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Intrinsic and H-induced defects at Si-SiO2 interfaces
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NEC Research Institute, 4 Independence Way, Princeton, New Jersey 08540
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Defect reactions pertaining to Si-SiO2 interfaces are investigated using a first-principles total-energy ap-
proach. Interesting results on the atomic structures of interstitial H1 and OH2, H2O, and H3O

1 in SiO2 are
presented. Three center O–H1–O hydrogen bonding is found to play a significant role in the stabilization of all
these molecules. The relative stabilities of H1 and H2 in Si and SiO2, H-induced diffusion of oxygen from
SiO2 into Si, oxygen vacancy-interstitial pair formation under electron injection conditions, and Si vacancy and
interstitial defects in SiO2 are examined.
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I. INTRODUCTION

The reliability of metal-oxide-semiconductor devices
linear dimensions and gate oxide thicknesses approach a
nanometer length scales is a major issue in current sili
technology. Increased gate oxide leakage currents, char
of the oxide layer, and a reduced threshold for dielec
breakdown are among the main problems that need to
addressed. Defects and impurities play an important rol
these processes.

Hydrogen is known to play a significant role in defe
creation and annihilation at Si-SiO2 interfaces. Beneficial ef-
fects of H in passivating Si-dangling bond defects at
interface have been recognized for many years.1 There is also
substantial experimental evidence1–3 supported by theoreti
cal studies4–6 that H can create defects at the interface.

In this paper we examine intrinsic and impurity-induc
defect reactions pertaining to the Si-SiO2 interface. The most
stable states of defects are determined from first-princip
total-energy-minimization calculations, and defect react
energies for various combinations and placements of def
on either side of the interface are calculated.

A major problem in theoretical studies of defects
Si-SiO2 interfaces has been the modeling of the interfa
between a crystalline and an amorphous material.7 Despite
the lack of periodicity, the interface is nearly ideal in that t
vast majority of Si and oxygen atoms retain their prefer
fourfold and twofold coordinated configurations. The fle
ibility for achieving this ideal interface is provided by th
Si-O-Si bond angle which can range over a large range
values around the value of 144° ina-quartz.

In this study we avoid the problem of the exact nature
the interface bonding by considering the two sides of
interface as bulk atomic reservoirs that can exchange at
and impurities between each other. In this way, the chang
energy arising, for example, from the transfer of an inter
tial H atom from Si to SiO2 or an interstitial oxygen atom
from SiO2 to Si can be easily calculated. The defects that
be examined in this way are a subset of the defects that c
occur in amorphous silica. Despite this limitation, a gre
variety of defects and defect reactions can be examined
important information on the properties of Si-SiO2 interfaces
can be extracted using this approach.
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In our calculations we model SiO2 with a-quartz using a
tetragonal unit cell with 72 atoms per cell and Si with 32 a
64 atom cubic cells. A plane-wave cutoff of 25 Ry for th
kinetic energy is used in all the calculations but Fourier co
ponents up to 100 Ry were included for the calculation
electronic charge densities and potentials. T
Kleinman-Bylander-type8 of separable potentials an
Troullier-Martins pseudopotentials9 were employed in the
self-consistent total-energy calculations. All structures w
optimized by minimizing the magnitude of Hellmann
Feynman forces acting on the atoms. Several distinct ty
of structures were examined for each defect to determine
energetically most favorable state.

The band gap of SiO2 is calculated to be about 5.3 eV a
compared to an experimental value of approximately 9 eV10

Underestimation of the band gap is typical of first-principl
calculations based on the local-density approximation. T
calculated 2.1 eV valence and 2.6 eV conduction-band
sets between Si and SiO2 are also underestimated as com
pared to experimental estimates of about 4.6 and 3.2 eV

In Sec. II we first examine several H-induced defects a
defect reactions in SiO2. The structural states for interstitia
H1, H2, OH2, H2O, and H3O

