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Hydrogen and P, defects at the(111)Si-SiO, interface: An ab initio cluster study
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Employingab initio density functional methods and atomistic cluster models, we investigate the properties
of P, defects and their interactions with hydrogen at the (111)Si, Si@rface. Our calculated hyperfine
parameters agree quantitatively with experiments indicating tha® jtiefect 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 theP,, defect. From these calculations, we derive reaction energies fadsorption and H
desorption. Comparing our results to experimentally derived activation barriers, we suggest different atomistic
mechanisms for the observed reactidi&0163-1829)05228-5

[. INTRODUCTION the P, defect is measured as a function of the time, pressure,
and temperature duringHannealing. Analysis of the data
Point defects at the Si-SiOnterface and their interac- indicates that the rate-limiting step can be described by the
tions with hydrogen has garnered much attention in thdollowing equation:
literature'~° At the (111) Si-SiQ interface, one type of elec-
trically active defect has been clearly identified via electron Ha+ Pp—Pp—H+H. @

spin resonancéESR) and is labeled th®, defect™? Analy-  Brower found the kinetics to be thermally activated with a
sis of the data indicates that the domin&atdefect is con-  single reaction barrier (§ of 1.66 eV. More recent experi-
sistent with an isolated silicon dangling bond {$ion the  ments over larger temperature and time ranges indicate a
silicon side of the interface. Semiempirical atomistic calcu-Gaussian distribution of barriers is needed to fit the data with
lations agree qualitatively with this analySié. At the ER'°=1.51 eV andor=0.06 eV® Also, the desorption of H
(100)Si-SiQ interface, two ESR active,-like defects have from P, defects has been measured by vacuum annealing
been identified but their structural properties are not wellexperiments. Thé, defect's ESR signal is measured as a
characterized, in part because of the disordered nature of tienction of time and temperature. Analysis of the data indi-
Si(100) interface. The interaction of hydrogen wi, de-  cate, the observed data can be described by the following
fects has been studied for both tfEl1)Si and the(100Si equation:

interfaces with Si@.°~° Hydrogen is understood to passivate

the electrical activity oP,, and other defects but can also be Pp—H—Pp+H. 2

associated with the creation of defects. For instance, recemthe measured thermal activation barrieg) i 2.56 eV. In
experiments using deuterium instead of hydrogen in the proboth reaction(1) and(2), the P, defect is proposed to be a
cessing of silicon transistors indicate that hot electrons caussiy, and both H and KHare assumed to reside in bulk SiO
device degradation indirectly by removing hydrogendeu- Reactions(1) and (2) form the basic model for under-
terium) which were passivating electrically active defetts. standing the physical chemistry &, and hydrogen at the
Although the (100)Si-Si@interface is more important for Si-SiO, interface. An attractive feature of this model is that
device applications, understanding defect-hydrogen interaccombining Eqs(1) and(2) leads to

tions at the (111)Si-SiQis important both from a funda-

mental standpoint and also as a model for understanding H,—H+H, (©)
similar interactions at th€l00)Si interface.

Hydrogen is observed to passivaly, defects, for in- |
stance, by annealing in an,Hich environmen®. This passi-
vation can be reversed by thermal vacuum anneilimdgy
hot electron excitatioh’ Our understanding of the interac-
tions of H andPy, defects is based primarily on the analysis
of two sets of experiments.’” Analysis of the data suggests
that the reactions can be characterized by a single barrier, as
shown in Fig. 1. The reaction goes from an initial state to the E ,
final state by way of a transition state with energies pf E 5 i
E;, and E, respectively. The reaction barrier is given by i t £
Egz=E;—E; and the reaction energy iKE E;—E; (note: K
less than zero corresponds to an exothermic regctibime
experiments involve measuring the kineticRgfpassivation FIG. 1. Reaction diagram: The energy versus reaction coordi-
and depassivation. In the first experiment, the ESR signal afate is shown for a simple single barrier two-state reaction.
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the equation describing the dissociation of iolecules in
SiO,. Brower and Myers haveassumed that the reverse of
reactions(1) and(2) are barrierless. In which case, the bind-
ing energy in SiQ is (2.56 + 1.66 eV = 4.22 eV, which
compares favorably with the experimentgl binding energy

