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Structure, energetics, and vibrational properties of Si-H bond dissociation in silicon
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We investigate hydrogen dissociation from an isolated Si-H bond in bulk silicon, asirigitio density-
functional total-energy calculations. From the bonding site, we find that hydrogen needs to overcome a barrier
of less than 2.0 eV in order to reach the next lowest local minimum in the energy surface. This minimum
occurs at the antibonding site and is 1.2 eV higher in energy than the ground state. In addition, we consider the
role of lattice relaxations and free carriers during the dissociation process. We discuss the relevance of our
results for Si-H dissociation in several systems, including the Si-8i@rface.[S0163-18209)05919-9

I. INTRODUCTION passivating the dangling bond, forming a strong Si-H bond.
An additional local minimum is found for hydrogen at the
The introduction of hydrogen into silicon-based materialsantibonding sitdi.e., behind the Si atom, on the other side of
is an important step for the fabrication of many electronicthe dangling bond Compared to hydrogen in the bonding
devices' Besides hydrogen’s ability to relieve network strain Site, hydrogen in the antibonding site has an energy 1.2 eV
and passivate shallow donor states, hydrogen can also pasBigher, an Si-H bond length-3% longer and an Si-H
vate electrically active midgap states. The latter are comstretch-mode frequency which is 180 Tiiower. When hy-
monly associated with silicon dangling bonds and are foundirogen is trapped in the antibonding site, electronic levels
at surfaces, grain boundaries, interfaces, and in bullRkre introduced into the gap allowing for carrier-enhanced
Si“COI’].l_G |ncorp0ration of hydrogen during the growth of Si-H dissociation. The saddle point for migration from the
amorphous silicond-Si) films is essential for producing de- dangling bond to the antibonding site occurs at the bond-
vices such as solar cells. Also, device quality silicon-base@enter site, with a migration barrier of 1.75 eV. Large lattice
transistors are annealed in a hydrogen-rich environment if¢laxations are required for the H atom to approach the bond-
order to passivate defects at the Si-Siterface. During ~Ccenter site; the kinetics of Si-H dissociation through the
device operation, however, electronic defects are created thBpnd-center site will thus be tied tsilicon-silicon vibra-
limit device lifetimes, and hydrogen has been observed to blonal modes. An alternative pathway from the ground state
involved in this degradation process. For instance, hydrogeff the antibonding site exists, which does not go through the
iS known to p|ay a r0|e during hot-e'ectron degradation inbond'.center Site., but still requires S.iza.ble -diSplacementS of
silicon-based transistofsas well as during light-induced the Siatoms; this pathway has a slightly higher bartie®
degradation ina-Si:H solar cell€ The created defects are €V)- ] ) .
isolated and immobile. Hydrogen desorption from silicon The rest of this paper is organized as follows. In Sec. Il
dangling bonds is usually considered to be the dominante discuss details of the theoretical approach. Our results are
mechanism by which defects are created. reported in Sec. lll. In Sec. IV we discuss the implications of
A fundamental understanding of the Si-H dissociationthese results for device degradation and for experiments per-
process is essential for analyzing and controlling these phdormed on hydrogen-passivated Si-Siiterfaces. Sec. V
nomena. The present calculations build on earlier theoreticglummarizes the paper.
work*®~12which found that hydrogen interacts strongly with
impurities as well as with defects in bulk crystalline and
amorphous silicon. The strongest of these interactions is with
the dangling bond, where Si-H bonds are formed with bond We carry outab initio total-energy calculations using a
strengths of up to 3.6 eV, similar to those found in silane.self-consistent, spin-averaged implementation of density-
Although the energy to take a neutral hydrogen atom from afiunctional theory(DFT).® We use norm-conserving, nonlo-
isolated dangling-bond site to free space is 3.6 eV, the ercal pseudopotentials developed by Troullier and Martfns,
ergy to move the hydrogen into a bulk interstitial site is onlywith a core radius of 1.2 and 0.2 A for silicon and hydrogen,
about 2.5 eV. respectively. For the exchange-correlation potential in the
Here we presendb initio density-functional calculations local density approximatiofLDA), we employ the estab-
of the interactions of a hydrogen atom with an isolated danfished results of Ceperley and Alderas parametrized by
gling bond in bulk crystalline silicon. We have explored the Perdew and Zungéf. Integrations over the first Brillouin
adiabatic total-energy surface of this system, and exploredone are replaced by summations usingx2X?2 sampling
vibrational and electronic properties. Our main results are awhich reduces to 2—4 high-symmetypoints in the irreduc-
follows. The ground state of the system is with hydrogenible wedge!’ For our plane-wave basis, we find a cutoff

