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Hydrogen and Pb defects at the„111…Si-SiO2 interface: An ab initio cluster study

Blair Tuttle
Department of Physics and Beckman Institute, University of Illinois, Urbana, Illinois 61801

~Received 17 February 1999!

Employingab initio density functional methods and atomistic cluster models, we investigate the properties
of Pb defects and their interactions with hydrogen at the (111)Si-SiO2 interface. Our calculated hyperfine
parameters agree quantitatively with experiments indicating that thePb defect is a silicon dangling bond at the
silicon side of the interface. We calculate the local minimum energy structures for one and two hydrogen atoms
interacting with thePb defect. From these calculations, we derive reaction energies for H2 adsorption and H
desorption. Comparing our results to experimentally derived activation barriers, we suggest different atomistic
mechanisms for the observed reactions.@S0163-1829~99!05228-5#
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I. INTRODUCTION

Point defects at the Si-SiO2 interface and their interac
tions with hydrogen has garnered much attention in
literature.1–9 At the (111)Si-SiO2 interface, one type of elec
trically active defect has been clearly identified via electr
spin resonance~ESR! and is labeled thePb defect.1,2 Analy-
sis of the data indicates that the dominantPb defect is con-
sistent with an isolated silicon dangling bond (Sidb) on the
silicon side of the interface. Semiempirical atomistic calc
lations agree qualitatively with this analysis.3,4 At the
(100)Si-SiO2 interface, two ESR activePb-like defects have
been identified but their structural properties are not w
characterized, in part because of the disordered nature o
Si~100! interface. The interaction of hydrogen withPb de-
fects has been studied for both the~111!Si and the~100!Si
interfaces with SiO2.5–9 Hydrogen is understood to passiva
the electrical activity ofPb and other defects but can also b
associated with the creation of defects. For instance, re
experiments using deuterium instead of hydrogen in the p
cessing of silicon transistors indicate that hot electrons ca
device degradation indirectly by removing hydrogen~or deu-
terium! which were passivating electrically active defects10

Although the (100)Si-SiO2 interface is more important fo
device applications, understanding defect-hydrogen inte
tions at the (111)Si-SiO2 is important both from a funda
mental standpoint and also as a model for understan
similar interactions at the~100!Si interface.

Hydrogen is observed to passivatePb defects, for in-
stance, by annealing in an H2 rich environment.5 This passi-
vation can be reversed by thermal vacuum annealing1 or by
hot electron excitation.10 Our understanding of the interac
tions of H andPb defects is based primarily on the analys
of two sets of experiments.5–7 Analysis of the data sugges
that the reactions can be characterized by a single barrie
shown in Fig. 1. The reaction goes from an initial state to
final state by way of a transition state with energies of Ei ,
Ef , and Et , respectively. The reaction barrier is given b
EB5Et2Ei and the reaction energy is ER5Ef2Ei ~note: ER
less than zero corresponds to an exothermic reaction!. The
experiments involve measuring the kinetics ofPb passivation
and depassivation. In the first experiment, the ESR signa
PRB 600163-1829/99/60~4!/2631~7!/$15.00
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thePb defect is measured as a function of the time, press
and temperature during H2 annealing. Analysis of the dat
indicates that the rate-limiting step can be described by
following equation:

H21Pb˜Pb2H1H. ~1!

Brower found the kinetics to be thermally activated with
single reaction barrier (EB) of 1.66 eV. More recent experi
ments over larger temperature and time ranges indica
Gaussian distribution of barriers is needed to fit the data w
EB

ave51.51 eV ands50.06 eV.8 Also, the desorption of H
from Pb defects has been measured by vacuum annea
experiments. ThePb defect’s ESR signal is measured as
function of time and temperature. Analysis of the data in
cate, the observed data can be described by the follow
equation:

Pb2H˜Pb1H. ~2!

The measured thermal activation barrier (Eb) is 2.56 eV. In
both reaction~1! and ~2!, the Pb defect is proposed to be
Sidb and both H and H2 are assumed to reside in bulk SiO2.