) . = - Sl BN\
in a vacuum4.56 e\). Semi-empirical atomistic total energy Yot S

calculations performed by Edwardsconsidered both Si-H

and Si-H-H interactions. Theoretical results were in agree-
ment with the reaction mechanisms proposed by Brower and
Myers! However, the theoretical studies were based on 2

semi-empirical calculations so the agreement may be spuri- £G, 2. Cluster models: Two atomistic cluster models depict a
ous. Recent advances in electronic structure calculations akjicon dangling bond &) the S{111) surface, andb) the (111)Si-
low for the investigation of large defect models without any sjo, interface. In both figures, the solid, open and line-shaded
empirical fitting. Withab initio calculations, we have revis- circles represent oxygen, silicon, and hydrogen atoms, respectively.
ited the properties oP, defects and their interactions with In (b), the central oval filled with horizontal lines designates the
hydrogen. silicon dangling bond orbital.

Here we presenab initio density functional calculations

of the interactions of hydrogen with an isolated danglingport LDA results only. However, we have performed GGA

bond in a cluster model of the (111)Si-Siduerface. First,  caicylations in selected cases to ensure our reported results
we have calculated the isotropic hyperfine parameters fog.a not greatly sensitive to our use of the LDA.

dangling bond defects. The quantitative agreement found by \ye use two cluster models for agSias shown in Fig. 2.
comparing directly with experimental ESR values confirmsy;ogel | in Fig. 2a) simulates the $111) surface and in-
the simple dangling bond model proposed for Bhedefect. | des 22 Si and 27 H atoms. The(Ei1) surface includes
In addltlon, we have calculated the locally minimum energy,ne Si, and six Si-H bonds. Model 11 in Fig.() simulates
configurations for one and two hydrogen atoms interactingy,o Si(111)-SiQ interface and includes 87 atoms in td29
with an interfacial Sj,. From these calculations, we derive gj and 22 H for the $111) surface: and 6 Si, 18 O, and 6 H
reaction energies & for H, adsorption and H desorption. 5, the SiQ surfacd. Note that H atoms used only to passi-
Comparing our results to experimentally derived activation a¢e the cluster surface are not shown in Fig. 2. The clusters
barriers, we determine atomistic mechanisms for the obygeq here are similar to those reported by Cook and White.
served reactions. In terms of reaction E(B. and (2), we oy cluster models are not large enough to reproduce bulk
find the final state for each reaction is more likely to involve properties such as gap energies. For instance, the HOMO-
atomic H in bulk Si rather than in SiOas previously as- | ymo gap?® for model | is 3.1 eV, whereas the DFT-LDA
sumed. , , _ gap for bulk Si is~0.5 eV?! However, in many cases, H
The rest of this paper is organized as follows. In Sec. Il,gnergetics are more sensitive to the local chemistry. Employ-
we discuss details of the theoretical approach used. We d'?ﬁg model I, we estimate the bond strength,Bf H bound
cuss our results in Sec. Il and, in Sec. IV, we draw OUrliythe central Sk.2We find Es=3.6 eV, which is in good
conclusions. agreement €0.1eV difference with DFT-LDA pseudopo-
tential results using periodic models of thé1di1) surface*®
Il. CALCULATIONAL DETAILS We conclude that the cluster mode!s employed in our present
study are a reasonable compromise between accuracy and
For ourab initio calculations, we employ the DMol com-  efficiency. Although quantitative aspects of our reported re-
mercial packag® which is based on density funtional theory action energies may vary by 10%, the main conclusions are
(DFT).'* For the exchange-correlation functional, we employnot sensitive to this uncertainty. Presently, we are involved
the local density approximatiofLDA) using the results of in a project to employ accurate quantum Monte Carlo meth-
Ceperly and Aldef* as parametrized by Vosko, Wilk, and ods to estimate H formation energies in Si and SO
Nusairl® To test the LDA calculations, we have employed
the generalized gradient approximati@GA) as developed
by Becke, Lee, Yang, and Paft.The basis functions are lll. RESULTS AND DISCUSSION
numerical atomic orbitals and include two orbitals and one
polarization function per electron. Spin polarization, core
electrons, and relaxations are included when necessary. Hyperfine parameters determined by ESR experiments
Other options were set to default values. can be related to a defect’s atomic structure only by model-
We have performed dozens of test calculations on moling of the spin density of the system. Recent developments in
ecules such as H SiH,, SiH;, SiHg, and "(HO)SLHg.  electronic structure methods has made it possible to predict
Our results are consistent with previous tests of LDAspin densities accurately for large atomistic defect models
methods:’*® Compared with experiment or higher level without any empirical input$*?°> By employing ab initio
quantum chemistry calculation®we found the root mean DFT-LDA methods and cluster models, we can quantita-
squared RMS) deviation in bond lengths was approximately tively compare theoretical and experimental hyperfine pa-
1%, whereas the bond strength RMS deviation was 7.1%ameters. From such comparisons, one can accurately deter-
We found that GGA results for bond strengths were statistimine the atomistic structure ofP, defects at the
cally better with an RMS deviation of 4.1%. Below, we re- (111)Si-SiQ interface.

