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H2O and O2 molecules in amorphous SiO2: Defect formation and annihilation mechanisms

T. Bakos,1,* S. N. Rashkeev,1 and S. T. Pantelides1,2

1Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235, USA
2Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

~Received 24 November 2003; published 26 May 2004!

Interstitial water and oxygen molecules are ubiquitous impurities and participate in various defect formation
processes in thermally grown SiO2 films and synthetic silica glass. Using results of first-principles calculations
we report the types of defects~including different possible charge states! that H2O and O2 molecules may form
in bulk amorphous SiO2. We calculate their formation energies and, in the most interesting cases, the energy
barriers in order to map out the most likely defect formation scenarios. In particular, we show that water
molecules may form double silanol groups~Si-OH! as well as H3O1 and OH2 ions at a low energy cost with
a barrier of about 1.5 eV. The formation energies of other defects emanating from H2O interstitials are,
however, too high to be thermally activated. We found that O2 molecules may form ozonyl~Si-O-O-O-Si!
linkages with an energy barrier of;2.4 eV. An explanation for the oxygen isotope exchange observed in thin
SiO2 films near the Si-SiO2 and SiO2-vacuum interfaces is suggested based on the energy barrier for ozonyl
formation being commensurate with the O2 diffusion barrier close to the Si/SiO2 interface and the O2 incor-
poration energy from vacuum. We also explain the different creation rates ofE8 centers in wet and dry oxides
by studying the annihilation mechanism of neutral and charged oxygen vacancies.

DOI: 10.1103/PhysRevB.69.195206 PACS number~s!: 61.72.Bb, 61.72.Ji, 61.80.2x, 66.30.Jt
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I. INTRODUCTION

The presence of H2O and O2 molecules is known to affec
the nature and the density of defects that form during S2

glass synthesis, thermal oxidation of silicon, irradiation
SiO2, or subsequent mechanical or thermal treatment.
example, water incorporation into silica glass reduces
viscosity, index of refraction, acoustic velocity, and dens
of the glass, while it causes an increase in the therm
expansion coefficient and crystallization rate.1,2 Additional
water diffusion into silica glass also reduces the static fati
life3 and accelerates structural modification of the glas4

When water molecules are present in the oxidation ambi
the rate of silicon oxidation also increases.5

Despite the wide interest in the behavior of O2 and H2O
molecules in bulk SiO2, the understanding of the atom
scale processes remains limited. For example, water m
ecules are known to form silanol~Si-OH! groups in the
oxide,6 but the relative concentration of silanol to interstiti
water depends on the way the oxide was manufactured
subsequently treated, raising questions about the most s
form of water in the oxide. Exposure of SiO2 to water vapor
results in the appearance of various OH vibrational ba
~SiOH, hydrogen bonded OH, H2O, hydrogen bonded wa
ter!, the Si-H band,6 and also in a shift of the SiO2 structural
bands.4 There is also significant oxygen exchange betwe
H2O and SiO2 over the entire volume of the oxide as show
by 18O tagged water diffusion experiments.7 These data sug
gest that water is highly reactive, while other experime
and the analysis of water diffusion8 provide evidence that i
also exists as an interstitial molecule in the oxide.

Oxygen molecules are more inert than H2O in bulk SiO2,
i.e., they are less likely to form defects that alter the prop
ties of the oxide. The main interest in studying the behav
of O2 molecules in SiO2 is due to its role in the silicon
0163-1829/2004/69~19!/195206~9!/$22.50 69 1952
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oxidation process. Thus most of the work was focused on
reactions of O2 at the Si-SiO2 interface.

Reactions of O2 molecules with the SiO2 structure were
observed at the vacuum-SiO2 and the Si-SiO2 interfaces of
thin films when the oxide is exposed to18O2.9 The 18O
exchange was found to be small in between the film surfa
although the film thickness in these experiments did not
ceed 80 Å.10 The presence of interstitial~i.e., intact! O2 mol-
ecules is also observed by infrared photoluminescence.11 As
a contrast, it was suggested based onab initio calculations
that the oxygen molecule might break up into two O ato
that diffuse in an atomic form via peroxy~Si-O-O-Si!
linkages.12 Another possibility for the reaction between O2

and SiO2 is the formation of an ozonic bond
~Si-O-O-O-Si!.13 The existence of interstitial ozone (O3)
molecules was confirmed by the photostimulated phosp
rescence of excited O2 molecules created by the UV disso
ciation of interstitial O3.14

In addition to the reactions of H2O and O2 with the per-
fect amorphous SiO2 network, several other reactions ma
take place at defect sites. For example, infrared meas
ments confirm that water molecules react with dangling
bonds created by neutron irradiation.15 The concentration of
charged oxygen vacancies (E8 centers! in irradiated oxides
was suggested to decrease due to their reaction with inte
tial O2 and H2O molecules.16

