silicon than with any other.

Also, the Si hyperfine parameters A~ and A2
obtained from the computer simulation indicate
that the hyperfine splittings for the peroxy radical
are 30% of those exhibited by the nonbridging oxy-
gen hole center. If it is assumed that the hyperfine
splitting is due to interaction of the Si nucleus
with only the site-1 oxygen (a reasonable assump-
tion in light of the strong distance dependence of
the hyperfine interaction), this lends support to the
contention that most of the hole spin density resides
on the far oxygen atom, site 2.

Finally, it is argued by Griscom and Friebele
that the inequality of A ~ and A2 for the peroxy rad-
ical indicates that the Si—0—0 bond angle is less
than 180'.

III. THEORETICAL BACKGROUND

We used a semiempirical linear combination of
atomic orbitals and molecular-orbital (LCAO-MO)
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program MopN (Ref. 18) to obtain molecular orbi-

tals, total energies, and spin densities for a small
cluster (shown in Fig. 3) that was used to represent
the peroxy radical in SiOz. This cluster consists of
two Si, eight 0, and six H; the H atoms are used to
terminate possible dangling bonds.

MOPN, an unrestricted Hartree-Fock version of
MINDoi3, ' is based on the intermediate neglect of
differential overlap (INDO) approximation. If
p,z( r ) is the basis set of atomic valence orbitals,
where i labels the atom and A is the set of atomic
quantum numbers, then in the complete neglect of
differential overlap (NDO) approximation,

p;„(r )pzs( r )=0, i', 2+8 .

This approximation eliminates all three- and four-
center and most two-center matrix elements. It also
eliminates all exchange integrals and hence will give
no term splitting. INDO ameliorates this deficien-
cy by including all one-center, two-electron matrix
elements. The remaining one- and two-center in-
tegrals are either parametrized or evaluated using
empirical formulas. ' The parameters are fit to
obtain good agreement with experimental molecular
heats of formation, bond lengths, and bond energies.

As a result, MINDO/3 gives remarkably accurate
predictions for conformations of molecules and
point defects, ' with a few notable exceptions. '

FIG. 3. Minimum energy conformation for the
peroxy radical with outer oxygens at a-quartz positions
(i.e., the SPR) as computed by MOPN. This also illus-
trates the cluster of atoms used in all of our calcula-
tions.

An important failure of MINDO/3 is that it con-
sistently predicts bond angles larger than experi-
ment for heavy atoms. i' This has specific impor-
tance to our calculations in Si02. MINDO/3 and
most other NDO methods predict that the
Si—0—Si bond angle will be linear, while the ex-
perimental value is —144'. Even in Si2OH6, disi-
loxane, the Si —0—Si angle is about 140'. This
failure forced us to use various constraints to ensure
nonlinear Si—0—Si bond angles. In most calcula-
tions we fixed the positions of the six outer oxygen
atoms (Fig. 3). This technique gave good results for
calculations on E' centers.

MINDO/3 and MOPN contain routines that au-
tomatically search for minima in total energy with
respect to molecular geometry. This is an extremely
important feature for calculations such as ours.

IV. CALCULATIONS AND DISCUSSION

A. The peroxy radical

Considering the cluster shown in Fig. 3, we inves-
tigated the effects of a wide range of geometrical
constraints on the results of calculations using
MOPN. From these calculations two models for the
peroxy radical emerged. In the first model, the
site-1 oxygen is bonded to two silicon atoms as
shown in Fig. 3. This model resulted from calcula-
tions in which the Si-Si separation was constrained

0
to be between 3.0S and 3.24 A. In the second
model, appropriate for very large Si-Si separations,
we obtained results that were in good agreement
with Griscom's prediction.

While both of these models agree with the ' 0
hyperfine data, the first model (the SPR) has been
ruled out as the observed peroxy radical in fused sil-
ica by a combination of Griscom's Si hyperfine
data and by our own hyperfine calculations. How-
ever, there appears to be no a priori reason why the
SPR should not exist, particularly in crystalline
Si02, and for this reason a discussion of the SPR is
included here.