1 centers as well as the bind
ing of H1 to an oxygen-vacancy in SiO2 are examined.
Hydrogen-bonding in which an H1 ion is Coulombically
bound to two negatively charged oxygen atoms is found
be an important factor in the stabilization of several of the
H-induced defect complexes. Hydrogen interacts stron
with intrinsic point defects in SiO2, in particular, with oxy-
gen vacancy and oxygen interstitial defects in SiO2 and it
lowers the barrier for the diffusion of oxygen from SiO2 into
Si. The most important intrinsic defects in SiO2 consisting of
oxygen-vacancy, oxygen-interstitial, and Si-interstitial a
vacancy defects are considered in Sec. III. Oxygen vaca
interstitial, and vacancy-interstitial pair defects are found
exhibit strong bistability, i.e., they undergo significa
changes in structure as their charge states are changed
tical excitation resulting in electron-hole creation or dire
charge injection into SiO2 can alter therefore the structur
and electronic properties of these defects. The structure
electronic properties of a variety of hydrogen-induced a
intrinsic defects are described below.
©2001 The American Physical Society03-1
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II. HYDROGEN-INDUCED DEFECTS

A. Interstitial H ¿ in SiO2

It has been well accepted for many years that in SiO2, the
bonding of interstitial H to a twofold coordinated bridgin
oxygen atom@Si5O-H1 configuration shown in Fig. 1~a!#
results in an H1 state.3,4 Surprisingly, we have found anothe
interstitial site for H1 in SiO2 with an even lower energy. In
this state@Fig. 1~b!#, the H1 ion lies inbetweentwo nearest-
neighbor oxygen atoms~not bonded to the same Si atom!
with an O-H-O angle of about 167°. The hydrogen ato
lowers its energy by taking advantage of the Coulombic
teraction with the negatively charged oxygen atoms. T
type of bond is well known in chemistry and has been d
ignated as a ‘‘hydrogen bond.’’ The two oxygen atoms a
initially about 3.24 Å apart but each one relaxes by nea
0.35 Å towards the H atom resulting in an O-O separation
about 2.63 Å. This is consistent with Pauling’s estimat11

that ‘‘for most hydrogen bonds between oxygen atoms
O–O distance lies between 2.50 Å and 2.80 Å.’’ The calc
lated O-H1 separations in the hydrogen-bonded state
about 28% larger than in a covalently bonded free O-H m
ecule with a bond length of 1.03 Å.

From the results of our calculations, interstitial H1 in the
hydrogen-bonded state is 0.360.2 eV more stable than th
Si5O-H1 configuration. The new H1 state in Fig. 1~b! is
expected to be even more stable than Si5O-H1 in amor-
phous silica where the H ion is more likely to find two ox
gen atoms at the optimal separation of around 2.63 Å.
binding energy of an H1 ion in the H-bonded state in Fig

FIG. 1. Two different configurations for an H1 ion are shown. In
~a! H1 is covalently bonded to a bridging oxygen atom whereas
~b! it is in a three-center hydrogen-bonded state where it is st
lized by the Coulombic interaction energy with two negative
charged oxygen atoms. The results of our calculations show tha1

has a lower energy in state~b!.
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1~b! is calculated to be 3 eV relative to the state where
H1 ion is in an interstitial void. As discussed in Sec. II F, H1

has a larger 3.5-eV binding energy to an oxygen vacancy.
gap states for interstitial H1 were found, independent o
whether the H atom is bonded to a bridging oxygen atom
is in a hydrogen-bonded state.

B. Interstitial H À in SiO2

We find, in agreement with a previous theoretical stud4

that placing an interstitial H atom near a Si atom along
antibonding Si-O axis leads to an H2 state. The H atom
displaces the Si atom and bonds to it, stretching the S
bond by 9% and forming an H2 defect. H2 has a localized
state in the band gap of SiO2 at about 2.3 eV above the bul
valence-band maximum~VBM !.

Negatively charged atomic H is not very stable in SiO2. In
the presence of a neutral oxygen interstitial (Oint) defect, the
reaction

H21Oint→~OH!2 ~1!

is exothermic by 3.4 eV while the competing reaction

H21Oint→H11Oint
22 ~2!

is exothermic by 2 eV. The structures of~OH!2, Oint and Oint
22

defects are discussed in the following sections. H2 is also
unstable in the presence of H1. The reaction

H21H1→H2, ~3!

where H2 lies in an interstitial void of SiO2, is exothermic by
nearly 2 eV.12

The presence of H2 in SiO2 can, in principle, also lead to
the creation of oxygen vacancy defects through the reac

SiO2:H2→V~O!1OH2 ~4!

in which H2 leads to the formation of a neutral oxygen v
cancy and an interstitial OH2 molecule. The reaction, how
ever, is found to beendothermicby 2.7 eV.

Molecular H2 in SiO2 is found to be inactive as far a
creation of defects is concerned. Interstitial H2 is found to
have very nearly the same energy in SiO2 as in Si.