As it was indicated above, the behavior of water and o
gen in amorphous bulk SiO2 is very versatile and not devoid
of controversies. In this paper we attempt to provide a s
tematic first-principles study of the various defect formati
mechanisms involving interstitial O2 and H2O molecules and
the amorphous SiO2 network. In particular, we investigat
the possible defects that may form also taking into acco
the different possible charge states. We provide the forma
energies and geometrical structure of these defects and
©2004 The American Physical Society06-1



th

in

m

rin

h

ha

h
t o

w
w
e
u

-
ar

ai

n
th

s
r
o

on
c

uc

ou
nd

n
o
e
ta

o

co

a

d

n
re-

he

n-
by
op-

oid
e
x-

a
d

ra-
the
t-
eV

rily
ing
x-

n-
i-

on-
o a
e
-
ay

ura-

ost
e H
i-
ents
-H
ta-
ra-

er,

l

T. BAKOS, S. N. RASHKEEV, AND S. T. PANTELIDES PHYSICAL REVIEW B69, 195206 ~2004!
out the most probable defect formation scenarios. For
reactions with the lowest formation energy (H2O1Si-O-Si
� 2 SiOH, 2 H2O� OH21H3O1, O21Si-O-Si
� Si-O-O-O-Si), we calculate the reaction barrier and—
some cases—the variation of the formation energy due
inequivalency of atomic sites within the amorphous mediu

We also explain the difference in theE8 center generation
rates, that depend on the details of the oxide manufactu
process, by investigating the reactions between H2O and O2
interstitials and charged and neutral oxygen vacancies. W
both interstitials annihilate theE8 defects in an exothermic
reaction, by calculating the activation barriers we show t
irradiated wet oxides ~e.g., Suprasil-1 with @OH#
>1019 cm23) are more likely to have moreE8 centers than
dry oxides~e.g., Suprasil-W1 with@OH# <531016 cm23)
as it has been found experimentally.16,17 Neutral vacancies
are, however, annihilated by a higher-energy barrier whic
why both types of oxides may have the same amoun
precursors prior to irradiation.

The rest of the paper is organized as follows. In Sec. II
describe briefly our computational approach. In Sec. III
present results of calculations for the formation energies,
ergy barriers, and the topological variations of the vario
reactions between H2O and O2 interstitials and the defect
free SiO2 network. Subsequently, in Sec. IV we give simil
data for reactions between H2O and O2 interstitials and oxy-
gen vacancies and explain the dominantE8 center annealing
mechanisms in wet and dry oxides. A summary of the m
conclusions of this work is given in Sec. V.

II. COMPUTATIONAL METHOD

The present calculations are based on density-functio
theory, the generalized gradient approximation for
exchange-correlation energy, ultrasoft pseudopotentials,
percells, and plane waves.18,19The pseudopotentials used fo
the present study have been thoroughly tested in earlier w
on a variety of Si-O-H systems.20–22 As in that work, the
energy cutoff for the basis set was 24 Ry, and integrati
over the Brillouin zone were done using the Monkhorst-Pa
scheme with only one special k-point in the relevant irred
ible wedge.23

The calculations were performed for 72-atom amorph
SiO2 supercells generated by using the Monte Carlo bo
switching method~see Refs. 24,25 for details! and relaxed
until the total energy was minimized~the force on each atom
is smaller than a tolerance, namely 0.1 eV/Å!. The size of
supercells (;10 Å) is big enough to neglect the interactio
of a defect with its periodic images. Formation energies
various defects were calculated by subtracting the total
ergy of the supercell containing the defects from the to
energy of the supercell with interstitial O2 or H2O molecules.
For studying charged defects we introduced a homogene
negative ~positive! background when removing~adding!
electrons in the supercell and added the Makov-Payne
rection terms to the total energy.26

We have used spin-polarized calculations to take into
count the effect of the spin state of the O2 molecule on its
reactions with the SiO2 network. The nudged elastic ban
19520
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method27 was used with a climbing image28 to determine the
reaction pathway and barrier of reactions involving O2 and to
clarify if triplet to singlet transitions occur along the reactio
pathway. We have used eight intermediate images and
laxed the atoms until the force perpendicular to t
minimum-energy pathway was below 0.2 eV/Å

III. REACTIONS BETWEEN H 2O AND O2 INTERSTITIALS
AND THE DEFECT-FREE SiO 2 NETWORK

A. Equilibrium positions of H 2O and O2 interstitials

Amorphous SiO2 can be viewed as a material having i
terconnecting voids of different sizes that are defined
rings made up of Si-O-Si bridges. We have studied the pr
erties of H2O and O2 interstitials in voids that are'6 Å in
diameter, which corresponds to the average intrinsic v
size in vitreous SiO2, as estimated by positronium lifetim
measurements.29 These voids are surrounded mainly by si
member rings, which is the dominant ring size in SiO2.30