In our first calculations on the SPR the outer ox-
ygen atoms were fixed in the normal u-quartz posi-
tions. From neutron and x-ray scattering studies of
amorphous Si02 and most crystalline forms2425 of
Si02, this seems a reasonable local geometry. The
terminating hydrogen atoms were attached with
0—H bond lengths of 0.93 A and Si—0—H bond
angles of 144'.

The cluster was given a net positive charge (+e)
to simulate the radical, and the two central oxygen
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atoms and the two silicon atoms were allowed to
search for positions of minimum total energy. Fig-
ure 3 is in fact obtained from an ORTEP (Ref. 26)
plot with atomic positions that minimize total ener-

gy for the SPR case.
Many of the features of this predicted defect are

the same as for the observed peroxy defect, with the
exception of the Si data. In particular, the 0&-02
distance is 1.31 A, close to the experimental value
for the bond length~ for free Oz, and to the MOPN

prediction for free 02 . The p-spin density displays
the correct asymmetry, as shown in Table I.

The predicted silicon s-spin density is shown in
Table II. These values lead to a 12:7 ratio between
the hyperfine interactions with Sil and Siz. This in-

equality is somewhat surprising, considering the
near equivalence of the Si, —0~ and Siz —Ol bond-

lengths. It points up the fact that the two silicons
are not equivalent when all the atoms in the cluster
(or solid) are taken into account.

The computed one-electron spectrum of the SPR
is shown in Fig. 4. Below the dashed line indicated
as the Fermi level, there are 31 "a" spin-occupied
states and 30 "P" spin-occupied states. There is an
extra P-spin virtual orbital, indicating that the hole
is part of this virtual manifold. Comparison of the
molecular-orbital coefficients with the calculated
total spin densities indicates that the oxygen p-spin
density arises almost exclusively from a single-P-
spin virtual orbital which we will call the "hole
state. " The energy level of this orbital is indicated
in Fig. 4.

It should be noted that these "energy levels" are
the Hartree-Fock parameters, and thus care must be
exercised when interpreting them physically. If
they are taken to be the real electronic energies,
then the hole orbital is part of the conduction band.
If the frozen-orbital approximation is carefully ap-
plied, we find that the energy needed to promote
an electron from the highest occupied state to the
hole state is reduced from 10.5 to 1.7 eV. This
large reduction in the energy difference arises from
the inclusion of the appropriate Coulomb and ex-
change integrals in the energy difference~s

Fj, ' 'Ef —&; —& if [
—

/
if &

TABLE I. p-spin density, in percent, on the peroxy
radical. See Fig. 3 for site nomenclature.

TABLE II. Computed s-spin density on the silicon
atoms of the peroxy radical (in arbitrary units). See Fig.
3 for site nomenclature.

Si)
Si2

Density —SPR

1.00
0.57

Density —PR

1.00
0.0028

--5.0

--IO.O

~ hole
state

corrected
hole

state

EF

E (ev)
--20.0

— 50.0

— 40,0

Here the e's are the Hartree-Fock parameters, Ef;
is the energy difference between initial and final
states, and (,if

~ ~if ) is the difference between
Coulomb and exchange integrals involving initial
and final states.

It is important to note that this large energy
reduction strengthens the analogy between free Oq
and the peroxy radical in Si02. The highest occu-
pied molecular orbital for free 02 is one of the de-

generate antiboriding m. orbitals. The lowest unoc-
cupied molecular orbital is the other m orbital so
that the energy difference is zero. The same argu-
ment should hold for the peroxy radical in Si02
with a slight modification. In this case the energy
levels and wave functions are perturbed by the
bonding between the peroxy and the Si02 network.
The m orbitals are split as the symmetry is lowered

Density (%%uo)
Spin spin

Oi
Op

Ref.

26
74

1

23
77

Theory —SPR

33
67

Theory —PR

FIG. 4. Single-particle energy levels for the SPR,
with a-quartz geometrical constraints, as calculated
using MOPN. All states below the dashed line are occu-
pied. The hole state is indicated.
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from DI,
" to approximately C, . However, this split-

ting should not be very large if the perturbation pic-
ture is appropriate. By analyzing the wave-function
coefficients of the highest occupied P-spin molecu-
lar orbital, we determined that it was predominantly
oxygen 2p, and that it pointed 90' away from the
hole state and 86.0' away from the 0&-02 vector,
consistent with the perturbed 02 picture.