Reactions~1! and ~2! form the basic model for under
standing the physical chemistry ofPb and hydrogen at the
Si-SiO2 interface. An attractive feature of this model is th
combining Eqs.~1! and ~2! leads to

H2˜H1H, ~3!

FIG. 1. Reaction diagram: The energy versus reaction coo
nate is shown for a simple single barrier two-state reaction.
2631 ©1999 The American Physical Society
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2632 PRB 60BLAIR TUTTLE
the equation describing the dissociation of H2 molecules in
SiO2. Brower and Myers have7 assumed that the reverse
reactions~1! and~2! are barrierless. In which case, the bin
ing energy in SiO2 is ~2.56 1 1.66! eV 5 4.22 eV, which
compares favorably with the experimental H2 binding energy
in a vacuum~4.56 eV!. Semi-empirical atomistic total energ
calculations performed by Edwards11 considered both Si-H
and Si-H-H interactions. Theoretical results were in agr
ment with the reaction mechanisms proposed by Brower
Myers.7 However, the theoretical studies were based
semi-empirical calculations so the agreement may be sp
ous. Recent advances in electronic structure calculation
low for the investigation of large defect models without a
empirical fitting. Withab initio calculations, we have revis
ited the properties ofPb defects and their interactions wit
hydrogen.

Here we presentab initio density functional calculations
of the interactions of hydrogen with an isolated dangli
bond in a cluster model of the (111)Si-SiO2 interface. First,
we have calculated the isotropic hyperfine parameters
dangling bond defects. The quantitative agreement found
comparing directly with experimental ESR values confir
the simple dangling bond model proposed for thePb defect.
In addition, we have calculated the locally minimum ener
configurations for one and two hydrogen atoms interact
with an interfacial Sidb . From these calculations, we deriv
reaction energies (ER) for H2 adsorption and H desorption
Comparing our results to experimentally derived activat
barriers, we determine atomistic mechanisms for the
served reactions. In terms of reaction Eqs.~1! and ~2!, we
find the final state for each reaction is more likely to invol
atomic H in bulk Si rather than in SiO2 as previously as-
sumed.

The rest of this paper is organized as follows. In Sec.
we discuss details of the theoretical approach used. We
cuss our results in Sec. III and, in Sec. IV, we draw o
conclusions.

II. CALCULATIONAL DETAILS

For ourab initio calculations, we employ the DMol com
mercial package12 which is based on density funtional theo
~DFT!.13 For the exchange-correlation functional, we empl
the local density approximation~LDA ! using the results of
Ceperly and Alder14 as parametrized by Vosko, Wilk, an
Nusair.15 To test the LDA calculations, we have employe
the generalized gradient approximation~GGA! as developed
by Becke, Lee, Yang, and Parr.16 The basis functions are
numerical atomic orbitals and include two orbitals and o
polarization function per electron. Spin polarization, co
electrons, and relaxations are included when necess
Other options were set to default values.

We have performed dozens of test calculations on m
ecules such as H2, SiH4 , SiH3 , Si2H6, and 1(HO)Si2H6.
Our results are consistent with previous tests of LD
methods.17,18 Compared with experiment or higher lev
quantum chemistry calculations,19 we found the root mean
squared~RMS! deviation in bond lengths was approximate
1%, whereas the bond strength RMS deviation was 7.
We found that GGA results for bond strengths were stati
cally better with an RMS deviation of 4.1%. Below, we r
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port LDA results only. However, we have performed GG
calculations in selected cases to ensure our reported re
are not greatly sensitive to our use of the LDA.