=

A. Structure of P, defects
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TABLE I. Hyperfine parameters: theory versus experiment. The isotropic interaction is refiortertits
of Gaus$ for Siy, defects. In brackets we report the percent deviation between theory and experiment.

Structure Experiment Present work Cook and White Edward<
SiH; 190 173 9%)
Sigp at (111)Si-SiQ 112,2110° 99 (—11%) 129(+15%) 142 (+27%)

%Reference 1.
bReference 2.
‘Reference 3.
dReference 4.

Analysis of the ESR data indicates that, for thesilicon atom in atomic units. Thus, to accurately calculate
(111)Si-SiqQ interface, the one paramagnetic defect, labelechyperfine interactions, one needs an accurate method for cal-
Py, is consistent with a silicon dangling bond on the siliconculating the spin densities.
side of the interface pointing in th@11) direction>?®These Theoretically, we determine the value @f,;(Rs) Using
results are corroborated by the fact that the number densityb initio density functional cluster calculations as described
of Si atoms in SiQ@ is much lower than in bulk Si; thus, at in sec. II. To calculatepspin(Rs), we perform spin-
the interface, there will naturally be a number of under-pojarized, all-electron calculations. Using the fixed-core ap-
coordinated Si atoms. Analysis of the Sgata was initially inyroximation significantly alters our results. The spin density
terms of empirical models based anp® valence orbital pspin(Rs) is Very sensitive to the relaxation of they$and

. 1 . .. . .
hybrids: Semi-empirical electronic structure calculations rearest neighbors. We allow all atoms to fully relax until the

hgvg subsequently been p$r4formed employin.g cluster que Brce on each atom is less than 0.1 eV/A . We have calcu-
similar to models | and I:* These calculations were in lated a,., for SiHs and for the Sj, in cluster model 1. In

qualitative agreement with the original empirical analysis of .
the data. However, the calculated hyperfine parameters WerRefS' 3 and 4 the geometry and electronic structure of the
Iy, are found to be well converged for cluster model I.