The results shown in Table II for the SPR clearly
indicate that while this may possibly be a stable de-

fect, it is not the peroxy radical observed by
Griscom and co-workers. While our Si hyperfine
interaction is asymmetric, a 12:7 ratio would give a
qualitatively different EPR spectrum than was ob-
tained by Griscom et a/. , who obtain a 5:1 ratio as a
lower bound. We thus see that although the ex-
istence of an inequality in the two 9Si hyperfine in-

teractions does not disprove the SPR model, the ob-
served magnitude of the inequality is inconsistent
with that model.

We next performed a set of calculations relaxing
the constraint that the outer oxygens be in cx-quartz
positions. In these calculations we first set the

0
silicon-silicon distance at values from 3.05 to 5.2 A.
The outer oxygen atoms were then set in tetrahedral
coordination and were held fixed in each calcula-

0

tion. The hydrogen atoms were set 0.94 A away
from the outer oxygen to which each was bonded
(the MINDo/3 equilibrium OH bond length) and the
Si —0—H bond angles were set at 144'. Again, the
cluster was given a net positive charge and the two
silicon atoms and the two inner oxygen atoms were
allowed to search for minima in total energy. We
performed these calculations to find the minimum
size of the oxygen cage that would lead to the ob-
served asymmetry in both the ' 0 and Si hyper-
fine interactions.

Three qualitatively different physical situations
were obtained. First, there was the SPR situation
already discussed in which the O~ and 02 spin den-

sities, and hence the ' 0 hyperfine interaction, were
asymmetric, but the Si s-spin densities were more
nearly symmetric than observed. Figure 3 shows a
generic conformation that holds for this case. Such
results were obtained for initial Si-Si separations
less than 3.8 A.

The second generic situation yielded symmetric
' 0 and Si hyperfine interactions. The conforma-
tion for this model is such that each of the two oxy-
gen atoms is bonded to one of the silicon atoms.
Such energy minima could be obtained over the en-

0
tire range of initial Si-Si separation 3.05 to 5.2 A, if
the outer tetrahedra were suitably "twisted. " This

TABLE III. Computed heats of formation ddt for
different initial Si-Si separations. Sym (nonsym) indi-
cates that the local minimum energy configuration leads
to symmetric (nonsymmetric) Si and ' 0 hyperfine in-

teractions.

Initial
R si —si

(A)

4.8
5.0
5.2

6Hz (sym)
(eV)

—19.92
—18.97
—18.44

AHF (nonsym)
(eV)

—18.42
—18.43
—18.65

is discussed later in connection with the peroxy pre-
cursor.

The third situation is the observed type, wherein
both the ' 0 and the Si hyperfine interactions are
asymmetric. The conformation is generally quite
similar to Fig. 1(c). Such energy minima occur for
initial Si-Si separation greater than 4.8 A.

Note that the above discussion implies that the
peroxy radical may have several local energy mini-

ma for a given outer oxygen "cage." The total ener-

gies will then dictate which conformation will dom-

inate in various situations. The most important re-

sult is illustrated in Table III; namely, the peroxy-
radical conformation leading to the observed hyper-
fine asymmetries is energetically favored only for

0

initial Si-Si separations of 5.2 A and larger.
While this Si-Si separation may seem unreason-

ably large, predictions of this size are not without
precedent. To explain the anomalous low-

temperature specific heat of a-Si02, the existence of
two-level tunneling systems was postulated.
One particular microscopic model for these two lev-

el systems involves Si-0-Si linkages in which the
oxygen atom is off center. ' These off-center sys-
tems have a double-well potential surface, and
motion between these wells is assumed to take place
even at very low temperatures. Theoretical calcula-
tions ' have been done to determine the Si-Si
separation needed to induce the oxygen atom to
move off center. A simple Morse potential calcula-
tion ' predicted that the onset of this occurred at

0
3.8 A, while calculations using MINDO/3 predicted
the onset would be at 4.2 A. (Calculations on disi-