We use two cluster models for a Sidb as shown in Fig. 2.
Model I in Fig. 2~a! simulates the Si~111! surface and in-
cludes 22 Si and 27 H atoms. The Si~111! surface includes
one Sidb and six Si-H bonds. Model II in Fig. 2~b! simulates
the Si(111)-SiO2 interface and includes 87 atoms in total@29
Si and 22 H for the Si~111! surface; and 6 Si, 18 O, and 6 H
for the SiO2 surface#. Note that H atoms used only to pass
vate the cluster surface are not shown in Fig. 2. The clus
used here are similar to those reported by Cook and Wh3

Our cluster models are not large enough to reproduce b
properties such as gap energies. For instance, the HO
LUMO gap20 for model I is 3.1 eV, whereas the DFT-LDA
gap for bulk Si is;0.5 eV.21 However, in many cases, H
energetics are more sensitive to the local chemistry. Emp
ing model I, we estimate the bond strength (EB) of H bound
to the central Sidb .22 We find EB53.6 eV, which is in good
agreement (,0.1eV difference! with DFT-LDA pseudopo-
tential results using periodic models of the Si~111! surface.18

We conclude that the cluster models employed in our pres
study are a reasonable compromise between accuracy
efficiency. Although quantitative aspects of our reported
action energies may vary by 10%, the main conclusions
not sensitive to this uncertainty. Presently, we are involv
in a project to employ accurate quantum Monte Carlo me
ods to estimate H formation energies in Si and SiO2.23

III. RESULTS AND DISCUSSION

A. Structure of Pb defects

Hyperfine parameters determined by ESR experime
can be related to a defect’s atomic structure only by mod
ing of the spin density of the system. Recent development
electronic structure methods has made it possible to pre
spin densities accurately for large atomistic defect mod
without any empirical inputs.24,25 By employing ab initio
DFT-LDA methods and cluster models, we can quanti
tively compare theoretical and experimental hyperfine
rameters. From such comparisons, one can accurately d
mine the atomistic structure ofPb defects at the
(111)Si-SiO2 interface.

FIG. 2. Cluster models: Two atomistic cluster models depic
silcon dangling bond at~a! the Si~111! surface, and~b! the ~111!Si-
SiO2 interface. In both figures, the solid, open and line-shad
circles represent oxygen, silicon, and hydrogen atoms, respecti
In ~b!, the central oval filled with horizontal lines designates t
silicon dangling bond orbital.
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TABLE I. Hyperfine parameters: theory versus experiment. The isotropic interaction is reported~in units
of Gauss! for Sidb defects. In brackets we report the percent deviation between theory and experimen

Structure Experiment Present work Cook and Whitec Edwardsd

SiH3 190 173 (29%)
Sidb at (111)Si-SiO2 112,a 110b 99 (211%) 129~115%! 142 ~127%!

aReference 1.
bReference 2.
cReference 3.
dReference 4.
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Analysis of the ESR data indicates that, for t
(111)Si-SiO2 interface, the one paramagnetic defect, labe
Pb , is consistent with a silicon dangling bond on the silic
side of the interface pointing in the~111! direction.1,2,8These
results are corroborated by the fact that the number den
of Si atoms in SiO2 is much lower than in bulk Si; thus, a
the interface, there will naturally be a number of und
coordinated Si atoms. Analysis of the data was initially
terms of empirical models based ons,p3 valence orbital
hybrids.1 Semi-empirical electronic structure calculatio
have subsequently been performed employing cluster mo
similar to models I and II.3,4 These calculations were i
qualitative agreement with the original empirical analysis
the data. However, the calculated hyperfine parameters w
between 15–30 % higher than the experimental value~see
Table I!. No arguments were given to explain the quanti
tive discrepancy. One explanation for the discrepancy is
the isolated Sidb model itself is in some way deficient. Re
cently, from theoretical studies of oxygen thermal donors
bulk c-Si, it has been suggested that the Si-SiO2 interfacial
defects involve silicon atoms which participate in ‘‘fru
trated’’ bonds, i.e., silicon-oxygen bonds where the oxyg
atom is over coordinated.26 Similar frustrated bonds hav
also been proposed as the intrinsic paramagnetic defe
amorphous silicon.26,27 The proposed ‘‘frustrated’’ bond
model would naturally produce lower hyperfine paramet
because the defect wave function is less localized than in
isolated dangling bond model. Given the current unset
situation, we have decided to revisit the calculation of hyp
fine parameters for thePb defect models.