between 15-30% higher than the experimental vdkee )
Table ). No arguments were given to explain the quantita-Th“S' we have not examined larger clusters such as model Il.
tive discrepancy. One explanation for the discrepancy is that N Table I, we compare our present results to previous
the isolated S, model itself is in some way deficient. Re- theorenca}l cglculatlons apd qlso to experiment. Our yalue of
cently, from theoretical studies of oxygen thermal donors irRiso for SiHz is 173 G which is 9% lower than experiment.
bulk c-Si, it has been suggested that the Si-Siferfacial Since the structure of SiHs not in question, our error is due
defects involve silicon atoms which participate in “frus- entirely to the DFT-LDA implementation used. Thus, for an
trated” bonds, i.e., silicon-oxygen bonds where the oxygeraccurate model of th®, defect, we expect our calculated
atom is over coordinated. Similar frustrated bonds have value for a;s, to be lower than the experimental value by
also been proposed as the intrinsic paramagnetic defect moughly 10%. References 3 and 4 did not report hyperfine
amorphous silicoR®?’ The proposed “frustrated” bond parameters for Sij so it is difficult to gauge the accuracy of
model would naturally produce lower hyperfine parameterghe methods they used. Our valueag{, for cluster | is 99.1
because the defect wave function is less localized than in th& which is ~11% lower than experiment suggesting the
isolated dangling bond model. Given the current unsettledsolated Sj, is a good model for thé,, defect. The results
situation, we have decided to revisit the calculation of hyperfrom Refs. 3 and 4 for cluster model | are found to be higher
fine parameters for thB,, defect models. than experiment by 15 and 27%, respectively. Differences in
The goal of our calculation is to test the accuracy of thetheoretical estimates @f;;, are due to the different approxi-
dangling bond model for thd>, defect observed at the mations used in each calculation. Although we have not per-
Si(111)-Si0;, interface. To do this, we calculate the hyperfineformed an extensive analysis of the approximations used in
interactions which can be obtained directly from ESR experi-Refs. 3 and 4, we did examine the effect of using a minimal
ments. Several hyperfine parameters have been measured f@sis. If we use a minimal basis within our DFT-LDA frame-
Si(111)-Si0O, interface. These interactions include the con-work, then, for SiH, the value fora;s, is 43% higher than
tact (or isotropig interaction, the dipolar interaction, and experiment. Thus, the use of minimal basis sets in Refs. 3
nearest neighbofor super-hyperfineinteractions. Each of and 4 may in part explain their overestimationag{, .
these interactions can be calculated theoretically for a given Our results indicate that the isolated dangling bond is a
structural model. For more details regarding the theoreticajood model for thePy, defect at Si111)-SiO, interface. We
calculation of hyperfine interactions see Refs. 3, 4, and 24do not have an atomistic structural model for the competing
We limit ourselves to the isotropic interaction since it is thefrustrated bond defect so we cannot definitively rule it out.
strongest and most localized of the interactions. Also, onlyThe frustrated bond model is essentially a three-fold silicon
the isotropic interaction has been measured for theg 8ibl-  atom which is frustrated in its effort to bond to a nearby
ecule which provides a nice benchmark. For silicon, the isooxygen because the oxygen already has two bonds. The de-
tropic interaction can be calculated with the equation:ifect wave function should be less localized on the silicon
Q5o (Gauss)=285.5229sp9 pspin(Rs),  Where  ggspo= atom than in the case of the isolated dangling bond model.
—1.11052(Ref. 28 is the nuclear magnetogyric ratio, and Therefore, the defect's spin density aad, may be too low
pspin(Rsi) is the spin density at the position of the defectto agree with experiment. As a crude test, we place s@ H
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TABLE Il. Relative energies for several local minima related to discussed in the context of the reaction equatidn and

the passivation of a g by an H, molecule. Fig. 1.