0

loxane using Gaussian 76 at R s; s; ——4.2 A
predicted that the oxygen would not be far off
center, Rs; o ——1.85 A, so that the MINDO/3 predic-
tion can be considered reasonable. )

The calculated conformation of the asymmetric
peroxy radical for an initial Si-Si separation of
5.2 A is represented schematically in Fig. 5. Several
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&Si -Si -0 = 8'
2 I I

&Si -0-0 = l22'
I I 2

FIG. 5. Schematic representation of the calculated
atomic positions for the peroxy radical for an initial Si-
Si separation of 5.2 A. Outer oxygens are omitted for
convenience.

salient features of this calculation should be noted.
The O~ —Oz bondlength is 1.29 A, again very close
to the experimental value for free Oz (1.30 A),
and to the MOPN prediction (1.31 A). The peroxy
radical is clearly attached to a single silicon atom.
In Table IV we list the resulting Si~ 2

—0& 2 bond
distances.

Not shown in Fig. 5 is the important feature that
the threefold-coordinated silicon atom has relaxed
almost completely back into the plane of the three
neighboring oxygen atoms, while the silicon to
which the peroxy radical is attached has remained
in a tetrahedral configuration. The final Si-Si
separation is 6.01 A, indicative of the large relaxa-
tion that Si2 underwent.

We now consider the electronic structure of the
peroxy radical. In Table I we compare the calculat-
ed p-spin densities on the peroxy oxygen atoms to
those predicted by Griscom et al. The asymmetry
predicted by MOPN is in good agreement with exper-
iment. We also include the silicon s-spin densities
predicted by MOPN. These are shown in Table II.
These spin densities imply that the ratio of hyper-
fine interaction between Si& and Si2 is 480:1. This is
consistent with the Si data for the dry oxides.

The single-particle eigenvalue spectrum for the
PR is found to be similar to that of the SPR. As
with the small Rs; s; cluster, the single-particle
state associated with the hole is part of the conduc-
tion band. By making the appropriate correction to
the excitation energies [using Eq. (I)], the energy
difference between the highest occupied molecular
orbital and the hole state is lowered from 10.34 to

0.01 eV. The hole eigenstate is again predominantly
lone pair (m-like), and points 89.5' out of the Si2-
O~-Oq plane. Again, the picture of the peroxy radi-
cal as a perturbed 02 ion suffices to explain both
the experimental results and the theoretical calcula-
tions.

B. The peroxy precursor

Using the same cluster, but with no charge, we
performed calculations on the presumed peroxy pre-
cursor. We started with an a-quartz oxygen cage,
the same used in the first SPR calculation. Again,
we allowed the two silicon atoms and the two cen-
tral oxygen atoms to search for positions that mini-
mized the total energy.

The equilibrium conformation of the computed
SPR precursor is shown in Fig. 6. It is interesting
to note that this precursor is not a linkage, but rath-
er an oxygen atom trapped by a single bridging oxy-
gen atom. This is also inferred by the interatomic
distances shown in Table V. The heat of formation
of this cluster is —25.8 eV. This should be com-
pared to the heat of formation of the u-quartz clus-
ter with a single bridging oxygen, which is —29.5

eV. The difference between these two heats of for-
mation has the following significance. The heats of
formation calculated by MOPN compare the energies
of infinitely separated atoms to the atoms bonded to
form a molecule. The difference then implies that
the second oxygen would prefer to be infinitely dis-

tant from the cluster by 3.7 eV. This difference can
be used to calculate a Boltzmann factor that gives
the ratio of double bridging oxygen atoms to single
bridging oxygen atoms plus single oxygen atoms.
(In this analysis we are neglecting the effect of the
solid on a "free" interstitial oxygen atom. An im-
proved scheme would be to calculate the total ener-

gy of a free oxygen atom and of an oxygen atom in

TABLE IV. Computed distances between the silicon
atoms and the peroxy oxygen atoms, in A, for the PR
with an initial Si&-Si& separation of 5.2 A.