The goal of our calculation is to test the accuracy of
dangling bond model for thePb defect observed at th
Si~111!-SiO2 interface. To do this, we calculate the hyperfi
interactions which can be obtained directly from ESR exp
ments. Several hyperfine parameters have been measure
Si~111!-SiO2 interface. These interactions include the co
tact ~or isotropic! interaction, the dipolar interaction, an
nearest neighbor~or super-hyperfine! interactions. Each of
these interactions can be calculated theoretically for a gi
structural model. For more details regarding the theoret
calculation of hyperfine interactions see Refs. 3, 4, and
We limit ourselves to the isotropic interaction since it is t
strongest and most localized of the interactions. Also, o
the isotropic interaction has been measured for the SiH3 mol-
ecule which provides a nice benchmark. For silicon, the i
tropic interaction can be calculated with the equatio
aiso (Gauss)5285.522gSi29 rspin(RSi), where gSi295
21.11052~Ref. 28! is the nuclear magnetogyric ratio, an
rspin(RSi) is the spin density at the position of the defe
d
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silicon atom in atomic units. Thus, to accurately calcula
hyperfine interactions, one needs an accurate method for
culating the spin densities.

Theoretically, we determine the value ofrspin(RSi) using
ab initio density functional cluster calculations as describ
in Sec. II. To calculaterspin(RSi), we perform spin-
polarized, all-electron calculations. Using the fixed-core
proximation significantly alters our results. The spin dens
rspin(RSi) is very sensitive to the relaxation of the Sidb and
nearest neighbors. We allow all atoms to fully relax until t
force on each atom is less than 0.1 eV/Å . We have ca
lated aiso for SiH3 and for the Sidb in cluster model I. In
Refs. 3 and 4 the geometry and electronic structure of
Sidb are found to be well converged for cluster model
Thus, we have not examined larger clusters such as mod

In Table I, we compare our present results to previo
theoretical calculations and also to experiment. Our value
aiso for SiH3 is 173 G which is 9% lower than experimen
Since the structure of SiH3 is not in question, our error is du
entirely to the DFT-LDA implementation used. Thus, for a
accurate model of thePb defect, we expect our calculate
value for aiso to be lower than the experimental value b
roughly 10%. References 3 and 4 did not report hyperfi
parameters for SiH3, so it is difficult to gauge the accuracy o
the methods they used. Our value ofaiso for cluster I is 99.1
G which is ;11% lower than experiment suggesting t
isolated Sidb is a good model for thePb defect. The results
from Refs. 3 and 4 for cluster model I are found to be high
than experiment by 15 and 27%, respectively. Difference
theoretical estimates ofaiso are due to the different approxi
mations used in each calculation. Although we have not p
formed an extensive analysis of the approximations use
Refs. 3 and 4, we did examine the effect of using a minim
basis. If we use a minimal basis within our DFT-LDA fram
work, then, for SiH3, the value foraiso is 43% higher than
experiment. Thus, the use of minimal basis sets in Refs
and 4 may in part explain their overestimation ofaiso .

Our results indicate that the isolated dangling bond i
good model for thePb defect at Si~111!-SiO2 interface. We
do not have an atomistic structural model for the compet
frustrated bond defect so we cannot definitively rule it o
The frustrated bond model is essentially a three-fold silic
atom which is frustrated in its effort to bond to a near
oxygen because the oxygen already has two bonds. The
fect wave function should be less localized on the silic
atom than in the case of the isolated dangling bond mo
Therefore, the defect’s spin density andaiso may be too low
to agree with experiment. As a crude test, we place an H2O
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2634 PRB 60BLAIR TUTTLE
molecule above the dangling bond in cluster I. Relaxing
coordinates led to a Si-O distance of 2.1 Å compared to
Å in quartz. The O-H bond lengths were 1.0 Å , the same as
isolated H2O. The calculated value foraiso for the Si defect
is 22 G which is;80% lower than the experimental valu
This result does not lend support to the frustrated bo
model.