- In reaction equatior{l), the initial state involves an H
Site E(eV) molecule in SiQ and aP, defect at the interface. We con-
a. Sigy-+ Hh(Si0y) 0.0 sider two initial configurations with an g_-molecule_(a) par-

b. Sigy-+ Hs (SIOy) 0.0 allel (||) apd(p) perpendicular ) to an isolated $j, at the
c. Si-H+ H (Si0y) 11 (11])S|-S_|Oz interface. In both cases, the mole(_:ule’s center
d. =SiH, 0.2 of mass is 4.3 A above the §iand is at the height of the

outer oxygen atoms shown at the top of Fige)2The near-

est atoms to the central,Fare oxygen atoms at a distance of

) ) ] 4.0 A . The electronic structure of both configurations in-
molequle above the dangllr)g bond in cluster I. Relaxing allo|,de a localized gap level localized on thg,SiThe energy
coordinates led to a Si-O distance of 2.1 A compared to 1.6 these two configurations are identical and are set to zero in
A in quartz. The O-H bond lengths wereD1A , the Same as  Taple |I. We find the H molecules compare well to Hn
isolated HO. The calculated value fa;, for the Si defect e space. The bond lengths @& 0.80 A and(b) 0.77 A

is 22 G which is~80% lower than the experimental value. compared to 0.77 A calculated fonkh free space. Also, the
This result does not lend support to the frustrated bong)inging energie® are within 0.1 eV of the calculated free

model. o _ _ space value.
_ Our results indicate that the simple dangling bond model " |, reaction equatior(1), the final state involves one H
is ennrely sgfﬂment to epra|.n the hyperfine data for th?atom passivating the,, defect and one atomic hydrogen. We
(111Si-SiG, interface. It remains to be seen whether a vari-congider two possibilities for the final configuration of the
ant on the isolated gj will also be sufficient to explain ESR 41omic hydrogen. First, the H atom is placed above the Si-H
active defects in more complicated systems, e.g., in bullyong at 4.3 A from the Si atom. There is little interaction
amorphous silicon or at the00Si-SiO; interface. between the H atom with either the Si-H or the Sifng.
We find less than 0.1 eV is needed to move the H atom from
its SiO, position to free space. The electronic structure in-
cludes a gap level localized on the atomic H atom and the
In Sec. lll A, we have identified the electrically acti?®  energy of the final state is 1.1 eV.
defect as an isolated iat the(111)Si-SiG, interface. Be- Another possible final state is with the free H entering the
low, we report calculations used to determine the reactioilicon side of the interface. An intermediate configuration
energies involved in the passivation®f defects by H. The  (=SiH,), involving an over-coordinated silicon atom, has
reactions involve dissociating an,Hnolecule in the pres- been previously identified with DFT-LDA pseudopotential
ence of a Sj, as indicated in Eq(1). The process proposed methods”® We find the =SiH, complex involves a long
by Brower and MyerSinvolves an H molecule initially ~ Si-Si and two Si-H bonds which all share one plane. The
above the Si, in an open Si@ interstice. Then, the Hdis-  three Si-Si bond lengths are 2.36, 2.37, and®24 and both
sociates such that one H passivates thg &id one remains Si-H bond lengths are 1.55 A . The electronic structure in-
in the open SiQ interstice. From their analysis, the,ldind-  cludes a gap level localized primarily on the central silicon
ing energy in SiQ is estimated to be<4.2 eV. Semi- atoms and both hydrogen atoms. These results agree with the
empirical calculations by Edwartfssupport this model reac- results reported in Ref. 29. We find the final energy of the
tion. Since these initial calculations were performed,=SiH, complexis 0.2 eV greater than the configuration with
advances in electronic structure methods and computer hartt, above the Sji,. In Ref. 29, it was determined that less
ware make it possible to study this system wvdthinitiototal ~ than 0.2 eV is needed to dissociate ta&iH, complex into
energy calculations to test the proposed reaction model. a final configuration with one H passivating ti¥g center
Our goal is to examine likely mechanisms fop dassi- and one H atom in bulk silicon far from any defect.
vation of Py, defects at th€111)Si-SiG, interface. There are Combining the results reported above and in Table I, we
an unlimited number of pathways by which an dissociate are able to reevaluate the reaction model proposed by
in the presence of a $j. In order to make progress, we have Brower and Myers.From our calculations, we provide esti-
limited ourselves to the calculation of the various locally mates for the reaction energy {#h Fig. 1) for reaction Eq.
stable configurations for two hydrogen atoms andsg Sive  (1). To fully understand the mechanisms by which passi-
consider four configurations which have been previouslyates Sj, defects at the Si-Si) one would have to calculate
identified as importanit:?® We employ the DFT-LDA local the full total energy hypersurface to determine the relevant
orbital method described in Sec. | and cluster model Il totransition state energies (& Fig. 1). Such a calculation is
examine the local minimum energy configurations for twobeyond the scope of the present study and will be the subject
hydrogen atoms interacting with aggiat the(111)Si-SiO,  of future work. Nevertheless, our estimates gf grovide
interface. In these specific calculations, we apply the fixedinteresting insight into the mechanisms for the observed re-
inner-core approximation which is applied only to the actions. We find Eis 1.1 eV or~0.2 eV depending on
Si(1s,2s) atomic orbitals. Also, spin polarization is included whether the atomic hydrogen enters bulk Si@ bulk sili-
since there is an odd number of electrons. For each localon, respectively. Therefore, the H atom will strongly favor
minima found, we allow all the coordinates to relax until the the silicon side of the interface. Indeed, in simulations where
forces on each atom are less than 0.2 eV/A . Our total energine atomic hydrogen is placed in an arbitrary site above the
results are summarized in Table Il. These results will beSi-H bond, we find the system relaxes to ta&iH, configu-