0) O2

Si)
Si2

1.71
4.23

2.63
3.90 FIG. 6. Conformation of the peroxy precursor with

outer oxygen atoms in a-quartz positions.
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Si)
Sly

Oi

1.92
2.41

02

1.63
1.60

TABLE V. Computed interatomic distances for the
peroxy precursor, in A, for the SPR.

oxygen atoms. We performed a set of calculations
in which the silicon atoms were set at various dis-

0

tances from 3.05 to 4.2 A. In these calculations the
outer oxygen atoms were constrained to move rigid-
ly in tetrahedral coordination, that is (with sub-
scripts as in Fig. 6),

an appropriate crystal potential. The difference in
these energies would be subtracted from 3.7 eV.)
For 3.7 eV this ratio is about 10 ' at 1200'C. So
we predict that during the growth process the densi-

ty of double oxygen atoms will be no more than
about 10' cm, 6 orders of magnitude lower than
the known experimental value for the density of
peroxy radicals in the experiments of Griscom and
co-workers. ' This cannot be a precursor for the
observed peroxy radicals.

In the case of large Si-Si separation, using, for in-
stance, the same initial geometry as for the asym-
metric peroxy radical, the opposite condition holds.
A peroxy linkage is strongly favored over a single
oxygen atom. This is not surprising, since with
such a large Si-Si separation, a single oxygen atom
is bonded to only one silicon atom, leaving a bond
dangling from the other silicon.

The minimum energy conformation for this case,
0

with the initial Si-Si separation of 5.2 A, is shown
schematically in Fig. 7. Our calculation indicates
that if the outer oxygen atoms are frozen, then, for
the neutral cluster, the silicon outer oxygen bonds
will stretch to about 1.69 A, allowing the Si-Si
separation to shrink from 5.2 to 4.84 A, thus stabil-
izing the bonds between the silicon atoms and the
peroxy linkage. The oxygen-oxygen separation for
the peroxy linkage, 1.45 A, is close to the MoPN
prediction for the bond length for 02

For Si-Si separations between 3.05 and 4.2 A, the
relative stability of single and double bridging oxy-
gen atoms depends on the orientation of the outer

L04—Si)—05——L04—Si)—03

=Z.O5 —Si)—03——109.47,

in degrees, and

Rsi P =1 63,
0

in A.
Similar constraints were placed on 06 8 and Si2.

During the energy search, we required that

l.04—Si~ —O~ ——/05 —Si~ —0(
=Z.03—Si~ —0&——109.47,

LO7 —S&2—02—Z.O8 —Sj2—02

= F6—Si2 —02 ——109.47,
both in degrees, so that the outer oxygen atoms
moved rigidly with 0~ and Oq. The terminating hy-
drogen atoms were constrained to move rigidly with
the outer oxygen atoms (Si—0—H angles were
fixed at 144). The silicon atoms were not allowed
to relax for reasons discussed in Sec. III. A typical
minimum energy conformation under these con-
straints is shown in Fig. 8.

After the minimum energy configuration was
found, the outer oxygen and hydrogen atoms were
fixed at these positions, one of the central oxygen
atoms was removed, and the remaining central oxy-
gen atom was allowed to relax. Under these condi-
tions we found that there are cases for which a
peroxy linkage is energetically favored over a single
bridging oxygen atom. This is true for Rs; s; as
small as 3.17 A. These, however, may well involve
physically unrealistic positions for the outer atoms.

&Si -Si -0= 52 I I

& Si —0 —0 = l38
f 2

FIG. 7. Schematic representations of the calculated
atomic positions for the peroxy precursor with initial
Si-Si separation of 5.2 A. Outer oxygen atoms are omit-
ted for convenience.

FIG. 8. Minimum energy configuration for peroxy
precursor at Rs; s; ——3.15 A.
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U. DEFECT FORMATION

1
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FIG. 9. Electrical levels for the peroxy radical and
for the E~ center as calculated using MOPN.