Our results indicate that the simple dangling bond mo
is entirely sufficient to explain the hyperfine data for t
~111!Si-SiO2 interface. It remains to be seen whether a va
ant on the isolated Sidb will also be sufficient to explain ESR
active defects in more complicated systems, e.g., in b
amorphous silicon or at the~100!Si-SiO2 interface.

B. H2 passivation ofPb defects

In Sec. III A, we have identified the electrically activePb
defect as an isolated Sidb at the~111!Si-SiO2 interface. Be-
low, we report calculations used to determine the reac
energies involved in the passivation ofPb defects by H2. The
reactions involve dissociating an H2 molecule in the pres-
ence of a Sidb as indicated in Eq.~1!. The process propose
by Brower and Myers7 involves an H2 molecule initially
above the Sidb in an open SiO2 interstice. Then, the H2 dis-
sociates such that one H passivates the Sidb and one remains
in the open SiO2 interstice. From their analysis, the H2 bind-
ing energy in SiO2 is estimated to be<4.2 eV. Semi-
empirical calculations by Edwards11 support this model reac
tion. Since these initial calculations were performe
advances in electronic structure methods and computer h
ware make it possible to study this system withab initio total
energy calculations to test the proposed reaction model.

Our goal is to examine likely mechanisms for H2 passi-
vation of Pb defects at the~111!Si-SiO2 interface. There are
an unlimited number of pathways by which H2 can dissociate
in the presence of a Sidb . In order to make progress, we hav
limited ourselves to the calculation of the various loca
stable configurations for two hydrogen atoms and a Sidb . We
consider four configurations which have been previou
identified as important.11,29 We employ the DFT-LDA local
orbital method described in Sec. I and cluster model II
examine the local minimum energy configurations for tw
hydrogen atoms interacting with a Sidb at the ~111!Si-SiO2
interface. In these specific calculations, we apply the fix
inner-core approximation which is applied only to th
Si(1s,2s) atomic orbitals. Also, spin polarization is include
since there is an odd number of electrons. For each lo
minima found, we allow all the coordinates to relax until t
forces on each atom are less than 0.2 eV/Å . Our total ene
results are summarized in Table II. These results will

TABLE II. Relative energies for several local minima related
the passivation of a Sidb by an H2 molecule.

Site E ~eV!

a. Sidb1H2
i (SiO2) 0.0

b. Sidb1H2
'(SiO2) 0.0

c. Si–H1 H (SiO2) 1.1
d. [SiH2 0.2
ll
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discussed in the context of the reaction equation~1! and
Fig. 1.

In reaction equation~1!, the initial state involves an H2
molecule in SiO2 and aPb defect at the interface. We con
sider two initial configurations with an H2 molecule~a! par-
allel (i) and~b! perpendicular (') to an isolated Sidb at the
~111!Si-SiO2 interface. In both cases, the molecule’s cen
of mass is 4.3 Å above the Sidb and is at the height of the
outer oxygen atoms shown at the top of Fig. 2~a!. The near-
est atoms to the central H2 are oxygen atoms at a distance
4.0 Å . The electronic structure of both configurations
clude a localized gap level localized on the Sidb . The energy
of these two configurations are identical and are set to zer
Table II. We find the H2 molecules compare well to H2 in
free space. The bond lengths are~a! 0.80 Å and~b! 0.77 Å
compared to 0.77 Å calculated for H2 in free space. Also, the
binding energies22 are within 0.1 eV of the calculated fre
space value.

In reaction equation~1!, the final state involves one H
atom passivating thePb defect and one atomic hydrogen. W
consider two possibilities for the final configuration of th
atomic hydrogen. First, the H atom is placed above the S
bond at 4.3 Å from the Si atom. There is little interactio
between the H atom with either the Si-H or the SiO2 ring.
We find less than 0.1 eV is needed to move the H atom fr
its SiO2 position to free space. The electronic structure
cludes a gap level localized on the atomic H atom and
energy of the final state is 1.1 eV.