B. H, passivation of P,, defects
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ration. These results suggest an ¢issociation mechanism
with the =SiH, complex as an intermediate state. One aspect
of this mechanism is that the reaction energy is much lower
than the measured activation energies. Our preliminary cal-
culations of the reaction barrier, within the adiabatic approxi-
mation, indicate that gis larger than 1.0 eV and so may be
consistent with experiment.

HYDROGEN AND P, DEFECTS AT THE (111)Si-Si® . ..
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In addition, we estimate Hin SiO, will have a binding
energy? equivalent to H in free space, which theoretically
is 4.7 eV and experimentally is 4.5 eV. This result is higher 4
than the upper bound of 4.2 eV proposed in the analysis of” © ©
experiments by Brower and Myefddowever, the value de- FIG. 3. H desorption: Presented(® a ball and stick sketch of
termined by Brower and Myefsassumed hydrogen would the unrelaxed positions of five local mininfa—e) for H near a
only occupy SiQ interstices, which appears unlikely given silicon dangling bond at th¢111)Si-SiO, interface, (b) the total
that bulk silicon provides a lower energy bonding environ-energy, andc) the eigenlevels for each configuration. Koj, we
ment. also include the eigenlevels for the dangling bdbd) to aid in

comparison.

C. Desorption of H from Py, defects less then 0.2 eV/A . As in Sec. IlIB, we employ cluster

In Sec. 11l B, we reported calculations of the reaction en-model Il and the fixed-inner-core approximation.
ergies for H atoms passivating,, defects at the $111)- We have examined the relaxed geometries, the relative
SiG, interface as described in reaction equalibn Here we  total energy and the electronic structure of H at five local
present results for the reaction energies for H desorptiominima. Our main results are reported in Fig. 3. In Fita)3
from P, defects as described by reaction equat®n Ther-  we show the positioriwith the atoms in their unrelaxed po-
mally activated desorption of hydrogen froR), centers at sitions of each local minima found, sitea—e. The final
the S{111-SiO, interface have been examined in great de-relaxed configurations for each local minima reasonably
tail by Brower? Analysis of the data indicate that the activa- agree with previously published results for similar systems.
tion barrier for reaction2) is 2.56 eV. The assumption of The total energies including zero point energies are reported
Brower and Myer&that the H desorbs into bulk Sjds also  in Fig. 3b). The eigenlevels near the Fermi energy are re-
supported by the semi-empirical calculations of Edwatds. ported in Fig. 8c). These results will be discussed in the
However, based on DFT-LDA pseudopotential calculationscontext of the reaction equatioli®) and Fig. 1.
of H in bulk Si, it has recently been suggested that the H First consider H at sit@, fully passivating the Sj,. The
desorption is more likely to occur via the silicon bulk and nottotal energy for the model with H at sit sets the zero of
through the vacuumlike region above gSat the(11)Si-  energy in Fig. 8). We find the binding energy to be 3.6 eV,
SiO, interface. Our results from Sec. |l B support this sug-identical to Si-H at the $111) surface reported above in
gestion. To clarify the situation, we have studied hydrogerSec. Il. Thus, to remove the neutral H from sitend place
desorption from a dangling bond at theHi1)-SiO, inter- it in free space costs 3.6 eV, assuming no intermediate bar-