Il. CALCULATIONAL APPROACH
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bulk c-Si used in Ref. 12. The model consists of a 32-atom
bce periodic supercell. The theoretical lattice constarz8
A) was used. To create an isolated Si-H, one Si and three of
its four neighbors were removed from the supercell, and all 00 - Hydrogen at a pre-existing
dangling bonds were passivated with hydrogen atoms. This silicon dangling bond (H-DB)
procedure creates a Si-H bond on the first Si atom that is - . - 3
well isolated from the other Si-H bonds; the distance beﬁgu'iﬁ;)rfg'22Ag;ggrzgi:]gﬁis(s'nsti\é)y_per H atom for various con
tween the H atom on the “central” Si-H and all other H
atoms is more than 3 A. For all calculations, two neighborbond in bulk c-Si. The antibonding AB) and bond-center
shells of silicon atoms are allowed to relax around the centralBC) sites adjacent to the dangling bo(@B) are labeled as
H atom. In test calculations, relaxing more neighbor shell§AB,DB) and (BC,DB), respectively. When these sites are
did not affect the relative total energies. The silicon atomsoccupied by a hydrogen we use the notatierAB,DB) and
are relaxed until each component of the atomic force is lesg4H-BC,DB). This convention is used to distinguish these
than 0.1 eV/A. Our chosen geometry allows us to address theites from AB and BC sites in bulk silicon. In Fig. 1, the
structural and electronic aspects of Si-H dissocation in a bulkabels Hfree) and H(free) are for the neutral hydrogen and
environment. The properties of the interaction between hyH, molecule in free space. The energies dfrel), H,(free),
drogen and the dangling bond are largely local in nature; weind H-BC in bulk Si are DFT-LDA resulténcluding zero-
therefore expect our results to apply to other environments ipoint energiesreported in Ref. 4. Compared to,tee), the
which Si-H bonds occur. energy of H in c-Si is about 0.4 eV per H highérSince
Given the convergence of the basis set, kRgoint sam-  Si0, has larger cavities than c-Si, the energy of(free)
pling, the cell size, etc., we estimate=20.1 eV numerical  should be a good approximation to the energy gfitiSiO,.
uncertainty for calculated relative energi8sVe did not ex-  The energy for H-BC in bullc-Si is for a neutral hydrogen
plicitly include zero-point energies in our analysis. For Si-Hin pulk crystalline silicon far from any defects. The bond-
bonds these energies ared.2 eV, and they are expected to center site is the minimum-energy interstitial site for hydro-
largely cancel in the energy differences for the configurationgjen in the neutral and positive charge states, whereas for the
considered here. In generab initio DFT-LDA calculations  negative charge state hydrogen prefers the tetrahedral inter-
reproduce structural properties such as bond lengths and ladtitial site. Since hydrogen is a negativleeenter in crystal-
tice constants to within 1-3% of experiment, and bindingline silicon, charged hydrogen is always lower in energy than
energies to within 5% LDA calculations are known to con- neutral hydroger?
sistently underestimate the band gap for silicon; any reported Before examining the paths for adiabatic Si-H bond dis-
gap levels should therefore only be considered qualitativelysociation, we consider the local minima for a neutral H atom
At the present time theoretical methods that produce accuraigear a silicon dangling bond. In Figs. 1 an@)?2we report
band gaps are too computationally intensive and do not prahe energies and the positions of the three local minima
vide total-energy capability. found in our investigation. The larger filled circles labeled
Vibrational frequencies of the Si-H stretch modes weresj1 and Si2 in Fig. 2 represent silicon atoms at their unre-
calculated in the frozen-phonon approach; this is a reasonaxed positions in bullc-Si. Other silicon atoms are not in-
able approximation since hydrogen is much lighter than sili-cluded for the sake of clarity.
con. For these frequency calculations, we perform several The first configuration we consider is hydrogen at the
total-energy calculations displacing the hydrogen by lesgonding site—labeled H-DB. We find the Si-H bond length
than 5% of the equilibrium Si-H bond length. We estimate ajs 1.54 A and the energy gain due to silicon relaxations is
+100 cmi * uncertainty in the reported frequencies. Whenjess than 0.1 eV. From our calculation of electronic levels,
comparing our frequency results with experiments, oneye find that hydrogen fully passivates the dangling bond. We
should be aware that DFT-LDA methods tend to underestig|so find that the energy difference between hydrogen at the
mate vibrational frequencies by 5-10 %. dangling bond and interstitial hydrogen in a bond-center site
is 2.6 eV. These findings are all in agreement with Ref. 12.
We have also calculated the vibrational stretch mode of the
isolated bulk Si-H bond, finding a frequency of 1970 ¢m
The energies per H atom for various configurations areThis value is close to a previous DFT-LDA result for Si-H at
presented in Fig. 1 where we choose the reference energy the Si(111)(x 1) surface'® The LDA result for the Si-H
be that of hydrogen at a pre-existing isolated silicon danglingsurface stretch mode is100 crm ! lower than the measured