C. Relative energies of H¿ and HÀ in SiO2 and Si

In bulk Si, the most stable position for interstitial H1 is at
a bond-centered site.13 The energetics for the migration o
interstitial H1 from bulk Si into SiO2 can be examined by
considering the total-energies for the reaction:

SiO21Si:H1→SiO2:H11Si, ~5!

where SiO2 denotes bulk SiO2 ~a-quartz!, Si:H1 bond-
centered H in bulk Si, etc. We find that the reaction isexo-
thermicby 0.7 eV.

Negatively charged interstitial H in bulk Si lies close to
tetrahedral interstitial site, along a Si-Si antibonding ax
The motion of H2 from Si into SiO2 represented by the re
action

n
i-
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SiO21Si:H2→SiO2:H21Si ~6!

is found to beendothermicby 1.6 eV. There is a very larg
difference therefore in the energetics of migration of H fro
Si into SiO2 depending on the charge state of H. SiO2 clearly
prefers H1 to H2.

D. „OH…

À molecule in SiO2

By far the most stable state for OH2 in SiO2 is found to
be the ‘‘peroxy radical’’ configuration in which an OH mo
ecule is inserted between a Si-O-Si bond to form a Si-O
O-Si type of configuration shown in Fig. 2.14 This state is
about 1.9 eV more stable than OH2 in an interstitial void.
The actual charge distribution of Si-O-H-O-Si i
Si-O2

¯H1
¯O2-Si where ¯ denotes a highly stretche

bond, with effectively onefold coordinated and negative
charged oxygen atoms surrounding a positively charged
drogen atom in a configuration typical of hydrogen bond
stabilized by Coulombic interactions. The two O-H bon
are stretched by 19 and 33% above their normal free mole
lar bond length of 1.03 Å. The OH2 defect gives rise to
highly localized occupied states atEv10.7 eV and Ev
11 eV whereEv corresponds to the energy level of th
VBM.

Interstitial OH in SiO2 can also exist in a metastableposi-
tively charged state, binding to a bridging oxygen atom
noted as O5Si to form an O-H1-O5Si type of state. This
state is metastable with respect to dissociation into isola
H1 and oxygen interstitial defects. The dissociation low
the total-energy by 0.5 eV.

E. Interstitial H 2O and H3O
¿ in SiO2

The addition of an H1 atom to the OH2 state described
above gives rise to a very stable Si-OH̄HO-Si state for an
interstitial H2O molecule in SiO2. The structure shown in
Fig. 3 involves essentially the incorporation first of an OH2

molecule between an Si-O-Si bond and then an additio
H1 atom to tie up the resulting ‘‘dangling bond’’ on th
original oxygen atom in the Si-O-Si bond.15 The reaction

OH21H1→H2O ~7!

FIG. 2. The most stable state of an OH2 interstitial molecule in
SiO2 is shown. This structure is also stabilized by Coulombic int
actions between the H atom and its two neighboring oxygen ato
The two O-H distances are unequal and the long bond whic
about 40% larger than a normal O-H bond length of 1.03 Å
shown as a dashed line.
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in which interstitial OH2 and H1 molecules combine to form
an H2O complex lowers the total energy by 0.9 per H2O
molecule produced. As can be seen from Fig. 3, the struc
of the H2O complex in SiO2 is quite different than that of a
water molecule. The interstitial H2O molecule is not found to
have any states in the SiO2 band gap.

The creation of H2O from the reaction:

H21Oint→H2O ~8!

in which interstitial molecular H2 and atomic oxygen com
bine to form H2O in the configuration shown in Fig. 3 i
exothermic by 2.5 eV.

Interstitial H2O in SiO2 can easily accommodate an H1

ion between the two oxygen atoms in Fig. 3 to form
~H3O!1 interstitial complex shown schematically in Fig.
The reaction is only slightly~0.2 eV! exothermic.

From the results presented above, it is clear that hydro
bonding plays an important role in the stability of man
H-induced defects in SiO2 including H1, OH2, H2O, and
H3O

1 interstitial complexes.

F. Hydrogen induced oxygen vacancy formation in SiO2

An interesting and important defect reaction at t
Si-SiO2 interface is

SiO21Si→SiO2:V~O!1Si:Oint ~9!

in which an oxygen atom migrates from bulk SiO2 into bulk
Si resulting in the formation of an oxygen vacancy V~O! in
SiO2 $denoted by SiO2:V~O!% and an oxygen interstitial Oint
in Si denoted by Si:Oint. The formation of an oxygen va

-
s.
is

FIG. 3. The atomic structure of an interstitial H2O complex in
SiO2 is shown. The H-O separation shown by the dashed line
about 1.6 Å.