face with DFT-LDA cluster caclulations. As in Sec. IlIB, rier (i.e., Ez=Eg). The band gap for this model is given by
here we confine ourselves to the calculation of local mini-the HOMO-LUMO (Ref. 20 gap with H at sitea. The gap is
mum energy configurations which allows us to estimate thdound to be 3.1 eV, as indicated in Fig.cR
reaction energy for Eq(2) assuming various dissociation  Sitesb andc were determined to be local minima for H
paths. By comparing our calculated energetics with the exinteracting with an isolated gj in bulk ¢c-Si3! We find H at
perimentally derived activation barriers, we conclude that rethe antibonding sitd has an energy of 1.3 eV and electri-
action (2) is most likely to involve a final state with atomic cally active localized eigenlevels appear near the gap. We
hydrogen desorbing in a bulk silicon environment rather tharfind H at the nearest bond center sitbas an energy of 1.9
into bulk SiG,. eV. As demonstrated in Fig.(8, with H at site ¢, the

Our goal is to determine the most likely pathways for theHOMO and LUMO (Ref. 20 eigenlevels move significantly
desorption of hydrogen from the strong Si-H bond. As in thedeeper into the gap. The HOMO level is associated with the
case of H adsorption, there are an unlimited number of path-silicon dangling bond and is lower than the isolated dangling
ways by which the Si-H bond can dissociate. In order tobond (DB) level due to displacements and interactions
make progress, we have limited ourselves to the calculationaused by the interstitial H at siie The LUMO level is
of the various locally stable configuration for H as it disso-associated with a silicon-silicon antibonding state and is low-
ciates from the §j,. With DFT-LDA methods within a su- ered into the gap due to the presence of the H atom. These
percell framework, local minima have been determined foresults compare favorably with DFT-LDA pseudopotential
hydrogen in bulk crystalline $£*°near a Sj, in ¢-Si**and  plane-wave calculations of Si-H interactionscitsi.33! One
in bulk crystalline silicon-dioxidé? In Refs. 30 and 31, the discrepancy is that Refs. 18 and 31 find H at siteésas a
barriers between local minima were also determined for H irrelative energy of 1.5 and 1.75 eV, respectively. It should be
Si. However, the relative energy of hydrogen in silicon ver-noted that the H atom at sitésandc is still strongly bound
sus silicon-dioxide has not yet been examined. We place kb the Sj,.
near previously identified~3?local minima and allow neigh- In bulk silicon, atomic hydrogen favors the bond center
boring atoms to fully relax until the force on each atom is(BC) site for both the neutral and positive charge stifehe
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next nearest bond center sieis found to be a local mini- jty, we passivated the &jwith one H atom, then considered
mum for H with a relative energy of 2.2 eV. This energy is hoth H and H'* at sitesd ande. In both cases, over 0.5 eV
0.3 eV lower than the 2.5 eV reported by Ref. 18 to move gs needed to move H from sitto sitee. The main conclu-
neutral H from sitea into a BC site in bulk Si far from any  sjon drawn here is that, for atomic hydrogen, bulk silicon
defects. In our case, there is some charge transferred fropyovides a lower energy bonding environment than bulk
the H site to the $j, leaving the H atom positively charged. SjO,. Thus, as proposed in Sec. IlIB for reacti¢h), our
Such charge transfer is reasonable since the H related defeeisults indicate that it is more likely for atomic H to desorb