H-AB,DB

energy ofE.=18 Ry to be sufficient. Test calculations at E(€V) +— Hin free space

E.=22 Ry were performed for hydrogen at the dangling- per H atom

bond site and the neighboring bond-center site. Although the ]

absoluteenergies changed significantly, the eneujffer- 3T

encebetween the two sites changed by less than 0.05 eV, 1 H.BC in bulk c.Si

suggesting the results d&.=18 Ry are adequately con- 1

verged. Similar implementations of density-functional theory o

have been widely used to investigate H in bulk Si; Refs. 4, o

10, 11, and 18 contain more details regarding the methodol- J— H-BCDB

ogy. . . . — H, in free space
We employ the model of an isolated dangling bond in 10 —+ 2

Ill. RESULTS
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FIG. 3. Energetics along the pathways with hydrogen positions
shown in Fig. Zb). Relaxation of the silicon lattice is included. The
filled ovals represent calculated initio total energies; the size of
the ovals is indicative of the error bar. Note thaxis here does not
represent distance; to estimate the distance between each pair of
sites, see Fig. ().

from the hydrogen atom, respectively. In addition, we find
Sil relaxes mostly along thgl10] direction whereas Si2

relaxes mostly along thel11] direction. As reported in Fig.
1, we find the energy of théH-BC,DB) configuration to be
1.75 eV higher than that of H-DB. This result is slightly
higher than the value of 1.5 eV reported in Ref. 12. The
energy surface nedBC,DB) is fairly flat in the direction
perpendicular to the bond, making it difficult to determine
whether the site is an actual local minimum. Even if it is,
(b) @ however, the barriers are unlikely to be large enough to ef-
fectively contain the light hydrogen atom. The near-gap elec-
tronic levels of the(H-BC,DB) complex include an unoccu-
pied gap level near the conduction-band edge and a doubly
occupied gap state near the valence-band edge. A deconvo-
Egtion analysis indicates that the state near the conduction
and is related to H-BC, while the state near the valence
band is related to the dangling bond.
valuel® consistent with the overestimate of the Si-H bond In order to determine the adiabatic Si-H dissociation bar-
length. rier it is necessary to determine the activation barrier for each
We find that the antibonding position is also a local mini- dissociation path in the complete configuration space which
mum. This hydrogen configuration is labeléd-AB,DB) in connects the initial Si-H configuration with the final state,
Figs. 1 and 2. As reported in Fig. 1, tiid-AB,DB) has an  Which is for H at an interstitial site far from the dangling
energy 1.20 eV higher than the H-DB. This energy differ-bond. The minimum barrier is the dissociation activation en-
ence is in good agreement with a value reported in Ref. 108rgy. In practice, calculations are limited to a physically rea-
in the case of a hydrogenated vacancy. The energy gain d@@nable portion of the configuration space, but we will argue
to silicon relaxations is again less than 0.1 eV. The energy othat our calculated configurations are close to the actual
the (H-AB,DB) configuration is more than 1.3 eV lower than saddle point along the path. We focus our investigations on
for H in bulk interstitial sites. The hydrogen atom at the hydrogen positions in the (1) plane as illustrated in Fig.
(AB,DB) site can therefore not be considered to be fully2(b). We fix the charge state of the system to be neutral, and
dissociated from the dangling bond. For tkd-AB,DB)  consider two types of dissociation paths as suggested in Ref.
complex, the Si-H bond length is 1.58 A and the vibrational12. In addition to calculating the total energy of the hydrogen
stretch-mode frequency is 1790 ch The electronic states atom along each dissociation path, we also examine the elec-
of the (H-AB,DB) include an unoccupied defect level in the tronic levels and the role of lattice relaxations.
upper part of the band gap and an occupied level near the top Path |is along the direction of the Si-H bond. We place
of the valence band. A deconvolution analysis shows that ththe H atom at site®-c where sitec represents the H-DB
higher-lying eigenstate is localized on Sgee Fig. 2 sug-  configuration discussed above. The total energies for H fixed
gesting it is related to the dangling bond, while the lower-at these sites, and allowing for relaxation of the Si atoms, are
lying state is localized on the hydrogen atom. reported in Fig. 3. At sit@, where the H atom has moved 1.0
Next, we consider the configuration with H at a bond- A from the equilibrium site, the energy has increased by 1.5
center site adjacent to the dangling bond which is labele@V. At sitea, a gap level emerges near the conduction-band
(H-BC,DB) in Figs. 1 and 2. Initially, both Sil and Si@ee edge, with a state localized on H and Sil. Lattice relaxations
Fig. 2) are 1.2 A away from the bond-center position; afterplay a minor role, lowering the total energies by less than 0.2
the cell is fully relaxed Si1 and Si2 are 1.65 and 1.58 A awayeV.

