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Curiously, H2 desorption from Si~100!-231 follows approximately first-order kinetics rather than the ex-
pected second-order kinetics, arousing interest about the mechanism involved in the desorption process. We
investigate the energetics and rate constants of three proposed mechanisms for H2 desorption from Si~100!-
231, namely, the prepairing mechanism, the isomerization mechanism, and the isolated dihydride mechanism,
using complete active space self-consistent-field and multireference single- and double-excitation
configuration-interaction calculations. We find the desorption barrier for the isolated dihydride mechanism to
be 2.49 eV, the only barrier in excellent agreement with the experimentally determined barrier~;2.5 eV!. The
isolated dihydride mechanism also provides the only calculated desorption rate constant close to experimental
values. Finally, we show that this mechanism is able to explain the experimentally observed apparent violation
of detailed balance of H2 adsorption/desorption on Si~100!, as well as other experimentally observed dynamics.
@S0163-1829~96!07939-8#

I. INTRODUCTION

Hydrogen atoms poison reactions with the Si~100!-231
surface by tying up the active surface sites—the dangling
bonds—making the desorption of H2 a possible rate-limiting
step for many reactions occurring on this surface, e.g., Si
epitaxy by SiH4 and Si nitridation by NH3. On Si~100!-231,
H2 begins to desorb at;700 K and reaches its peak at;800
K.1,2 Thus, in cases where lower-temperature film growth
may provide desirable properties, alternative means for des-
orbing H2 must be employed—techniques which should be
aided by determining the mechanism by which H2 desorption
takes place.

The pathway for desorbing H2 from Si~100!-231 has
aroused curiosity because of its unexpected kinetic and dy-
namic behavior. In Sec. II we review experimental and theo-
retical work pertaining to the kinetic mechanism for desorp-
tion. Since mechanisms proposed for the kinetics must be
consistent with experimental observations of the dynamics
for this system, in Sec. III we discuss these experimental
observations as well as current theoretical explanations. Our
theoretical method is explained in Secs. IV and V. Results
and discussion of our examination of possible pathways for
adsorption/desorption are given in Sec. VI along with our
proposal for a mechanism which would be compatible with
all available kinetic and dynamic observations. In Sec. VII,
we summarize our conclusions.

II. KINETICS OF H 2 ADSORPTION/DESORPTION

One might expect a process wherein two atoms recombine
via a random mechanism to be second order in H coverage,
as is the case for H2 desorption from metal surfaces and from
Si~111!-737.3 Instead, H2 desorption from the monohydride
phase of Si~100!-231 @QH<1 ~ML !# follows roughly first-
order kinetics.2–6 This unexpected dependence on H-atom
coverage has led to many interesting proposals for the

mechanism of H2 desorption from Si~100!-231.
Sinniah et al. proposed a mechanism that attempted to

explain this anomalous conduct. This mechanism envisions
desorption via a delocalized H, and achieves first-order ki-
netics if the rate-limiting step is the transition of a chemi-
sorbed H atom to a two-dimensional delocalized state which
then is able to diffuse and quickly capture a second chemi-
sorbed H atom.2,4 However, this proposal fails to explain
why second-order kinetics are observed on Si~111!-737 for
H2 desorption, since by its nature this mechanism should be
structure independent. Also, H-atom diffusion is unlikely to
be delocalized on Si~100!-231,7–9 which has a highly corru-
gated potential-energy surface as a result of the reactivity of
the localized dangling bonds.~The Si-H bond strength, i.e.,
the well depth near a dangling bond, is;3.47–3.90 eV10,11.!
Additionally, because a delocalized H atom would react with
the chemisorbed H atom over a wide range of impact param-
eters, one should expect the incipient H2 molecules to exhibit
excited internal state distributions. This leaves unexplained
the internal state distribution measurements of Shane, Kola-
sinski, and Zare using resonance-enhanced multiphoton ion-
ization ~REMPI!, which show that H2 desorbsrotationally
cold ~compared to the surface temperature! though vibra-
tionally excited.12,13