level is higher in energy than the jgidefect level, as indi- into bulk Si rather than into bulk SiO
cated in Fig. &). Therefore, the system lowers its energy by

transferring negative charge from the H site to thg, SIA I[V. CONCLUSION
Mullikin analysis confirms that the H atom at sifleis posi- ) L _ )
tively charged. The activation barrier experienced by atomic With ab initio DFT-LDA calculations employing cluster
hydrogen moving from the §i site to the silicon side of the models of th111Si-Si0; interface, we examine atomistic
interface should not be much larger than 2.5 eV since th&0dels forP,, defects and their interactions with hydrogen
activation barriers for atomic hydrogen in bulk Si are found®{0ms. First, we have calculated the isotropic hyperfine pa-
to be 0.5 eV or les&%° Our results reasonably agree with rameters for dangling bpnd Qefects. The quantitative agree-
the experimentally derived activation barrier of 2.56 ey, ~Ment found by comparing directly with experimental ESR
Since the H atom at siteis positively charged, we expect Values supports the simple dangling bond model proposed
the H will move into SiQ as a positively charged species. In for t_he Py defect. In ad.dItIOI’]., we have calculated the locally
bulk SiO,, positively charged atomic H forms strong bonds Minimum energy configurations for one and two hydrogen
with oxygen32 Therefore, we place H in the vicinity of the &{0ms interacting with an interfacial ggi Thus, we have
nearest neighboring oxygen atom. As suggested in Faj, 3 calculated values for the reaction energy flér various re-

a strong bond forms between the oxygen and positivelf‘CtiO” paths. From these calculations, we derive reaction en-
charged H atom at site. The O-H bond length is 1.0 A, ergies (&) for H; adsorption and H desorption. Comparing
similar to bond lengths in kD, while the Si-O bonds ©OUr results to experimentally derived thermal activation bar-

lengthen from 1.6 A each to 1.8 and®ZA . This structure is rier.s, we propose atomistip mechanisms for the qbserved re-
close to the configuration reported in Ref. 32 fof kh bulk ~ &ctions. In terms of reaction Eqél) and (2), we find the
SiO,. A Mullikin analysis indicates that with H at site, final state .for each.reacthn is more likely to involve atomic
charge transfer occurs, leaving the H positively and thg Si hydrogen in bulk Si than in bulk Sio
negatively charged. Indeed, theySatom moves out of the
plane of its three neighbors, consistent with it being nega-
tively charged. The energy of H at sieeis 3.3 eV. In Sec. We acknowledge financial support by the Department of
IlIB, we estimated the energy of a neutral H in $i® be  Energy(Grant No. DEFG02-96-ER4543%he Office of Na-
the same as in free space, whichti8.6 eV on the scale in val Research, through the Multi-University Research Initia-
Fig. 3(b). Thus, it appears that onk 0.3 eV is gained by tive (Contract No. N0014-98-1-0594and the National Sci-
the charge transfer between H and thg,SiThese results ence Foundation through the National Center for
indicate that over 3.0 eV is needed to move atomic hydrogeComputational Electronics. For this project, we used the fol-
from the Sj, site to a local minima in bulk Si© It appears  lowing computational resources: the IBM workstations at the
the barrier to enter SiQis over 3.0 eV which is too large to Materials Research Lab, and the Silicon Graphics Power
agree with the experimentally derived activation energy ofChallenge and Origin2000 machines at the National Center
2.56 eV’ for Supercomputing Applications. All computer resource
As indicated in Fig. &), the Sj, related HOMO level providers are affiliated with the University of lllinois at
rises significantly for H at site in silicon to sitee in SiO,. Urbana-Champaign. Finally, we thank R.M. Martin and K.
Thus, the gain in energy could be due primarily to the chargHess for critically reading the manuscript and giving many
ing of the S}, during dissociation. To examine this possibil- helpful suggestions.
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