T H-AB,DB

FIG. 2. Schematic illustration @B) the local minima for hydro-
gen around a Si dangling bond, aflg) the minimum-energy paths
between the H-DB andH-AB,DB) configurations. The filled
circles represent silicon atoms in their equilibriwg¥Si positions.
The energies corresponding to the hydrogen positions shown he
are reported in Fig. 3.
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Path Il is initially perpendicular to the bond direction. We the surrounding host atomse., Path 1). While the energy
have performed a large number of calculations on a grid irio take a neutral hydrogen atom from a dangling-bond posi-
the regions of interest. The sites shown in Fih)Zorre-  tion and place it in free space is 3.6 eV, only 2.5 eV is
spond to the lowest-energy positions for H at given distanceseeded to place the hydrogen in a BC site in u#gi. Even
along the path. The corresponding energies are reported Igss energy may be required, because both the H interstitial
Fig. 3. Sitesg-j all have an energy of 1.75 eV. The region and the silicon dangling bond can become charged, thus low-
near the bond-center site represents a saddle point betwe8fNg the energy of the final state. Once in the BC site, the H
the DB and the(AB,DB) sites. At sitei where H is at the &tom is mobile and has a migration barrier of less than 0.5
(BC,DB) site, the force on H is zero within the uncertainty of eV. Interstitial hydrogen will subsequently lower its energy,
our calculations. Also, we examined H at sites within 0.2 A€-9., by binding to other defects or by forming ag hiol-
of the (BC,DB) site. We found the(BC,DB) site to be a ecule. At surfaces or interfaces with open materials such as

maximum along Path 11, and a minimum along a line perpen-2102: H2 can easily escape from the material. Overall, the
. — o Si-H dissociation activation energy is expected to be less
dicular to Path Il along th¢111] direction. These results han 3.0 eV.

indicate that site with H at the (BC,DB) position is very In our calculations, we employ the adiabatic approxima-
near(within 0.1 eV in energyto the saddle point between tijon when calculating the barriers for Si-H bond breaking. As
the minima at DB andAB,DB). Along Path II, gap levels the hydrogen moves from one local minimum to another, the
appear near the conduction-band edge when His at.sk®&  neighboring silicon atoms are allowed to fully relax. Given
H approaches site gap levels also emerge near the valencethat the silicon atoms are much heavier than the hydrogen
band edge. We find that significant lattice relaxations argtom, one may question whether the adiabatic approximation
required for H to insert into siteg-j. These relaxations ac- affects our conclusions. For the dissociation energy along
count for an energy gain larger than 2.0 eV. Such large latPath |, we can state that our conclusions are insensitive to
tice relaxations are well known for the bulk H-B€. this approximation; the total barrier is essentially determined
Path Ill. We also eXpIOI’ed the pOSS|b|I|ty that H reaChESby the Si-H b|nd|ng energy%3_6 eV) The dissociation
the (AB,DB) site via a minimum energy path fromto oto  along Path Ill may be somewhat more sensitive to the adia-
n to m to |. Again, we note that Fig. (B) only reports a patic approximation. As a limiting case, we could fix the
subset of our calculations. The minimal barrier along thissjlicon atoms in their initial positions; this would increase the
path is 1.9 eV, slightly higher than for Path Il. By a proce- parrier from 1.9 eV to about 2.5 eV. For Path II, finally,
dure similar to the one described for t{C,DB) site along  freezing the Si positions would lead to a prohibitively high
Path 1l, we found the H atom at siteto be very near the parrier.
saddle point between the minima at DB a#d,DB). Mov- We note, however, that freezing the Si atoms is not a
ing H adiabatically from site to siten, the relaxations of good test of the adiabatic approximation. Instead of question-
Sil are primarily in thg 001] direction. In order to facilitate ing whether the Si atoms can follow the rapid motion of the
moving the H from siten to site m, Sil must move more hydrogen(which they canngt a more realistic scenario is to
than 0.5 A in the[112] direction. Fixing Sil at its equilib- consider the dissociation process to be essentially controlled
rium c-Si position would increase the energy barrier by moreby the motion of the Si atoms. The very light H atom can
than 0.2 eV. Silicon displacements are therefore seen to plagadily find the lowest-energy configuration offered by the
a crucial role in facilitating the migration of hydrogen from particular position of the Si atoms. In our opinion, the adia-