We have found that both H2O and O2 molecules have an
equilibrium position in the middle of the voids of the SiO2
network. In the case of O2 molecules, the total energy has
global minimum in the middle of the void for both triplet an
singlet spin states with no local minima~metastable configu-
rations! elsewhere. We have found that the triplet configu
tion is always more stable than the singlet, regardless of
size of the interstitial void the molecule is in. The triple
singlet gap, however, decreases with void size from 0.62
in the biggest~7 Å! to 0.52 eV in the dominant~6 Å! voids
and 0.45–0.47 eV in the smallest~4 Å–5 Å! voids @cf. the
triplet-singlet gap in the gas phase is 0.98 eV~Ref. 31!#. The
same tendency has been observed for O2 in a-quartz.32 The
reason for the decrease in the triplet-singlet gap is prima
due to crystal-field splitting between the oxygen nonbond
px and py orbitals. To lesser extent the change of the e
change integral inside the solid~exchange splitting! also con-
tributes to the reduction of the triplet-singlet gap.32

For H2O molecules there are additional interstitial co
figurations besides the middle of the void with a local min
mum in the total energy. In these metastable interstitial c
figurations the oxygen of the water molecule is attracted t
network Si atom~typical Si-O distance is 1.87 Å where th
O is in the H2O molecule! and the hydrogens orient them
selves in such a way that they are about 1.9–2.0 Å aw
from the oxygens adjacent to the network Si atom@Fig. 1~a!#.
The reason for the existence of these metastable config
tions is that Si atoms in SiO2 are somewhat positively
charged, thus they attract the negative~oxygen! end of the
H2O dipole molecule, whereas oxygens tend to collect m
of the negative charge, therefore they attract the positiv
atoms of the H2O molecule. Such configurations of interst
tial water have been suggested by infrared measurem
based on the shifts in the vibrational frequency of the O
bond.6 The total-energy difference between the various me
stable configurations and the middle-of-the-void configu
tion did not exceed 0.2 eV.

A large variation in total energies can be found, howev
if we place the O2 and H2O interstitials into voids of differ-
ent sizes in the oxide~Table I!. The data show that the tota
6-2
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H2O AND O2 MOLECULES IN AMORPHOUS SiO2: . . . PHYSICAL REVIEW B69, 195206 ~2004!
energy increases rapidly if the void diameter decreases be
'6 Å, however, it is practically constant in larger void
Therefore, in thermal equilibrium, the H2O and O2 intersti-
tials are most likely to reside in voids that are 6 Å or larger,
possibly because in these voids they can be far enough~at
least 2 Å away! from network atoms so that the interactio
between the interstitial molecules and the network beco
small.

B. Reactions involving H2O

In Fig. 1 we show the formation energies and relax
geometries of several defects that may form as a result

FIG. 1. Reactions of H2O and the defect-free SiO2 network.~a!
Initial configuration of a H2O molecule in a void bordered by
six-member ring as a part of the supercell. The H2O molecule takes
up a metastable~weakly bound! configuration prior to the reactions
The total energy of this configuration also serves as a refere
point for subsequent defects@~b!–~f!#. ~b! Vicinal silanol groups.
The energy range shows the site dependence of the formation
gies in the oxide.~c! H1 and OH2 bound to network O and S
atoms.~d! Neutral H and OH weakly bound to network O and
atoms.~e! Peroxy~Si-O-O-Si! linkage and interstitial H2 molecule.
~f! H-terminated peroxy radical~Si-O-O-H! and Si-H.~g! Two wa-
ter molecules in a bigger~eight-member! ring. ~h! H3O1 and OH2

bound to network O and Si atoms. Distances are shown in A
stroms.
19520
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reaction between interstitial H2O molecules and the defec
free SiO2 network. The starting point is always an H2O mol-
ecule in a metastable equilibrium position 1.87 Å away fro
a network Si atom@Fig. 1~a!# in a 6 Å void. The formation
energy of the final reaction products depends on the lo
electronic environment in an amorphous solid. Here we h
arbitrarily chosen a Si-O-Si segment of the six-member r
bordering the void that was replaced by the final defect co
plexes. The distribution of Si-O-Si angles and Si-O bo
lengths in this ring is 130–170° and 1.62–1.66 Å, resp
tively, corresponding to typical values ina-SiO2. The ab-
sence of large deviations from the average values means
there are no regions of extreme stress in this particular r
therefore the formation energies calculated at different s
of this ring should be similar. We have calculated this s
dependence only for one reaction (H2O1Si-O-Si� 2
SiOH! and found that the extremal values of the formati
energies differed by only 0.2 eV for the six-member rin
shown in Fig. 1. In contrast, total energies vary by 0.4 eV
different rings.