Another possible final state is with the free H entering t
silicon side of the interface. An intermediate configurati
([SiH2), involving an over-coordinated silicon atom, ha
been previously identified with DFT-LDA pseudopotenti
methods.29 We find the [SiH2 complex involves a long
Si-Si and two Si-H bonds which all share one plane. T
three Si-Si bond lengths are 2.36, 2.37, and 2.49 Å , and both
Si-H bond lengths are 1.55 Å . The electronic structure
cludes a gap level localized primarily on the central silic
atoms and both hydrogen atoms. These results agree with
results reported in Ref. 29. We find the final energy of t
[SiH2 complex is 0.2 eV greater than the configuration w
H2 above the Sidb . In Ref. 29, it was determined that les
than 0.2 eV is needed to dissociate the[SiH2 complex into
a final configuration with one H passivating thePb center
and one H atom in bulk silicon far from any defect.

Combining the results reported above and in Table II,
are able to reevaluate the reaction model proposed
Brower and Myers.7 From our calculations, we provide est
mates for the reaction energy (ER in Fig. 1! for reaction Eq.
~1!. To fully understand the mechanisms by which H2 passi-
vates Sidb defects at the Si-SiO2, one would have to calculate
the full total energy hypersurface to determine the relev
transition state energies (Et in Fig. 1!. Such a calculation is
beyond the scope of the present study and will be the sub
of future work. Nevertheless, our estimates of ER provide
interesting insight into the mechanisms for the observed
actions. We find ER is 1.1 eV or ;0.2 eV depending on
whether the atomic hydrogen enters bulk SiO2 or bulk sili-
con, respectively. Therefore, the H atom will strongly fav
the silicon side of the interface. Indeed, in simulations wh
the atomic hydrogen is placed in an arbitrary site above
Si-H bond, we find the system relaxes to the[SiH2 configu-
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ration. These results suggest an H2 dissociation mechanism
with the[SiH2 complex as an intermediate state. One asp
of this mechanism is that the reaction energy is much lo
than the measured activation energies. Our preliminary
culations of the reaction barrier, within the adiabatic appro
mation, indicate that EB is larger than 1.0 eV and so may b
consistent with experiment.

In addition, we estimate H2 in SiO2 will have a binding
energy22 equivalent to H2 in free space, which theoreticall
is 4.7 eV and experimentally is 4.5 eV. This result is high
than the upper bound of 4.2 eV proposed in the analysi
experiments by Brower and Myers.7 However, the value de
termined by Brower and Myers7 assumed hydrogen woul
only occupy SiO2 interstices, which appears unlikely give
that bulk silicon provides a lower energy bonding enviro
ment.

C. Desorption of H from Pb defects

In Sec. III B, we reported calculations of the reaction e
ergies for H2 atoms passivatingPb defects at the Si~111!-
SiO2 interface as described in reaction equation~1!. Here we
present results for the reaction energies for H desorp
from Pb defects as described by reaction equation~2!. Ther-
mally activated desorption of hydrogen fromPb centers at
the Si~111!-SiO2 interface have been examined in great d
tail by Brower.5 Analysis of the data indicate that the activ
tion barrier for reaction~2! is 2.56 eV. The assumption o
Brower and Myers7 that the H desorbs into bulk SiO2 is also
supported by the semi-empirical calculations of Edward11

However, based on DFT-LDA pseudopotential calculatio
of H in bulk Si, it has recently been suggested that the
desorption is more likely to occur via the silicon bulk and n
through the vacuumlike region above a Sidb at the~111!Si-
SiO2 interface. Our results from Sec. II B support this su
gestion. To clarify the situation, we have studied hydrog
desorption from a dangling bond at the Si~111!-SiO2 inter-
face with DFT-LDA cluster caclulations. As in Sec. III B
here we confine ourselves to the calculation of local m
mum energy configurations which allows us to estimate
reaction energy for Eq.~2! assuming various dissociatio
paths. By comparing our calculated energetics with the
perimentally derived activation barriers, we conclude that
action ~2! is most likely to involve a final state with atomi
hydrogen desorbing in a bulk silicon environment rather th
into bulk SiO2.