the DB to the(AB,DB) site. batic total-energy surfaces offer a meaningful approximation
of this mechanism. A complete description, which would
IV. DISCUSSION treat the motion of the silicons as well as the hydrogen fully

consistently, is beyond the capabilities of current first-

Isolated Si-H bonds can be present at silicon surfacesrinciples approaches. We note, however, that the intrinsic
grain boundaries, in bullka-Si, and at silicon interfaces. value of adiabatic total-energy surfaces for calculating barri-
Clustering of Si-H bonds often complicates the picture, forers was demonstrated in calculations of hydrogen diffusion
instance through the interaction between H atoms in a fullycoefficients by Blahl, Van de Walle, and Pantelidé&s.
hydrogenated vacancy it+Si,*? or because of clustering of Detailed experiments have been performed on hydrogen
Si-H bonds ima-Si.?° The results presented above do not takedesorption at the Si(111)-SjOnterface® Analysis of the
such clustering into account. We now discuss some conselata showed that the kinetics of Si-H dissociation were acti-
quences for Si-H bond dissociation implied by our calcula-vated with an activation energy of 2.56 eV. This value is
tions. entirely consistent with a neutral hydrogen dissociating into

Bond dissociation along Path | seems straightforward: thehe bulk silicon side of the interface. A dissociation activa-
H energy would increase to the value offt¢e) given in Fig.  tion energy of 2.56 eV would be inconsistent with a neutral
1. With no additional local minima, the barrier to full disso- hydrogen dissociating into a free-space-like environment
ciation is simply the Si-H binding energy; 3.6 eV. Such a (see Fig. 1L Whether or not an activation energy of 2.56 eV
dissociation mechanism might seem like the simplest posis consistent with hydrogen dissociating into the S#@le of
sible process at a @ill) surface. In practice, of course, the interface depends on the energy of interstitial hydrogen
desorption as K molecules is much more likely, since the in SiO,. While it is commonly assumed that the energy of H
binding energy of K will reduce the desorption energy. If in SiO, is close to the energy of H in free spaée conclu-
we restrict the dissociation process to single H atoms, ousive determination by experiment ab initio calculation has
results show that the Si-H dissociation barrier may be greatlyiot yet been performed.
reduced by choosing a path where hydrogen can interact with Deuterium desorption from internal surfaces in Si was
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studied by Wampler, Myers, and Follstaédltyho derived a  tions. In fact, a recent IR study by Darwieh al® found that,

thermodynamic silicon-deuterium binding energy based orin a-Si:H films, an interesting H related IR mode at

their data. This value cannot be directly compared with our1730 cmi ! appears when the films are light soaked. In Ref.

results, which only address the dissociation energetics along0, it was reported that dissociation of Si-H clusters may

various paths. A discussion of the results of Wampler, My-lead to hydrogen being weakly bound to an overcoordinated

ers, and Follstaedt in the context of first-principles total-silicon, exhibiting a lower stretch-mode frequency consistent

energy calculations has been presented in Ref. 24. with the mode reported in Ref. 8. Our present calculations
The dissociation paths examined in our study exhibit disfor the (H-AB,DB) configuration also produce a vibrational

tinct characteristics. Our results show that the activation enfrequency consistent with the results of Ref. 8.