1. Charged versus neutral species

Certain defects, which may be created by the radiati
induced splitting of H2O and O2 interstitials, are highly re-
active radicals and will react with the network in a barrierle
reaction. For example, UV irradiation may split a water m
ecule into H and OH or H1 and OH2.33 All of these species
bind to the network to some extent. H and H1 were found to
bind to network oxygens by 0.2~Ref. 34! and 1.65 eV,35

while our calculations show that OH and OH2 are bound to
network Si atoms by;0.3 eV in both cases. Similarly, we
have found that interstitial O atoms may form peroxy lin
ages after overcoming a barrier of 0.61 eV. The barrier ar
as the interstitial O atom in the triplet ground state exci
into a singlet state while entering a Si-O bond. Negativ
charged oxygen complexes bind to network silica.36

A further, important question is the stability of the rea
tion products with respect to their charge state. Generall
defect level would be empty above the Fermi level and fil
below it. In bulka-SiO2, unlike, e.g., in doped semiconduc
tors, the position of the Fermi level is uncertain, becau
usual defect concentrations are too small to pin the Fe
level, thus different charge states may coexist.

By comparing total energies of different charge states
ter allowing the charged defect to relax, we have found t
OH molecules are more stable in the negative, while H ato

ce

er-

-

TABLE I. Total energy~in eV! of interstitial H2O and O2 mol-
ecules in voids of different diameters~Å!. We used the total ener
gies in a 6 Å void as the reference point.

Void diameter H2O energy O2 energy

;7.0 20.2 20.2
;6.0 0 0
;5.0 1.2 1.5
;4.5 1.9 4.0
;4.0 2.2 4.2
6-3
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are more stable in the positive charge state in concorda
with earlier work.35 In both cases there are substantial rela
ations from the positions of the neutral defect as mentio
earlier. However, this result is only valid if there is a sour
of electrons/holes for charging the OH/H. The higher sta
ity of OH2 and H1 versus the neutral species is also cons
tent with the observation that splitting up H2O molecules
into charged species is favored by 5.8 eV–1.6 eV5 4.2 eV
@cf. Figs. 1~c! and 1~d!#. Moreover, H1 in SiO2 has been
observed, e.g., via the dynamics of interface tr
formation,37 whereas shifts in the OH vibrational bond due
charging were seen in the infrared spectra of SiO2.38

The reaction with the lowest formation energy that resu
in the production of charged species starting from a sin
water molecule is the splitting of H2O into H1 and OH2

@Fig. 1~c!#. Right after the reaction both the OH2 and the H1

are interstitials, however they relax towards the network a
bind to Si and O atoms, respectively. The total-energy diff
ence between the interstitial H2O and the relaxed reactio
products is 1.6 eV; however, right after the H2O split, while
the OH2 and H1 are interstitial~unrelaxed configuration!,
the total energy of the products is higher. We can calcu
this energy and use it as a lower estimate for the ene
barrier of this reaction.

We found that the binding energy for OH2 is only 0.3 eV;
this much energy is required to move the molecule into
middle of the 6 Å void from its relaxed position only 1.8 Å
away from a network Si atom. For H1 the binding energy
was found to be 1.65 eV.35 Therefore, right after the H2O
is split, the total energy of the interstitial OH2 and H1 com-
plex can be estimated to be 1.6 eV10.3 eV11.65 eV
5 3.55 eV. The actual barrier is probably higher, but for o
purposes it suffices to note that this energy is already
high to be overcomed in a thermally activated proce
Therefore, we assume that this reaction channel may onl
open in oxides exposed to radiation. Indeed, UV radiation
known to split water molecules,33 and neutron irradiation
releases hydrogen in the oxide. One possible source of
hydrogen may be the interstitial H2O molecule.37

In thin films, where neutral hydrogen is unstable vers
H1,35 OH molecules may act as electron traps, i.e., they m
immediately capture an electron from the Si valence ba
Once an OH molecule is negatively charged, it binds to a
atom making it fivefold coordinated. Before capturing
electron, the OH has an energy level about 1.3 eV above
SiO2 valence band and this level drops below 0.9 eV in
negatively charged state after binding to the Si atom. Ba
on the location of this energy level, we suggest that O2

bound to Si may be one of the water-related electron tr
observed in as-grown SiO2 films.39