FIG. 4. The atomic structure of an H3O
1 complex in SiO2 is

shown.
3-3
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cancy in SiO2 breaks two Si-O bonds and creates two thr
fold coordinated Si atoms which dimerize to form a Si-
bond. In contrast, an oxygen interstitial in bulk Si forms tw
Si-O bonds and breaks a Si-Si bond. The reaction in Eq.~9!
therefore leaves the total number of Si-O and Si-Si bo
unchanged. The reaction is found to beendothermicby 1.3
eV, largely because of the strains introduced by rebondin
SiO2 and by the oxygen interstitial defect in Si.

The energy for the reaction in Eq.~9! is reduced signifi-
cantly in the presence of hydrogen ions in Si, i.e., the re
tion

SiO21Si:H1→SiO2:V~O!-H11Si:Oint ~10!

does not cost any energy and may actually be sligh
exothermic.16

In this reaction, interstitial H1 in Si moves into SiO2 and
takes a position very close to the missing oxygen atom fo
ing stretched bonds with its two nearby Si atoms. The
H-Si angle is found to be 148°. The most stable state for
V~O!-H complex is the single positively charged state. H
drogen enhancement of oxygen diffusion into Si is consis
with experimental data.17 For V~O!-H1 we find a state at
nearly 1 eV below the conduction-band minimum that is
calized on the central H atom and its two neighboring
atoms. A similar type of state is found for the nonhydrog
nated V~O!21 vacancy. The reaction in Eq.~10! has a higher
probability of occurrence at the interface between SiO2 and
Si. This is because the oxygen atom released by vaca
formation in SiO2 is more likely to become an interstitia
atom in Si instead of in SiO2 thereby making the reactio
exothermic. The diffusion of an oxygen interstitial~in its
ground ‘‘peroxy radical’’ state discussed in Sec. III! from
SiO2 into Si is

SiO2:Oint→Si:Oint ~11!

where it forms two Si-O bonds is found to be highly exoth
mic, releasing 4.8 eV in energy.

The binding energy of an H1 ion in SiO2 to a neutral
oxygen vacancy is calculated to be 3.5 eV, about 0.5
larger than its binding to oxygen atoms shown in Fig. 1~b!.
Hydrogen does not therefore have a unique binding energ
SiO2, consistent with recent experimental data.18

III. INTRINSIC DEFECTS IN SiO 2

A. Interstitial oxygen in SiO2: Neutral state

The atomic structure of atomic oxygen interstitials in Si2
has been investigated by several groups and the presen
sults are consistent with earlier ones.19,20 The most stable
state for interstitial atomic oxygen is the ‘‘peroxy radica
configuration shown in Fig. 5 in which an oxygen atom
inserted into a Si-O-Si bond to form a Si-O-O-Si types
bonding state. The Si-O-Si bond is able to accept the in
stitial oxygen without much strain. The peroxy radical co
figuration gives rise to sharply localized occupied electro
states at VBM and unoccupied ones at the conduction-b
minimum ~CBM!. The wave functions for these states a
localized on the two central oxygen atoms of the bond.
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The peroxy radical state is found to be capable of ea
accepting an additional interstitial oxygen atom to form t
interstitial O2 configuration shown in Fig. 5~c!. This structure
is energetically not as favorable as an O2 molecule in an
interstitial void.20 The peroxy structure can even accomm
date an Si-O-O-O-O-Si type of O3 interstitial molecular state
Experimentally there is some evidence for interstitial ozo
molecules in SiO2.

21 The O2 and O3 peroxy states give rise to
highly localized occupied states at about 1.5 eV above
VBM. We find that in going from normal Si-O-Si bonding t
Si-O-O-O-O-Si the Si-Si distance increases gradually fr
nearly 3.0 to 3.6 Å, 3.8 Å, and finally to 4.1 Å as ext
oxygen atoms are added.