A mechanism that would be unique to the Si~100!-231
surface is the ‘‘prepairing’’ mechanism, suggested by Wise
et al.,3 which consists of one-step desorption of two H atoms
on the same dimer. Theoretical calculations10,11,14 and
experimental15 observations suggest that H atoms are ‘‘pre-
paired’’ on the same dimer due to the stabilizing influence of
the p bond on unoccupied dimers. Using this assumption,
i.e., that it is more favorable to form a monohydride than it is
to uncouple another dimerp bond and form two singly-
hydrogenated dimers, in a simple statistical-mechanical
model, D’Evelyn, Yang, and Sutco14 and more recently
Yang and D’Evelyn16 illustrated that such a system follows
first-order desorption kinetics. The prepairing of H atoms is
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physically evidenced by scanning tunneling microscopy
~STM! data taken by Boland, which showed that upon heat-
ing, submonolayer coverages of H atoms will pair up on Si
dimers.15 However, Sinniahet al. designed isotope experi-
ments to test the prepairing hypothesis, and found complete
isotope mixing in the hydrogen desorbed, indicating no pref-
erence for H atoms to be prepaired on a dimer prior to
desorption.2

Theoretical calculations which attempt to verify the exist-
ence and plausibility of a prepairing transition state~TS!
have had mixed results. Jing and Whitten17 searched for the
TS using Si9H14 cluster calculations at the complete active
space self-consistent-field~CASSCF! level and found a sym-
metric TS and an asymmetric TS centered over one of the
dimer Si atoms~which we will refer to as the asymmetric
side-centered TS! for direct desorption of H2 from H atoms
paired on the same dimer. However, they dismissed direct
desorption as a plausible pathway for H2 desorption, since
the energy required to overcome the symmetric and asym-
metric side-centered barriers@calculated at the limited
configuration-interaction~CI! level to be 3.74 and 3.68 eV,
respectively, including zero-point energy~zpe! corrections#
is much higher than the experimentally determined values
~1.9560.122.8660.2 eV!.2–6 Nachtigall, Jordan, and Sosa
also concluded that H2 desorption could not occur through a
symmetric prepairing TS, based on their local-spin-density
density-functional theory~DFT! Si9H14 cluster calculations
which determined an activation energy of 3.9 eV~not includ-
ing zpe corrections! for this process.18 Wu, Ionova, and
Carter, on the other hand, searched for a prepairing TS at the
Hartree-Fock self-consistent field level~HFSCF! and were
unable to find a TS for direct H2 desorption from the dimer,
presumably because of the lower level of theory they used.19

Theoretical support for H2 desorption via the prepairing
mechanism comes from several DFT calculations,20–24which
find an activation barrier within the range of experimental
values. These calculations include several six-layer slab cal-
culations usingCs symmetry.

20,22,24Li et al.24 used the local-
density approximation~LDA ! with a 6-Ry cutoff, and found
a symmetric~TS! with an activation barrier of 2.67 eV~not
including zpe corrections!. Using a 12-Ry cutoff and a com-
bined LDA, generalized gradient approximation approach
~LDA-GGA!, in which electronic densities calculated using
LDA are used as input for the nonlocal exchange-correlation
term in the GGA, Vittadini and Selloni22 found an asymmet-
ric side-centered TS with an energy barrier for desorption of
2.4 eV ~not including zpe corrections!. They also found a
barrier to desorption of 2.7 eV for an interdimer TS, a
mechanism first proposed by Wu, Ionova, and Carter.19

However, we argue, as did Wu, Ionova, and Carter, that such
a mechanism would not follow first-order kinetics, since
there is no driving force to ‘‘prepair’’ the H atoms on neigh-
boring dimers. Using the same method as Vittadini and
Selloni22 and a more robust basis set~30-Ry cutoff!, Kratzer,
Hammer, and No”rskov20 found a barrier of 2.50 eV~includ-
ing zpe corrections! for one-step desorption via an asymmet-
ric side-centered TS. They also found a symmetric prepairing
TS which is 0.08 eV lower in energy than the asymmetric
TS. In agreement with the slab calculation of Kratzer, Ham-
mer, and No”rskov,20 Pai and Doren23 used a cluster model of
the surface and found an asymmetric side-centered TS with

an activation energy of 2.8 eV~including zpe corrections!, at
the nonlocal BLYP-DFT level.