2. Vicinal silanol groups

Based on formation energies, the most likely reaction
tween an interstitial H2O and the defect-free SiO2 network is
the formation of two adjacent~vicinal! SiOH groups@see
Fig. 1~b!#. By putting the water molecule into different void
and picking different locations for the silanol groups, w
found that formation energies vary between 0.3 eV–0.7
where the lower values are obtained in the 6–8 mem
19520
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rings. The positive formation energies mean that wate
most stable as an interstitial molecule, seemingly contrad
ing the observation that most of the ‘‘wet’’oxides conta
water in the form of silanols.6 The reason for this contradic
tion may be that, upon the oxidation process, SiOH gro
are predominantly formed in the vicinity of the Si/SiO2 in-
terface that is rich in oxygen vacancies and usually accu
lates some stress and is therefore different from the def
free and unstrained bulk oxide used in our calculatio
Indeed, H2O-related vibrational bands appear in the infrar
spectra if water is introduced into the bulk oxide at lo
temperatures.6 For this reaction with H2O initially in a six-
member ring we have calculated a 1.5 eV reaction bar
which can easily be overcome at oxidation temperatures22

Subsequent reactions have formation energies excee
4 eV @Figs. 1~d!–1~f!#. We did not, therefore, calculate rea
tion barriers or site-dependent formation energy variation
these cases. Because of the high energy of the reaction p
ucts, these reactions are unlikely in defect-free oxides.

3. Reaction of two water molecules

Water molecules may cluster in the bigger voids of t
oxide,40 i.e., form hydrogen-bonded complexes with ea
other and network O atoms. In such cases two H2O mol-
ecules may react with each other forming OH2 and H3O1

only at a cost of 0.44 eV@Fig. 1~h!#.
To study the reaction of two water molecules, we first p

them into the biggest void in our supercell@Fig. 1~g!#. The
O-H distance between the two molecules was initially 1.
Å. The small distance means that they were ‘‘squeezed’’
gether by the surrounding solid even prior to the reacti
~As a comparison, the bond length of hydrogen bonding
ice is 1.8 Å.! We found that, by putting two H2O molecules
into one void@like the one in Fig. 1~g!# as opposed to having
them in two separate voids, the total energy increases by
eV. To calculate the reaction barrier we approximated the
atom of the first H2O molecule to the H atom of the secon
by keeping them fixed and varying the distanced1 between
them ~Fig. 2!. The supercell was relaxed in each configu
tion with the above constraint. We have also monitored
distance of the two oxygens (d2) to ascertain the saddl
point of the reaction~in the saddle pointd2 has a minimum!.

FIG. 2. Energy barrier of the 2 H2O� H3O11OH2 reaction.
At left is the initial configuration as in Fig. 1~g!. The total energies
were obtained by fixingd1 at different values and relaxing the en
tire supercell at each value. The final reaction products (H3O1 and
OH2) are to the right.
6-4
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The two water molecules break up into H3O1 and OH2

complexes at aboutd151.0 Å. The moderate 1.5 eV barrie
means that, if the oxide is exposed to water vapor at h
temperatures, this reaction may contribute to the forma
of oxide trapped charges in as-processed oxides. The
reaction products relax and bind to network atoms as see
Fig. 1~h!.

C. Reactions involving O2

A medium-energy-ion-scattering spectroscopy study9,10

has shown evidence for reactions between O2 anda-SiO2 at
oxide surfaces. We have investigated two reactions betw
interstitial O2 and the defect-free SiO2 network @Fig. 3~a!#:
the formation of adjacent peroxy linkages@Fig. 3~b!# and the
formation of an ozonyl linkage@Fig. 3~c!#.

In all the reactions involving O2 and a defect-free net
work, the overall spin multiplicity of the system change
Both atomic and molecular oxygen have a triplet grou
state~see Sec. III A!, however the reaction products~peroxy
or ozonyl linkages! have a singlet ground state. To accou
for the presence of a triplet to singlet transition in these
actions we have carried out spin-polarized calculations.

Our results for the formation energies of peroxy and o
nyl linkages are consistent with those of Chelikows
et al.,13 who calculated them for a quartz cluster. We find t
formation energy of two peroxy linkages to be 0.92 eV@or
0.46 eV per peroxy unit, Fig. 3~b!#, as opposed to 0.6 eV pe
peroxy unit in Ref. 13. The higher value probably occu
because interstitial O2 introduces less strain in an amorpho
material that has larger voids and a more flexible structu
therefore, it has a lower total energy in its initial configur
tion. We also confirm that an ozonyl linkage has lower e

FIG. 3. Reactions of O2 and the defect-free SiO2 network. ~a!
Initial position of an O2 molecule in the middle of an 11-membe
~only 6 Å in diameter! ring. ~b! Two adjacent peroxy linkages.~c!
Ozonyl linkage. Note that the Si-Si distance increases from 3.2 Å
3.79 Å and 3.98 Å to accommodate the strain, but the Si-O
tances remain little changed. Distances are shown in Angstrom
19520
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ergy than the interstitial O2 molecule in bulk amorphous
SiO2 by 0.23 eV; see Fig. 3~c! @the result for quartz is 0.3 eV
~Ref. 13!#.