ergy for Si-H bond dissociation depends greatly on the path,

with Path | leading to a free-space-like final configuration, V. CONCLUSION

and Path Il leading to a final configuration in a bulk environ-

S . : o : We have presentedb initio density-functional calcula-
ment. The kinetics of Si-H bond dissociation may also dis-,. . ; : .
tinguish between these paths. For Path I, the kinetics at|ons of the interactions of a hydrogen atom with an isolated

S anali . . 0.
- angling bond in bulk crystalline silicon. We have explored
governed by thesilicon-hydrogen stretch-modiequency. ; . i . g

For Path II. on the other hand, where hydrogen enters the adiabatic total-energy surface of this system, finding a

(AB,DB) or a bulk BC site, significant relaxations of the focal minimum for H at the(AB,DB) site. Compared to hy-

silicon atoms are necessary. The kinetics are therefore go\g_rogen in the DB site, hydrogen in tAB,DB) site is 1.2

emed by Si-Hbending modesand would also reflecilicon- eV higher in energy and the Si-H stretch mode frequency is

71 _ . . . i
silicon vibrations. We note that the interactions between Si-180 cm Igwer. Th.e(H AB,DB) V|brat|o_nal properties ap
ear consistent with recent observations in light-soaked

H(D) vibrational modes and lattice phonons have beer S e g . :
proposed to be important for explaining®) desorption by a-Si:H f|Ims._ When hydr.ogen IS tre_lpped n tr@‘B'DB)
multiple vibrational excitation& site, electronic levels are introduced into the gap allowing for

The presence of free carriers may reduce the activatiofi2mier-enhanced Si-H dissociation. The saddle point for mi-
barrier for Si-H bond dissociation. For instance, Si-H bongd"2!o" from the dangling bond to the antibonding site occurs

dissociation may occur by a two-step process. First, the h)}jear the bond-center sifsee Figs. 2 and)3We have dis-

drogen is excited over a 1.75 eV barrier along Path Il into thecussed mechanisms by which the energy barrier for Si-H

(AB,DB) site. It will remain there for some time since a desorption may be less than the Si-H binding energy. Disso-

barrier of about 0.5 eV prevents it from jumping back into catiqn of SH_.' bonds with H going into bl.“k Siis found to be
the DB site. While in thdAB,DB) site, the hydrogen s still consistent with the analysis of observations of hydrogen de-

bound to the DB, needing an additionall.3 eV to reach an sorption of the bS|-$|@f|ntferface. Fldn_ally, four fe(j?'ts s.ho_uld_
interstitial site far from the dangling bond. However, the be useful as a asis for future studies o ..S"H Issociation 'T(
(H-AB,DB) complex is electrically active, with an unoccu- mor_(.a complex envwo_nments S.UCh as silicon surfaces, bul
pied level in the upper part of the band gap and an occupiea's"H’ grain boundaries, and interfaces.
level near the top of the valence band; these levels can cap-
ture carriers. When the complex is charged, the binding be-
tween hydrogen and the dangling bond is significantly re- Thanks are due to N. Troullier for supplying the computer
duced. Dissociation will thus proceed efficiently with a code upon which our calculations are based. B. T. would like
much-reduced barrier. Such a mechanism may play a role ito acknowledge financial support from the Department of
doped materials with an abundance of free carriers. Free caEnergy(Grant No. DEFG-02-96-ER4548%he office of Na-
riers also occur during operation of devices such as solaval Research, and the NCSA. For this project, we used the
cells and transistors. These carriers may play a role in devicllowing computational resources: the IBM workstations at
degradation by reducing the barrier to Si-H bond dissociathe Materials Research Lab; IBMp? workstations of the
tion. Computing & Communications Service Office; and the Sili-
Finally, we discuss vibrational frequencies. TkE-  con Graphics Power Challenge at the National Center for
AB,DB) complex has an Si-H vibrational stretch mode fre- Supercomputing Applications. All computer resource pro-
quency of~1790 cm't, which is significantly lower than viders are affiliated with the University of lllinois at Urbana-
typically observed for Si-H bonds. In equilibrium thel- Champaign. Also, we thank J. B. Adams for the computa-
AB,DB) configuration is unlikely to occur in high enough tional resources he provided. Finally, we thank R. M. Martin,
concentrations to be observed, but it may be possible td. B. Adams, and K. Hess for critically reading the manu-
populate and observe such modes in nonequilibrium situascript and giving many helpful suggestions.
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