B. Negatively charged interstitial oxygen

Interstitial oxygen in SiO2 can occur in a negatively
charged 2- state in a configuration very different from that
the peroxy state shown in Fig. 5~b!. In the 2- state, the inter
stitial oxygen forms bridging bonds with two neares
neighbor Si atoms,22 forming a Si-O-Si angle of 140° and
Si-O bonds that are about 7% longer than normal bond
SiO2. Each of the two Si atoms bonding to the interstit
oxygen is displaced towards it, significantly stretching
existing Si-O bond. This effectively leads to the creation
two distant singly coordinated oxygen atoms 6.86 Å ap
which act as acceptors, giving rise to the 2- state for
oxygen interstitial. The defect has highly localized occup
states in the band gap extending from the VBM atEv to
Ev11.2 eV. At the Si-SiO2 interface where the Fermi leve
is set by the doping in Si, the 2- state is not stable w
respect to the neutral state. However, as discussed in

FIG. 5. The peroxy configurations for interstitial atomic oxyg
and of O2 are shown. A Si-O-Si bonds in SiO2 shown in ~a! has
sufficient flexibility to absorb atomic~b!, or molecular oxygen~c!,
and even an O3 complex. The separation between the two Si ato
gets larger as additional oxygen atoms are added.
3-4
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III D, the 2-state of the oxygen interstitial defect is expect
to play an important role in degradation phenomena un
electron injection conditions.

C. Oxygen vacancy and divacancy

There is great interest in oxygen-deficiency-centers
SiO2 consisting of either oxygen monovacancies
divacancies.23–26 The oxygen vacancy defect V~O! in SiO2
has been extensively studied. In the most stable state the
Si atoms surrounding the vacancy form a dimer bond. T
state is the most stable for all Fermi levels at the Si-S2
interface where the Fermi level is determined byp or n dop-
ing in Si. The dimerized state has no levels in the SiO2 band
gap.

If free holes are injected into SiO2, the vacancy undergoe
a structural transformation which breaks the dimer bond
which pushes the two Si atoms into planarsp2 bonded
configurations.26 The 12 charged vacancy has unoccupi
levels about 1 eV below the CBM of SiO2. This state can
capture electrons and transform the defect into the dimer
neutral state.

As discussed earlier in Sec. III, ionized hydrogen (H1)
binds very strongly to V~O! to form a V~O!-H1 complex.
The hydrogen atom takes the place of the missing oxy
and forms two stretched Si-H bonds with its neare
neighbor Si atoms.

The oxygen divacancy defect was also examined. In
divacancy, a given Si atom loses two of its nearest-neigh
oxygen atoms. Ina-quartz, such a divacancy affects three
atoms. Two of these Si atoms are threefold coordinated
the third one is twofold coordinated. The crystallinea-quartz
structure has sufficient structural flexibility to allow Si-S
bond formation and the elimination of all four danglin
bonds on the Si atoms. The resulting neutral defect has
electronic states in the band gap. The stability of a fu
relaxed neutral divacancy~with two Si-Si bonds! with re-
spect to two neutral monovacancies~each with one Si-Si
bond! was examined. The divacancy is found to be 0.5
less stable than two monovacancies ina-quartz. The energy
difference is small and represents mostly the extra strain
ergy required to achieve the two Si-Si bondings for the
vacancy. For the neutral divacancy with Si-Si dimer bon
we do not find any states in the band gap.

We have also examined the electronic properties of
the divalent~twofold coordinated! Si atom resulting from the
removal of two oxygen atoms around that atom. The d
gling bonds on the two threefold coordinated Si atoms res
ing from the divacancy were saturated with hydrogen in
der to study the remaining divalent Si atom. This defec
found to give rise to a strongly localized state at about m
gap. Results form cluster calculations suggest that divalen
atoms are responsible for several defect related absorp
and luminescence lines seen in SiO2.

27

D. Electron injection and oxygen vacancy-interstitial pair
formation

The negatively charged O22 state of interstitial oxygen is
important under electron injection or UV irradiation cond
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tions in SiO2. Under prolonged electron injection into th
conduction band of SiO2, the formation energy of the ex
tended defect consisting of an oxygen-vacancy and
oxygen-interstitial defect is found to be very low. In partic
lar, the energetics of formation of an oxygen-vacan
oxygen-interstitial pair in SiO2 via the reaction

SiO2→SiO2:$V~O!1Oint% ~12!

is about 6 eV. However, under electron injection conditio
the reaction

SiO212eCBM→SiO2:$V~O!1Oint
22% ~13!

in which the interstitial oxygen atom captures two electro
from the conduction-band minimum of SiO2 is endothermic
by only 0.5 eV. If the interstitial is near the Si-SiO2 interface,
its motion from SiO2 into Si to form an oxygen interstitial
leaving behind an oxygen vacancy in SiO2, should result in a
large drop of the total energy, making the defect formation
the interface an exothermic process.