The data show that the formation of ozonyl linkages
energetically favorable. This reaction would, however lead
an isotope exchange between interstitial O2 and the SiO2
network throughout the bulk oxide, contradicting experime
tal data.9,10 To explain the lack of oxygen exchange in th
bulk oxide, we have calculated the energy barrier for
formation of ozonyl using the nudged elastic band meth
with eight intermediate images and one climbing image. T
reaction proceeds as follows~Fig. 4!. First, the O2 molecule
is bound to a Si atom making it fivefold coordinated~images
1–5!. In the second step, a neighboring Si-O bond is brok
~image 6! and the dangling oxygen binds to the O atom
the O2 molecule that is further away from the Si atom, th
forming an ozonyl bond~image 7!. This intermediate step is
also the saddle point of the reaction, and the point where
triplet to singlet transition occurs. Finally, the ozonyl bon
relaxes to its equilibrium configuration~images 8 and 9!. The
calculated activation barrier for this reaction is 2.4 eV. Th
barrier takes into account the necessity of a triplet-sing
transition at the saddle point of the reaction pathway.

We suggest that the relatively large value of this barr
compared to the O2 diffusion barriers is the reason for th
lack of O2 exchange in bulk SiO2. However, as the O2 mol-
ecule diffuses closer to the Si/SiO2 interface, the structure o
the oxide changes. Besides having more defects towards
Si-SiO2 interface, positron annihilation spectroscopy expe
ments show that the density of the oxide also increase41

The increased density results in the dominance of sma
rings where the diffusion barrier was found to be mu
higher (.2.0 eV),22 making the ozonyl formation reactio
more favorable. The incorporation energy of a free gas-ph
O2 molecule into SiO2 was found to be;2 eV.13,42 This is
the energy barrier the O2 molecule has to overcome to ent
the network of interstitial voids in the oxide. The high inco
poration barrier makes the formation of ozonyl linkages a
at the vacuum-SiO2 interface likely. Once ozonyl is formed
the O2 may reform in a reverse reaction overcoming a barr
of ;2.6 eV. Since different O atoms may be incorporated
the reformed O2 molecule, the ozonyl formation reaction a
lows for oxygen isotope exchange between the diffusing
terstitial O2 and the SiO2 network.

In summary, the O2 molecule may form ozonyl linkage
in the oxide overcoming a barrier of;2.4 eV. This barrier is
higher than the diffusion barrier in the dominant voids, b

to
-

.

FIG. 4. Energy barrier of the O21Si-O-Si� Si-O-O-O-Si
reaction. At left is the initial configuration as in Fig. 3~a! ~image 0!,
at right is the ozonyl linkage as in Fig. 3~c! ~image 9!.
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commensurate with the diffusion barrier in small voids a
the incorporation energy of free O2 making reactions at the
oxide interfaces more likely.

IV. REACTION OF H 2O AND O2 MOLECULES
WITH OXYGEN VACANCIES

Oxygen vacancies are ubiquitous defects in all forms
SiO2. They are electrically active as they may capture ho
and consequently modify the current-voltage characteris
of transistors that have a conduction channel at the ox
semiconductor interface~e.g., metal-oxide-semiconducto
field-effect transistors!. In optical fibers the neutral vacanc
or the Si-Si bond gives rise to absorption and subsequ
photoluminescence bands.43 Under intense irradiation condi
tions, typically with doses exceeding several Mrads,44 oxy-
gen vacancies may be created by dislodging netw
oxygens.17 Neutral oxygen vacancies may capture ho
since they have a partially occupied energy level in the b
gap;3.2 eV above the top of the SiO2 valence band. This
level is associated with dangling Sisp3 orbitals. Positively
charged oxygen vacancies (E8 centers! are paramagnetic an
can be detected by electron paramagnetic resonance~EPR!
measurements.45

Neutron irradiation experiments show that the genera
rate for E8 centers is higher in ‘‘wet’’ synthetic silica~e.g.,
Suprasil-1! than in ‘‘dry’’ silica ~e.g., Suprasil-W1! ~Ref.
16,17!. The wet oxide contains typically 1019 cm23 OH
groups~in the form of silanol or interstitial water molecules!,
while the typical OH concentration in dry oxides is on
1016 cm23. Also, infrared photoluminescence measureme
show that, in the same type of dry oxides as above, the c
centration of interstitial O2 molecules is;1018 cm23, while
in wet oxides it is,1014 cm23.11 Practically, these data
mean that one has roughly 1000 times more interstitial H2O
and 1000 times less interstitial O2 molecules in wet oxides
than in dry ones.