Our goal is to determine the most likely pathways for t
desorption of hydrogen from the strong Si-H bond. As in t
case of H2 adsorption, there are an unlimited number of pa
ways by which the Si-H bond can dissociate. In order
make progress, we have limited ourselves to the calcula
of the various locally stable configuration for H as it diss
ciates from the Sidb . With DFT-LDA methods within a su-
percell framework, local minima have been determined
hydrogen in bulk crystalline Si,18,30near a Sidb in c-Si,31 and
in bulk crystalline silicon-dioxide.32 In Refs. 30 and 31, the
barriers between local minima were also determined for H
Si. However, the relative energy of hydrogen in silicon v
sus silicon-dioxide has not yet been examined. We plac
near previously identified30–32local minima and allow neigh-
boring atoms to fully relax until the force on each atom
ct
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less then 0.2 eV/Å . As in Sec. III B, we employ clust
model II and the fixed-inner-core approximation.

We have examined the relaxed geometries, the rela
total energy and the electronic structure of H at five lo
minima. Our main results are reported in Fig. 3. In Fig. 3~a!,
we show the position~with the atoms in their unrelaxed po
sitions! of each local minima found, sitesa–e. The final
relaxed configurations for each local minima reasona
agree with previously published results for similar system
The total energies including zero point energies are repo
in Fig. 3~b!. The eigenlevels near the Fermi energy are
ported in Fig. 3~c!. These results will be discussed in th
context of the reaction equations~2! and Fig. 1.

First consider H at sitea, fully passivating the Sidb . The
total energy for the model with H at sitea sets the zero of
energy in Fig. 3~b!. We find the binding energy to be 3.6 eV
identical to Si-H at the Si~111! surface reported above i
Sec. II. Thus, to remove the neutral H from sitea and place
it in free space costs 3.6 eV, assuming no intermediate
rier ~i.e., ER5EB). The band gap for this model is given b
the HOMO-LUMO~Ref. 20! gap with H at sitea. The gap is
found to be 3.1 eV, as indicated in Fig. 3~c!.

Sitesb andc were determined to be local minima for H
interacting with an isolated Sidb in bulk c-Si.31 We find H at
the antibonding siteb has an energy of 1.3 eV and electr
cally active localized eigenlevels appear near the gap.
find H at the nearest bond center sitec has an energy of 1.9
eV. As demonstrated in Fig. 3~c!, with H at site c, the
HOMO and LUMO~Ref. 20! eigenlevels move significantly
deeper into the gap. The HOMO level is associated with
silicon dangling bond and is lower than the isolated dangl
bond ~DB! level due to displacements and interactio
caused by the interstitial H at sitec. The LUMO level is
associated with a silicon-silicon antibonding state and is lo
ered into the gap due to the presence of the H atom. Th
results compare favorably with DFT-LDA pseudopotent
plane-wave calculations of Si-H interactions inc-Si.18,31One
discrepancy is that Refs. 18 and 31 find H at sitesc has a
relative energy of 1.5 and 1.75 eV, respectively. It should
noted that the H atom at sitesb andc is still strongly bound
to the Sidb .