As stated above, to explain the annealing data
Friebele et al. hypothesized that the peroxy precur-
sor easily sheds an electron upon heating. We have
not seen evidence for this in our calculations, as we
predict the electrical level of the peroxy radical to
be about 5.2 eV below the conduction-band edge.
(Fig. 9). The energy difference between the relaxed
PR precursor and the relaxed PR is computed to be
6.4 eV. This is the amount of energy needed to re-
move one electron from the cluster to infinity. A
more realistic energy would be the amount needed
to promote the electron to the conduction band.
This can be estimated by subtracting the electron af-
finity for Si02, 1.2 eV, from the energy calculated
above. The result, 5.2 eV, is still very large to sur-
mount thermally.

There are other mechanisms, not included in our
calculations, that could make it easier than we have
predicted for the peroxy precursor to lose an elec-
tron. For example, we are allowing only four atoms
to relax in our calculations, when in fact many may
take part in the relaxation, thus increasing the lat-
tice relaxation energy.

A second possibility is that the precursor cap-
tures a free hole, released from some shallow hole
trap. Since annealing data (Fig. 2) indicate that the
peroxy radical grows in over the same temperature
range as the E' center anneals out, in an almost per-
fect one for one replacement of peroxy radicals for
E' centers, we investigated the possibility that E'
centers are the source of these holes. We calculated
the electrical level of the E' center using the same
method as we used for the peroxy radical. That is,
for both the charged and uncharged cluster, we al-

lowed both silicon atoms to relax inside the +-
quartz oxygen cage. (In the case of the neutral clus-

0

ter, the equilibrium Si-Si distance was 2.84 A, indi-

cating that a strained Si —Si bond has formed. ) The
electrical level is then calculated by taking the
difference in total energy between the charged clus-

ter and the neutral cluster and subtracting the elec-

tron affinity. This level for the E'l center is 5.4 eV

(Fig. 9). The F.' level is shallower than that of the

peroxy radical, but still is deep. Thus the transfer
of holes from E' centers to peroxy precursors may
be very slow. The rate could be enhanced by tun-

neling if the defects were sufficiently close to one
another, but we have insufficient information to
evaluate this possibility.

Hole-capture mechanisms have other interesting
features. If Griscom's model of the NBOHC [Fig.
1(b)] is correct, this defect should capture a second
hole and release a H+. The central oxygens then

represent a peroxy precursor, which can capture a
hole and become a PR. This could account for the
observed disappearance of the NBOHC while the
PR grows, and in fact the behavior of the PR,
NBOHC, and E' centers as shown in Fig. 2 are con-
sistent with this suggestion, at least up to 300'C.

There is one problem with both electron shedding
and hole trapping mechanisms. Our calculations

imply that a large majority of precursor linkages
will be too small to break apart when positively
charged. We certainly overestimate the difficulty to
break apart by having both "halves" of the precur-
sor rather symmetric, certainly more so than in a
real amorphous material. This could partially
resolve the problem, but it seems unlikely that all

the linkages will be sufficiently asymmetric to break

apart when ionized. A further resolution of this
problem is to assume that a peroxy linkage will not

trap a hole unless it breaks apart. We thus envision

peroxy sites which may affect the mobility of holes

but not serve as hole traps.
There is a third possibility, an 02 diffusion

mechanism which we have considered in detail for
the small peroxy radical. Recent experiments indi-

cate that it might also obtain for the large (asym-

metric) peroxy radical. We suggest the following

scenarios as a possibility for SPR formation:
(1) Initial irradiation creates oxygen vacancies,

free oxygen atoms, and free electrons and holes.
Some of these free oxygen atoms and holes are

trapped by bridging oxygen atoms to form peroxy
radicals.

(2) Holes are also trapped at oxygen vacancies to
form E' centers. (There are other hole traps in the
oxide, but they are not being considered here. The
free electrons are also trapped, though the nature of
these traps is not yet known. ) Some of the oxygen
atoms combine to form 02, which enhances the
preexisting concentration of interstitial 02. Our
calculations indicate that at temperatures at which

the dissolved 02 can diffuse, these 02 can then

combine with E' centers to form more stable
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where CE and Co are the concentrations of E'
2

centers and of interstitial oxygen molecules, D is the
diffusion coefficient for 02, and r' is a capture ra-
dius. Equation (2) is valid for diffusion-limited
processes for which there is no activation energy for
the reaction.