It is straightforward to assume that in bulk oxides rad
tion generates oxygen vacancies by the same mechanism
gardless of the processing of the oxide~i.e., the cross section
for dislodging oxygen atoms depends only on the local e
tronic environment surrounding the O atom and not
process-specific factors such as, e.g., defect concentrati!.
In such case the difference in the concentration ofE8 centers
in various oxides as a function of dose is due to the differ
annihilation mechanisms of theE8 centers. We have studie
the reactions of charged and neutral oxygen vacancies
interstitial H2O and O2 molecules to determine their role i
the annihilation mechanism ofE8 centers.

1. Neutral oxygen vacancies

Neutral oxygen vacancies usually relax to form strain
Si-Si bonds as in Fig. 5~a!. A water molecule may fill up the
oxygen vacancy and leave an interstitial H2 behind @Fig.
5~b!# or create adjacent Si-OH and Si-H defects@Fig. 5~c!#.
To calculate the energy barrier of these reactions we m
the oxygen atom of the H2O molecule toward the center o
the Si-Si bond by varying the distanced1 in Fig. 6~a!. The
water molecule first has to disrupt the strained Si-Si bo
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that takes place atd1'1.2 Å. At this location, the whole
molecule binds to one of the Si atoms creating a metast
configuration. To proceed further, we now keep O in the H2O
fixed and approximate one of the hydrogens toward the o
silicon by varying the distanced2 @Fig. 6~a!#. At d2&2 Å the
O-H bond breaks and the hydrogen binds to the adjacen
The total energy of the system is now lower, but it had
overcome a;1.8 eV barrier to reach the final configuratio
We found that filling the vacancy with an O atom and lea

FIG. 5. Reactions of H2O with an oxygen vacancy~Si-Si bond!.
~a! Initial position of a H2O molecule in the middle of a six-membe
ring with an O vacancy.~b! Restored network with an interstitia
H2. ~c! Adjacent Si-OH and Si-H defects. Note the relaxation of t
ring in the different values of the Si-Si distance. Distances
shown in Angstroms.

FIG. 6. Energy barrier of the reactions annihilating~a! neutral
and~b! charged oxygen vacancies.~a! At left is an H2O molecule in
a void with a vacancy as in Fig. 5~a!. Total energies are obtained b
first reducingd1 then, at the flat part of the total-energy curve,
keeping O of the H2O fixed and reducingd2. At right are the final
reaction products~bottom! and the intermediate stage with the H2O
bound to a Si~top!. ~b! At left is an H2O molecule in a void with an
Ed8 center. First the H2O binds to one of the silica in a barrierles
reaction~right top!. Then by keeping the O of the H2O fixed and
varying d2 a Si-H1 and a Si-OH is created~right bottom!. The
corresponding total energies at respective values ofd1 and d2 are
shown in the middle.
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ing an interstitial H2 would have a much higher barrier sinc
two O-H bonds would need to be broken in addition to t
breaking of the weak Si-Si bond.

Oxygen molecules may react with the strained Si
bonds forming a peroxy linkage. Although the reaction
sults in an energy gain of 5.42 eV, the Si-Si bond must
broken and the interstitial O2 molecule must transform from
its triplet ground state to singlet state when forming the p
oxy linkage. To account for the change in the overall mu
plicity of the system, we have used spin-polarized calcu
tions and the nudged elastic band method with ei
intermediate images and one climbing image in calculat
the formation energy and energy barrier.

The reaction proceeds as follows~see Fig. 7!. As the O2
molecule approaches the Si-Si bond, it increases the l
strain resulting in the breaking of the bond and a small~0.3
eV! reaction barrier~image 1!. Afterwards, the O2 molecule
binds to one of the Si atoms, but is still in the triplet co
figuration~image 2!. The triplet to singlet transition occurs a
the second O atom of the O2 molecule binds to the second S
atom of the original Si-Si bond~image 3!. In the remaining
part of the reaction, the peroxy bond relaxes to its equi
rium configuration~images 4–9!. These results are some
what at variance with the reaction of O2 with an O-vacancy
in quartz46 where one of the O atoms of the O2 molecule
binds to both Si atoms in the Si-Si bond in the first part
the reaction. The reason for the different reaction pathw
most probably lies in the greater flexibility of the amorpho
network ~breaking the Si-Si bond may cause larger rela
ations than in quartz, allowing the O2 molecule to bind only
to one Si atom in the first stage of the reaction!. The above
calculations show that the barrier for annihilating oxyg
vacancies by interstitial O2 molecules is significantly smalle
than the diffusion barrier of interstitial O2 ~0.3 eV vs 0.6–1.5
eV in the dominant voids22!. Therefore the rate limiting step
for neutral oxygen vacancy annihilation by O2 molecules is
the diffusion of interstitial O2.