Nonetheless, recent calculations by Nachtigallet al.25

suggest that the agreement of DFT with experiment may be
fortuitous, and therefore misleading about the mechanism.
After all, since the true surface mechanism is unknown,
matching barriers is only suggestive of, not unequivocal sup-
port for, a given mechanism. Nachtigallet al. showed that
using better exchange-correlation functionals in DFT calcu-
lations, for instance the BLYP functional and more prefer-
ably the Becke3LYP functional, qualitatively changes the
predictions made by DFT. Indeed their DFT calculations
show that inferior DFT functionals significantlyunderesti-
matethe known activation energies for H2 elimination from
SiH4 and Si2H6, as well as for other related gas-phase reac-
tions with silanes. The method of calculation which Nachti-
gall et al. found to be closest to experiment in these cases is
the extrapolated quadratic configuration interaction with
single, double~and triple! excitations@E-QCISD~T!# method.
Using E-QCISD~T! as an approximation of experimental val-
ues, they determined that less accurate DFT functionals also
underestimate the activation energies for H2 desorption from
a Si2H6 cluster model for desorption from monohydride
Si~100!-231. In fact, using the Becke3LYP functional and
the larger Si9H14 cluster model, Nachtigall, Jordan, and
Sosa18 obtained a barrier for the asymmetric side-centered
TS of 3.2 eV, significantly higher than the slab or cluster
calculations done using the inferior DFT functionals, and too
high to explain experimental results.18 Given the apparent
controversy between the DFT andab initio CI predictions,
we have undertaken more sophisticated MRSDCI~multiref-
erence single and double excitation configuration interaction!
calculations than used previously to reexamine this pathway,
as discussed below.

III. DYNAMICS OF H 2 ADSORPTION/DESORPTION

Any mechanism proposed to explain the H2 desorption
kinetics from Si~100!-231 must also be consistent with ex-
perimental observations pertaining to the dynamics of the
adsorption/desorption process. The most enigmatic experi-
mental observation is the very low sticking probability~S0!
that H2 has on bare Si surfaces~;1026 at 800 K!,26,27 sug-
gesting that an extremely large barrier for the adsorption pro-
cess exists. From traditional models of dynamics~i.e., de-
tailed balance arguments!, one assumes that adsorption and
desorption happen through the same pathway. Hence, if H2
desorbs via a pathway with a substantial adsorption barrier,
then there should be an excess of energy in the desorbing
molecule, as evidence that the desorbing H2 came down off
of a large adsorption barrier. However, REMPI measure-
ments of internal state distributions by Kolasinski, Shane,
and Zare12 combined with time-of-flight measurements by
Kolasinski et al.28,29 show that desorbing H2 molecules do
not possess much more energy than that provided by the zpe
of H2 and the bare surface. Thus experimentalists have found
no evidence that H2 surmounts an extremely large barrier in
the adsorption process, and this apparent violation of micro-
scopic reversibility presents a puzzle. Kolasinski and
co-workers12,13,28,29suggested that the large apparent adsorp-
tion barrier could be due to orientational restrictions to which
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impinging H2 molecules would be unable to conform. They
proposed that the adsorbate has a relatively infinite amount
of time to assume the orientation required by the desorption
pathway, while impinging H2 molecules have no time at
all—thus they attributed the apparent lack of detailed bal-
ance to a time-scale difference between the adsorption and
desorption processes.

REMPI measurements of H2 internal state distributions
made by Shane, Kolasinski, and Zare12,13 are similar for
monohydride and dihydride Si~100!, as well as for Si~111!-
737, indicating that desorption occurs through a common
intermediate on all three surfaces. Nachtigall, Jordan, and
Janda10 and Shane, Kolasinski, and Zare12,13 proposed that
desorption might occur from an isolated dihydride formed by
a Si dimer monohydride@H-Si-Si-H(a)# undergoing isomer-
ization to a bare Si plus a dihydride@Si(a)1SiH2(a)#. The
monohydride-dihydride isomerization mechanism would
produce SiH2(a) on monohydride Si~100!, and since this spe-
cies would also be available on dihydride Si~100! and poten-
tially on Si~111!-737, these surfaces would all share a com-
mon precursor. Wu, Ionova, and Carter19 searched the TS
region at the HFSCF level usingCs symmetry, and showed
the presence of a two-step pathway which consists of mono-
hydride to dihydride isomerization followed by desorption
from the dihydride. Using CI methods, they calculated the
barrier to this process to be 4.09 eV, much too high to ex-
plain the experimental results. However, they noticed that it
is the isomerization step which makes the energy barrier too
high—the barrier to desorption from the bare Si plus dihy-
dride is within the range of experimental values. Thus they
proposed an alternate path to desorption—desorption from
isolated dihydrides, which would most likely be formed tran-
siently at defect sites.