In bulk silicon, atomic hydrogen favors the bond cen
~BC! site for both the neutral and positive charge state.30 The

FIG. 3. H desorption: Presented is~a! a ball and stick sketch of
the unrelaxed positions of five local minima~a–e! for H near a
silicon dangling bond at the~111!Si-SiO2 interface,~b! the total
energy, and~c! the eigenlevels for each configuration. For~c!, we
also include the eigenlevels for the dangling bond~DB! to aid in
comparison.
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next nearest bond center sited is found to be a local mini-
mum for H with a relative energy of 2.2 eV. This energy
0.3 eV lower than the 2.5 eV reported by Ref. 18 to mov
neutral H from sitea into a BC site in bulk Si far from any
defects. In our case, there is some charge transferred
the H site to the Sidb , leaving the H atom positively charged
Such charge transfer is reasonable since the H related d
level is higher in energy than the Sidb defect level, as indi-
cated in Fig. 3~c!. Therefore, the system lowers its energy
transferring negative charge from the H site to the Sidb . A
Mullikin analysis confirms that the H atom at sited is posi-
tively charged. The activation barrier experienced by atom
hydrogen moving from the Sidb site to the silicon side of the
interface should not be much larger than 2.5 eV since
activation barriers for atomic hydrogen in bulk Si are fou
to be 0.5 eV or less.18,30 Our results reasonably agree wi
the experimentally derived activation barrier of 2.56 eV.7

Since the H atom at sitec is positively charged, we expec
the H will move into SiO2 as a positively charged species.
bulk SiO2, positively charged atomic H forms strong bon
with oxygen.32 Therefore, we place H in the vicinity of th
nearest neighboring oxygen atom. As suggested in Fig. 3~a!,
a strong bond forms between the oxygen and positiv
charged H atom at sitee. The O-H bond length is 1.0 Å
similar to bond lengths in H2O, while the Si-O bonds
lengthen from 1.6 Å each to 1.8 and 1.9 Å . This structure is
close to the configuration reported in Ref. 32 for H1 in bulk
SiO2. A Mullikin analysis indicates that with H at sitee,
charge transfer occurs, leaving the H positively and the Sdb
negatively charged. Indeed, the Sidb atom moves out of the
plane of its three neighbors, consistent with it being ne
tively charged. The energy of H at sitee is 3.3 eV. In Sec.
III B, we estimated the energy of a neutral H in SiO2 to be
the same as in free space, which is13.6 eV on the scale in
Fig. 3~b!. Thus, it appears that only;0.3 eV is gained by
the charge transfer between H and the Sidb . These results
indicate that over 3.0 eV is needed to move atomic hydro
from the Sidb site to a local minima in bulk SiO2. It appears
the barrier to enter SiO2 is over 3.0 eV which is too large to
agree with the experimentally derived activation energy
2.56 eV.7

As indicated in Fig. 3~c!, the Sidb related HOMO level
rises significantly for H at sited in silicon to sitee in SiO2.
Thus, the gain in energy could be due primarily to the cha
ing of the Sidb during dissociation. To examine this possib
et
a

m

ect

ic

e

ly

-

n

f

-

ity, we passivated the Sidb with one H atom, then considere
both H0 and H11 at sitesd ande. In both cases, over 0.5 eV
is needed to move H from sited to sitee. The main conclu-
sion drawn here is that, for atomic hydrogen, bulk silic
provides a lower energy bonding environment than b
SiO2. Thus, as proposed in Sec. III B for reaction~1!, our
results indicate that it is more likely for atomic H to deso
into bulk Si rather than into bulk SiO2.

IV. CONCLUSION

With ab initio DFT-LDA calculations employing cluste
models of the~111!Si-SiO2 interface, we examine atomisti
models forPb defects and their interactions with hydroge
atoms. First, we have calculated the isotropic hyperfine
rameters for dangling bond defects. The quantitative ag
ment found by comparing directly with experimental ES
values supports the simple dangling bond model propo
for the Pb defect. In addition, we have calculated the loca
minimum energy configurations for one and two hydrog
atoms interacting with an interfacial Sidb . Thus, we have
calculated values for the reaction energy ER for various re-
action paths. From these calculations, we derive reaction
ergies (ER) for H2 adsorption and H desorption. Comparin
our results to experimentally derived thermal activation b
riers, we propose atomistic mechanisms for the observed
actions. In terms of reaction Eqs.~1! and ~2!, we find the
final state for each reaction is more likely to involve atom
hydrogen in bulk Si than in bulk SiO2.
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