2. E8 centers

E8 centers have several distinct equilibriu
configurations.47 In the experimental study of Refs. 16, 1
the oxides were irradiated to several Mrad creatingE8 con-
centrations up to 1020 cm23. The absence of subseque
thermal or electrical treatment results in the most abund
precursors~Si-Si bonds! being transformed toEd8 centers.
These centers, which make up approximately 80% of

FIG. 7. Energy barrier of the O21Si-Si� Si-O-O-Si reaction.
At left is the initial configuration: an O vacancy and an interstit
O2 molecule~image 0!. At right is the peroxy linkage as in, e.g
Fig. 3~b! ~image 9!.
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observedE8 EPR signal, comprise of two threefold coord
nated Si atoms with a trapped positive charge~Fig. 8a!.47 As
opposed to the neutral case, charged oxygen vacancies d
recombine forming an Si-Si bond. The Si-Si distance now
almost 3.5 Å as can be seen in Fig. 8. The interstitial H2O
and O2 molecules are no longer in equilibrium; they bind
one of the silicas in a barrierless reaction as shown on
8~b! for the case of H2O. To verify the absence of a barrie
we have tracked the motion of H2O and O2 by fixing the
distance between the O of the H2O/O2 and the midpoint of
the two silicon atoms@d1 in Fig. 6~a!, only the case of water
is shown# and calculating the total energy of the relax
supercell in each point. Both molecules are first attracted
the Si atom carrying the positive charge.

For oxygen molecules, first a peroxy radical is forme
that is, a positively charged dangling O2 molecule bound to
only one silicon. The oxygen remains in the triplet config
ration, though with one electron missing from its 2p orbital.
Because of the proximity of the second Si atom from t
original Si-Si bond, this peroxy radical becomes a positiv
charged peroxy linkage, which is the final stage of theE8-O2
reaction.

For water molecules the intermediate configuration in F
8~b! serves only as a metastable position. To arrive to
final configuration in Fig. 8~c! an O-H bond has to be bro
ken, giving rise to a barrier. To calculate the barrier of th
reaction, we have approximated one of the hydrogens of
water molecule toward the Si atom by varying the distan
d2 @Fig. 6~b!# and keeping the O of the H2O fixed. At d2
&1.7 Å the Si-O bond breaks and the H attaches to
neighboring oxygen. The total energy of the system is alm
the same as it was before the reaction, but it had to overc
a barrier of;1.3 eV. In this final configuration there are n
dangling Si bonds, and an analysis of the defect states in
gap shows that the positive charge is located on the hydro
of the Si-H complex. After this final reaction step is com
pleted, theE8 center loses its EPR activity.

Comparing the above data with diffusion barriers of O2
and H2O through the dominant voids of the oxide, we inf

l

FIG. 8. Reactions of H2O with a positively charged oxygen
vacancy (Ed8 center!. ~a! Initial position of a H2O molecule in the
middle of a six-member ring with anEd8 . ~b! H2O bound to a
positively charged Si atom.~c! Adjacent Si-OH and Si-H1 defects.
Distances are shown in Angstroms.
6-7
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that in wet oxides theEd8 center annihilation is reaction lim
ited ~by a 1.3 eV energy barrier! and charged vacancies a
annihilated easier than neutral ones whereas in dry oxides
annihilation ofEd8 centers is diffusion limited with a lowe
activation barrier of;1 eV that corresponds to the diffusio
barrier of O2 molecules. As a result, dry oxides will have
smaller concentration ofE8 centers then wet oxides whe
irradiated with the same total dose.

V. CONCLUSIONS

In summary, we have shown that, although the most sta
form of water in SiO2 is the interstitial molecule, vicina
silanol groups may form at a low-energy cost~0.3–0.7 eV!
with a barrier of 1.5 eV. H3O1 and OH2 complexes may
form at an energy cost of 0.3 eV with a barrier of 1.5 eV
the large voids of the oxide and at high interstitial wa
concentrations, when clustering of H2O molecules become
significant. Water is more likely to split into OH2 and H1

than neutral species if the oxide is irradiated, although
reaction—as all remaining reactions—has a too high bar
to be thermally activated.
rs

on

e

ys

n
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O2 molecules are most stable in the ozonyl linkage co
figuration; however, their formation is suppressed in the b
oxide because of the high reaction barrier compared to
O2 diffusion barrier. At the SiO2/vacuum and Si/SiO2 inter-
faces, however, ozonyl linkages may form because the in
poration energy of O2 molecules from the gas phase and t
diffusion barrier of O2 molecules in the predominantly sma
rings towards the Si/SiO2 interface becomes commensura
with the energy barrier for ozonyl formation, explaining th
oxygen exchange patterns found in experiments.

Finally, we have shown thatE8 centers are annihilated a
a faster rate in dry synthetic silica than in wet because
diffusion barrier of O2 molecules that limits the annihilation
process in dry oxides is lower than the rate limitingE8-H2O
reaction barrier in wet oxides.
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