Currently, several mechanisms strive to explain the appar-
ent violation of detailed balance for the reaction of H2 with
Si~100!-231. One possibility is that while SiH2(a) might be
relatively easy to form at certain defect sites, if the concen-
tration of these defects is small this would lead to a tiny
S0.

18,19,31Kolasinskiet al.28 pointed out that this explanation
would require the concentration of defects to be as negligible
as theS0 ~,1026!. Furthermore, this mechanism would re-
quire similarly small numbers of defect sites on the Si~111!-
737 surface as on the Si~100!-231 surface, since theS0 on
the Si~111!-737 surface is also extremely small. Jing, Lu-
covsky, and Whitten answered the first criticism, regarding
the required scarcity of defects on the Si~100!-231 surface,
by noting that the number of active sites for desorption is not
necessarily equal to the defect concentration, since it is an
activated process to form the dihydride from which desorp-
tion will occur.31 However, this does not explain the lowS0
on the Si~111!-737 surface which has many single-atom
sites and is very topologically different from the Si~100!-
231 surface. It is possible to rationalize the presence of
many more isolated Si atoms on the Si~111!-737 surface
versus the Si~100!-231 surface, since single Si atoms on the
Si~111!-737 surface would be bonded to three subsurface Si
atoms and thus be monovalent and unready sites for H2 ad-
sorption. Nonetheless, this scenario still depends on similar
concentrations of defects leading to SiH2(a) on both Si sur-
faces.

An alternative explanation to this puzzle is offered by

Brenig, Gross, and Russ,32 who modeled the effect of local
lattice relaxation in H2 adsorption/desorption, and proposed
that desorbing H2 molecules do come off of a large barrier to
adsorption, but that the excess energy is released into the Si
lattice coordinates. In their model, incident H2 molecules ex-
perience a large adsorption barrier, which can be modulated
by phonons. Brenig, Gross, and Russ predicted that sticking
is assisted by phonons, and thus would increase with increas-
ing surface temperature, in agreement with recent experi-
mental observations.26,28,29

Kratzer, Hammer, and No”rskov,20 and, independently, Pe-
hlke and Scheffler21 suggested that the prepairing mechanism
could explain the temperature dependence of the sticking
probability. Their slab DFT calculations found that the bar-
rier to adsorption of H2 on the Si~100!-231 surface via the
prepairing mechanism is highest when the Si dimer is highly
buckled, which their calculations determined to be the
minimum-energy configuration for the Si~100!-231 surface.
When the buckling of the dimer is more moderate, however,
they predicted that the adsorption barrier becomes much
smaller. For instance, Kratzer, Hammer, and No”rskov calcu-
lated that H2 adsorbing onto a dimer would see a 0.67-eV
static barrier, which can be reduced to 0.42 eV when the
degree of Si dimer buckling is optimized. They proposed that
at low temperatures the sticking probability would be small
due to the 0.67-eV barrier, while at higher temperatures the
sticking probability would increase, as there would be more
thermal energy available for the dimer to contort, thus ex-
plaining the experimentally observed26,28 temperature depen-
dence of the sticking probability. However, molecular-
dynamics simulations33 suggest that the dimers on the
Si~100!-231 surface are actually rapidly converting from
buckled to unbuckled configurations, and that the degree of
dimer buckling increases with increasing temperature. Since
the dimer buckling is related to surface phonons, and since
vibrational amplitudes increase with temperature, one should
expect buckling to increase with temperature, regardless of
the nature of the actual minimum-energy configuration.
Thus, the more moderate dimer buckling which Kratzer,
Hammer, and No”rskov20 and Pehlke and Scheffler21 predict
to be the most favorable configuration for adsorption may be
more likely to occur at lower temperatures, not higher ones.

The large ‘‘static’’ adsorption barrier for this ‘‘buckled
prepairing’’ mechanism is consistent with the experimentally
observed low sticking probability, but not with the low ad-
sorption barrier~77680 meV! Kolasinski et al.29 predicted
based on H2 desorption experiments. Even the buckling-
modulated barrier of 0.42 eV would require that a substantial
amount of energy be dumped into the surface coordinates
during H2 desorption. Moreover, since this mechanism in-
volves Si dimers, it does not explain a similar enhancement
of sticking probability with increasing surface temperature
observed for the dimer-free Si~111!-737 surface,34 nor does
not provide for an intermediate to desorption that could be
common on both the Si~111!-737 and Si~100!-231 surfaces.