E. Silicon interstitial defects in SiO2

Because of the difference in molecular volume between
and SiO2, oxide growth on a Si substrate is accompanied
a flow of Si atoms away from the interface into Si and SiO2.
The primary out-diffusion is believed to be into the mo
open SiO2 side of the interface.28 We have examined the S
interstitial defect in both Si and SiO2 in various atomic con-
figurations and charge states. From the results of our ca
lations we find that the relative stability of an interstitial
atom in bulk Si versus bulk SiO2 is strongly charge state
dependent. A neutral Si interstitial is far more stable in Si~by
more 2.5 eV! than in SiO2. However, in 21 and 41 charge
states a Si interstitial in SiO2 near a Si-SiO2 interface is as
stable as a corresponding interstitial in Si, i.e., a compari
of the energies for the following two states:

SiO2:Siint
4114eCBM~Si!↔Si:Siint, ~14!

in which a Si interstitial in SiO2 transfers four electrons to
the CBM of Si to go to a 41 charge state versus a neutral
interstitial in bulk Si, shows them nearly equal in energy.
might be expected, a 41 state defect is a highly polarizing
one in SiO2. The Si interstitial in this charge state pulls fou
distant oxygen atoms towards itself to maximize the Co
lombic interaction energy.Ab initio calculations using super
cells, as is in here, generally tend to overestimate the bind
energy of highly charged states. It is likely therefore that
Si interstitial in SiO2 has a higher energy than a correspon
ing defect in Si, independent of charge state.

F. Silicon vacancy defect in SiO2

The Si vacancy in SiO2 is an important defect that has no
received as much attention as the oxygen vacancy. The
some evidence that Si vacancy defects occur in SiO2 and
may give rise toEX centers in thermal oxides grown on Si.29
3-5
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In its simplest state the vacancy gives rise to four sin
coordinated oxygen atoms with deep acceptor states. In
neutral charge state, the four oxygen atoms surrounding
vacancy undergo a Jahn-Teller distortion resulting in t
weakly coupled O-O pairs that lowers the energy by near
eV. The paired state has localized occupied states close t
VBM and empty states at about 3 eV above the VBM. T
paired state can undergo additional reconstructions wh
further lower its energy. For example, one of the four oxyg
atoms surrounding the vacancy can move away from its
~breaking its bond with a Si atom! to form an interstitial
peroxy-type configuration@as in Fig. 5~b!# with two of the
other oxygen atoms. In this process the total energy
creases by 0.5 eV. The peroxy state for the vacancy also
highly localized occupied and empty states in the SiO2 band
gap.

The Si vacancy has 1- to 4- negatively charged sta
Electron injection into the CBM of SiO2 would greatly re-
duce the energy of the Si vacancy, however, even under
condition the formation of a Si-vacancy Si-interstitial pa
defects in SiO2 costs a large energy of nearly 6 eV. At th
Si-SiO2 interface where the Si-interstitial atom from SiO2
can be injected and incorporated into bulk Si as an interst
the formation energy of the vacancy interstitial would still
about 3 eV. The energetics of Si defect formation in SiO2 is
-1
w
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y
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expected to be very sensitive to the presence of hydro
and possibly other impurities. The large binding energy o
with oxygen can significantly lower the formation energy
Si vacancy formation in SiO2.

IV. SUMMARY

Intrinsic and hydrogen-induced defects in SiO2 and defect
reactions at Si-SiO2 interfaces mediated by hydrogen we
examined via first-principles total-energy calculation
Three-center O2–H1–O2 hydrogen bonding is found to sta
bilize a number of hydrogen containing defects in SiO2. At a
Si-SiO2 interface, hydrogen significantly lowers the ener
barrier for the migration of oxygen from SiO2 into Si result-
ing in a hydrogenated oxygen vacancy in SiO2 and an inter-
stitial oxygen in Si. At a Si-SiO2 interface, positively charged
hydrogen ions are found to have a lower energy in SiO2 than
in Si whereas H2 has a significantly lower energy in Si. Th
formation energy of oxygen vacancy-interstitial complex
in SiO2 is found to be drastically reduced from 6 to 0.5 e
under electron injection into the conduction bands of SiO2.
Near a Si-SiO2 interface, the diffusion of oxygen interstitial
from SiO2 into Si would further lower the total energy an
lead to a degradation of the interface.
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