Several papers on oxygen diffusion through fused
silica have appeared in the literature. The dif-
fusion coefficient D is written in the form

D=A exp( E/kT) . — (3)

While there is reasonable agreement as to the size of

peroxy radicals. That the peroxy radical is more
stable than the E' center is borne out by the anneal-

ing data and by our calculations.
We made some order-of-magnitude estimates of

the capture rate of 02 molecules by E' centers to see
if there were any obvious flaws in the diffusion
model for peroxy formation. We used the standard
result from Waite for bimolecular reaction rates in
solids:

dCE dCp
= —4mr DCE'Cp 1+

dt dt (/at )
~ ~2

(2)

TABLE VI. Values for pre-exponential factor A and
for activation energy E for 02 diffusion in fused silica.

(cm'/sec)

2.88 y 10
2.0)(10
4.0X 10-"

E
(eV)

1.17
1.26
0.85

Ref.

43
40
41

the activation energy E, values for the pre-
exponential factor, A, vary by as much as 5 orders
of magnitude. The various values of E and A are
given in Table VI. The first set of values in Table
VI, due to Norton, were obtained from a straight-
forward permeability experiment, while the latter
two sets were the result of isotope exchange experi-
ments.

The difference between Norton's and Williams's
results was lucidly discussed by Meek, who
showed that Williams actually measured permeabil-
ity, not diffusion. Meek's argument, coupled with
the fact that Norton's result agrees well with data
on oxidation of silicon, led us to use Norton's
coefficient for our present discussion.

Equation (2) is analytically integrable, yielding

CE ——
(Cg —Co )Cs0 0 0

2

CE —Co exp 4wr —D(CE —Co ) l+ t
0 0 0 0 2r

2 (~Dt)' '
(4)

0
We estimated the capture radius to be 5 A, approxi-
mately the lattice constant. The values for the ini-
tial concentrations CE and Cp, were 2.0&(10'
cm and 6.2)(10' cm, respectively. The re-
sults are given in Fig. 10.

These results indicate that as a result of the 02
diffusion mechanism, the E' center concentration
should fall off rapidly in the (250—300)'C range,
which is considerably higher than the temperature
(-200'C) at which the observed falloff occurs.
This is evident by comparing Figs. 2 and 10. Only
if the initial concentration of Oq were several orders
of magnitude larger or if the activation energy for
diffusion were smaller could this mechanism ac-
count for the observed decrease in the number of E'
centers.

The 02 diffusion mechanism could be tested ex-
perimentally. If isochronal pulse annealing studies
were performed in an atmosphere of very high and

2 x IOS—

Curve

I

IO
16

0
co

200 250 300 350 400 450

T( c)

FIG. 10. Plot of E' concentration CE, vs temperature
for several different initial concentrations of O~(Cp ),2'
from Eq. (4). Other parameters are as given in text.
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very low 02 pressure, the temperature at which the
annihilation of E' centers occurs should increase
and decrease, respectively. As shown in Fig. 10, if
the density of 02 increases by an order of magni-
tude, the annealing curve moves by about 50 C. +-
quartz may, for the following reasons, be a good
material on which to attempt this experiment. Our
calculations indicate that peroxy precursors are
highly unlikely to occur in a-quartz. We also have
a good idea of the structure of the E'~ center in this
material. Finally, because of the large c-axis chan-
nels in a-quartz, 02 diffusion probably occurs rath-
er easily.

VI. SUMMARY

To summarize, we have demonstrated that the
peroxy-radical model proposed by Griscom and co-
workers is consistent with theoretical calculations.
These calculations have placed constraints on the
local geometry of the peroxy radical and precursor.
They have demonstrated that large silicon-silicon
separations are needed for the peroxy linkage to be
preferred to a single bridging oxygen atom, unless
the neighboring Si-0 tetrahedra are considerably
twisted. They have also demonstrated that with

large Si-Si separations, the radical will trap on one

of the silicon atoms with a large accompanying lat-

tice relaxation. Finally, we have suggested a second

possible model for the observed peroxy radical, the
SPR. A formation mechanism for this defect has
been proposed. This mechanism is directly testable

via experiments which we have suggested.
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