IV. THEORETICAL APPROACH

We investigate the TS region for the desorption of H2
from Si~100!-231 in order to access adsorption/desorption
through the prepairing, isomerization, and isolated dihydride
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mechanisms. We find all of the TS’s reported above for these
mechanisms plus two additional TS’s that have not been pre-
viously reported. Additionally, we also look at desorption
from the dihydride Si~100!-131 surface~QH52.0 ML!. Our
investigation of these pathways uses a higher level of calcu-
lation than was possible previously. Modern workstations
and parallel computing allow us to perform saddle-point
searches starting from product and reactant at the CASSCF
level, using large clusters~21–26 atoms representing 4–5
layers of Si!. Calculating the TS at the CASSCF level is
important, since it allows full electron correlation within the
space involved in the reaction. A recent analysis by Jing and
Whitten17 comparing the HFSCF and CASSCF methods il-
lustrated that, while HFSCF does well at finding asymmetric
TS’s, CASSCF level calculations are necessary to find sym-
metric TS’s, due to symmetry breaking that often occurs in
HFSCF calculations. Furthermore, we determine whether
each of the TS’s is indeed a true TS~i.e., a saddle point of
rank one!. As it is preferable to compare rate constants for
H2 desorption via the many proposed mechanisms, since
these are the actual measured quantities rather than the acti-
vation energies, we provide the only estimates available of
rate constants for desorption through each of these pathways.

V. DETAILS OF THE CALCULATIONS

A. Modeling the surface

We use two types of clusters for these calculations, which
consist of Si atoms terminated by ‘‘siligens’’~H̄’s!, H atoms
whose basis set has been modified to reproduce the elec-
tronegativity of Si, so that there is no charge drawn off the
cluster.35,36 The monohydride is modeled by the Si9H̄12H2
cluster@Fig. 1~a!# which contains two surface Si atoms, four
second-layer Si atoms, two third-layer Si atoms, and one
fourth-layer Si atom, plus two adsorbate H atoms. The iso-
lated dihydride is represented by the Si10H̄14H2 cluster@Fig.
1~b!# which includes one surface Si atom, two second-layer
Si atoms, four third-layer Si atoms, two fourth-layer Si atoms
and one fifth-layer Si atom, plus two adsorbate H atoms. In
all of the calculations, the H̄’s are fixed in bulk Si, tetrahe-
dral positions with an optimized Si-H¯bond length of 1.729
Å,36 so as not to distort the cluster during subsequent geom-
etry minimizations. This allows the cluster to better represent
a bulk lattice geometry.

The H̄’s that terminate the cluster are represented by a
three Gaussian minimum basis set.36 For each of the Si at-
oms, an effective-core potential~ecp! is used, so that only the
valence electrons are described by a doublez basis set.37 We
add a 3d polarization function~zd50.3247! to the surface
silicon~s!. The adsorbate H atoms each are represented by the
Dunning triple-z contraction38 of the Huzinaga 6s Gaussian
basis set39 with the addition of one 2p polarization function
~zp50.6!.

We use a four-orbital, four-electron CAS~20-spin eigen-
functions! defined as the two Si-H bonds and their antibonds
for the Si10H̄14H2 cluster and a six-orbital, six-electron CAS
~175 spin eigenfunctions! for the Si9H̄12H2 cluster, where the
two additional orbitals represent the Si dimer bond and anti-
bond. To represent the dihydride phase~QH52 ML!, we use
a Si9H̄12H4 cluster and an eight-orbital, eight-electron CAS
~1764 spin eigenfunctions! which includes the four Si-H

bonds and their antibonds. To keep the CAS reference con-
sistent for desorption products~H2(g)1surface!, we use a
‘‘super system,’’ wherein the H2 molecule is placed at an
effectively infinite~noninteracting! distance from the cluster
representing the surface~;7 Å!.

The various adsorbed and desorbed structures are opti-
mized using a quasi-Newton method40 at the CASSCF level
usingCs symmetry, and TS searches are also done at this
level of theory usingCs symmetry. This provides for 15 and
17 degrees of freedom in the Si9H̄12 and the Si10H̄14 clusters,
respectively. There are two additional degrees of freedom for
each H adsorbate.

For all of our TS searches we use the Ridge method,41

which allows us to start the searches knowing only the struc-
tures of the product and reactant. The Ridge method was
recently modified to include the direct inversion in the itera-
tive subspace algorithm, which can speed up TS searches
considerably.42 Once a TS is obtained, we verify that it is a
TS of rank 1~i.e., a saddle point! by computing the Hessian
~energy second-derivative matrix! to determine that only one
negative eigenvalue is present. We also walk down on each
side of the ridge containing the saddle point to ascertain the
product and reactant connected by the TS are those for the
desired reaction. The Hessians are computed numerically
from finite differences of analytical gradients using a dis-
placement from the optimal geometry of 0.01 bohr, at the
same CASSCF level at which the TS was searched. Two-

FIG. 1. ~a! The Si9H̄12 and ~b! Si10H̄14 clusters are used to
model a surface Si dimer and an isolated Si, respectively. The black
spheres symbolize the embedding siligens~H̄’s!. ~a! The Si9H̄12
cluster is comprised of two surface Si atoms representing the sur-
face dimer~white spheres!, four second-layer Si atoms~light gray
spheres!, two third-layer Si atoms~medium gray spheres!, and one
fourth-layer Si atom~hidden!. ~b! The Si10H̄14 cluster consists of
one surface Si atom representing an isolated surface Si~white
sphere!, two second-layer Si atoms~light gray spheres!, four third-
layer Si atoms~medium gray spheres!, two fourth-layer Si atoms
~dark gray spheres!, and one fifth-layer Si atom~hidden!.
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point sampling, in which equal displacements in the positive
and negative directions are made so that two times 3N dis-
placements were made~whereN is the number of unique
atoms!, allowed for improved accuracy in the Hessian calcu-
lations. We note that it would be preferable to evaluate the
Hessians analytically, but this technique is not currently
available for CASSCF wave functions using ecp’s. All
CASSCF energy calculations and Hessian evaluations were
performed using the programHONDO.43

In order to determine the activation energies and the en-
dothermicity of H2 desorption to better accuracy, we calcu-
late the energies of the CASSCF-optimized products, reac-
tants and TS structures at the MRSDCI level.44 We use the
CAS reference for the CI, allowing single and double exci-
tations from all the active orbitals to all virtual orbitals. This
leads to 29 700 spin eigenfunctions for the Si9H̄12H2 cluster,
363 475 spin eigenfunctions for the Si10H̄14H2 cluster, and
5 950 980 spin eigenfunctions for the dihydride Si9H̄12H4
cluster. The barrier heights and endothermicities are cor-
rected by the zpe’s which we obtain from the vibrational
frequencies determined by diagonalization of the corre-
sponding Hessian matrices.

B. Estimation of error

To estimate the error introduced by ecp’s, a finite basis
set, and the CASSCF/MRSDCI method for obtaining TS ge-
ometries and energetics, we used these same methods~de-
scribed above in Sec. V A! to obtain endothermicities and
activation energies for analogous gas-phase reactions~H2
elimination from small gas phase silanes!, where both the
energetics and mechanism are well characterized and there-
fore serve as a calibration of our approach. H2 elimination
from silane~SiH4! most closely resembles desorption from
the Si10H̄14H2 cluster; thus we used this system to assess the
error in our energetics for the isolated dihydride mechanism.
On the other hand, the prepairing mechanism is better ap-
proximated by 1,2 elimination of H2 from disilane~Si2H6!,
since this is also a four-center, four-electron process. In Secs.
VI A and VI D, the strong similarity between the structures
of the H2 desorption TS’s and their analogous gas phase TS’s
becomes evident, lending credibility to our estimations of
error.

Table I compares the energetics we calculate for two dif-
ferent gas-phase silane reactions with values determined by
other theoretical calculations and experiment.45 Comparison
of our value to the experimental values46,47 shows that we
underestimate the reaction energy (Erxn) by ;0.1–0.2 eV
and overestimateEa,forward by the same amount. Since the
activation energy for addition of silylene~SiH2! to H2
(Ea,reverse) is just Ea,forward2Erxn , by combining our errors
for Ea,forward andErxn we find that we could be overestimat-
ing the activation energy for the addition process by;0.2–
0.4 eV or as much as 0.5 eV if we compare to Jasinski’s
estimate for this value.48 Thus, we estimate our errors in
DErxn andEa for H2 desorption from the dihydride state to
be<0.2 eV too low and too high, respectively, and thatEa
for H2 adsorption into the dihydride state could be too high
by as much as 0.2–0.5 eV. Experimental error could account
for some of the discrepancy between our results for gas-

phase silane energetics and experimental values, especially
in regards to activation energies for these reactions which are
not measured directly.

For H2 elimination from disilane, we find a value
for Erxn;0.1 eV higher than the experimental value~see
Table I!.49 Since H2 elimination from disilane is known to
occur through a 1,1- rather than 1,2-elimination pathway, we
must use the 1,2-H2-elimination activation barriers obtained
by theoretical methods25,56 shown to be in good agreement
~within 0.1 eV! with experimentally determined energetics
for other silane gas phase reactions. Table I shows that we
potentially overestimateEa,forward by ,0.1 eV, and underes-
timateEa,reverseby ;0.04–0.1 eV. Thus, for the prepairing
mechanism, these calibrations suggest that our activation en-
ergies for desorption and adsorption of H2 will be too high
and too low, respectively, by 0.1 eV.

As a check of our cluster approximation as a model of the
real surface, we note that the CASSCF vibrational frequen-
cies we calculate for the monohydride phase of Si~100!-231
~using the Si9H̄12H2 cluster! are 2144.1 and 2151.5 cm

21 for
the Si-H stretches, compared to experimental values of
2087.5 and 2098.8 cm21.6 For the SiH2 species~represented
by the Si10H̄14H2 cluster! we obtain frequencies of 2142.1
cm21 for the symmetric stretch, 2159.9 cm21 for the asym-
metric stretch, and 889.5 cm21 for the scissors mode, com-
pared to experimental values for these of 2091.3, 2103.8, and
910 cm21 ~for the symmetric, asymmetric and scissors
modes, respectively!.6 Our calculated harmonic frequencies
are in quite good agreement with the experimental values;
thus we expect the clusters used in this study to be reason-
able models for adsorbates on the Si~100!-231 surface. We
also note that the conformity of the barriers calculated for H2

TABLE I. Comparison of calculated and experimental values of
reaction and activation energies for two silane H2 elimination and
addition reactions.~All theoretical energies reported in this table
include zpe corrections. The asterisk means not available.

Erxn ~eV! Ea,forward ~eV! Ea,reverse~eV!

SiH4
SiH21H2

MRSDCI ~this work! 2.19 2.68 0.49
E-QCISD~T!a 2.35 2.48 0.13
MP4b 2.39 2.47 0.08
experiment 2.40c 2.42c ,0.1d

2.2560.30e

Si2H6
Si2H41H2
1,2 elimination
MRSDCI ~this work! 2.07 3.76 1.69
E-QCISD~T!a 2.03 3.68 1.65
MP4f 2.04 3.73 1.69
experiment 1.95g * *

aFrom Ref. 25.
bFrom Ref. 58.
cFrom Ref. 46.
dFrom Ref. 48. This value is an estimate based on other experimen-
tal values.
eFrom Ref. 47.
fFrom Ref. 56.
gFrom Ref. 49.
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desorption from Si~100!-231 via DFT slab and cluster mod-
els, mentioned previously, indicates that a finite cluster mod-
els this surface well.

C. Calculating rate constants

We calculate rate constants for each mechanism for which
we are able to find a TS, using simple transition state theory
~STST!. In STST, the rate constant,k is given as the Arrhen-
ius expressionk5Ae(2Ea /kBT), whereA is the preexponen-
tial factor,Ea is the activation energy for the reaction,kB is
the Boltzmann constant, andT is the system temperature.
Since we already have determined the activation energy to be
the difference between the MRSDCI total energies at the TS
and of the reactant at its equilibrium structure, we only need
the preexponential in order to estimate the rate constant.
Within the harmonic potential approximation, we can write
the preexponential asA5~P3N26nmin/P

3N27nsad!, which is
the product of the nonzero vibrational frequencies at the
minimum ~the reactant! divided by the product of the real,
nonzero vibrational frequencies at the TS.50 ~Recall that a
true TS possesses only one imaginary frequency correspond-
ing to the normal mode involved in converting from reactant
to product.! We calculate the vibrational frequencies by di-
agonalizing the CASSCF Hessian matrix, and use this infor-
mation in order to make an estimate of the preexponential,
and thus an estimate of the order of magnitude of the rate
constant for a given mechanism.

VI. RESULTS AND DISCUSSION

A. Prepairing mechanism

Using the Si9H̄12H2 cluster, we searched the region be-
tween the products and reactants depicted in Fig. 2 for a TS
for direct desorption. Our calculations yield an endothermic-
ity for desorption via this route of 2.90 eV~including zpe
corrections!. Given the calibration in Sec. V B, we estimate
the true endothermicity to be 2.8 eV. We found the symmet-
ric and asymmetric side-centered TS’s reported

beforehand,17,18,20,22,23,24and also an asymmetric TS centered
over the dimer, which had not been determined previously.

The geometry we find for the symmetric TS correspond-
ing to the prepairing mechanism is given in Fig. 3~a!; it is the
only TS searched for usingC2v symmetry. Our prediction
for this barrier is 3.55 eV~including zpe corrections! com-
pared to the value of 3.74 eV~including zpe corrections!
reported by Jing and Whitten,17 and 3.9 eV~no zpe correc-
tions included! calculated by Nachtigall, Jordan, and Sosa.18

~Note that including zpe corrections in the activation energy
calculated by Nachtigall, Jordan, and Sosa would lower their
barrier.! We also note that the geometries of the TS’s found
by us and by Jing and Whitten are very close~a geometry
from Nachtigall, Jordan, and Sosa is not available for com-
parison!. In the TS structure we have found, the H-H bond is
0.92 Å, the Si-H bonds are 2.03 Å, and the Si-Si dimer bond
is 2.52 Å compared toR~H-H!50.93 Å, R~Si-H!52.03 Å,
andR~Si-Si!52.41 Å determined by Jing and Whitten. Our
geometry for the symmetric TS, as well as that of Jing and
Whitten, is also very close to the geometries determined by
Li et al.24 @R~Si-H!;2.12 Å and R~Si-Si!52.44 Å# and
Kratzer, Hammer, and No”rskov20 @R~H-H!50.90 Å,R~Si-H!
52.08 Å, andR~Si-Si!52.42 Å#. Examinations of the vibra-
tional frequencies of the symmetric TS made by both
Kratzer, Hammer, and No”rskov et al., and us, find that this
TS is a rank-1 saddle point. However, Nachtigall, Jordan,
and Sosa calculated HFSCF frequencies and found two
imaginary normal modes, indicating a saddle point of rank 2.
As noted earlier, HFSCF level calculations are inadequate
descriptions of symmetric structures. Also, the TS found by
Nachtigall, Jordan, and Sosa on the DFT potential-energy
surface is not necessarily a TS on the HFSCF potential-
energy surface.

For the asymmetric side-centered TS we find an activation
energy of 3.68 eV~including zpe corrections! and a geom-
etry @see Fig. 3~b!# of R~H1-H2!50.97 Å,R~Si1-H1!51.71
Å, R~Si1-H2!51.79 Å,R~Si2-H2!52.09 Å, andR~Si1-Si2!
52.52 Å. Table II illustrates that six different groups using
different levels of theory for the TS search find asymmetric
side-centered TS’s with similar geometries. Besides our-

FIG. 2. The direct H2 desorption pathway from a monohydride
is illustrated, along with the geometries of the reactant and prod-
ucts.

FIG. 3. Geometries of the three TS’s for the prepairing mecha-
nism: ~a! the symmetric TS,~b! the asymmetric side-centered TS,
and ~c! the asymmetric dimer-centered TS.
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selves, only Kratzer, Hammer, and No”rskov20 have verified
that the asymmetric side-centered TS they found is indeed a
true TS allowing one-step desorption from the monohydride.
Although the TS geometries obtained are similar, the activa-
tion energies for the TS vary dramatically~refer to Sec. II!.
This makes sense, since it is known empirically that lower-
level calculations such as HFSCF do well at finding TS ge-
ometries~except symmetric TS’s, as mentioned earlier!, but
not at calculating energy differences. Note also that the simi-
larity of the TS geometries obtained by the DFT slab calcu-
lations, DFT cluster calculations, and CASSCF cluster cal-
culations again indicates that the cluster model is able to
represent the important surface interactions. Finally, the ge-
ometry of the asymmetric dimer-centered TS is given in Fig.
3~c!. This TS has an activation energy of 3.57 eV, and we
have determined that it is also a saddle point of rank 1.

The largest discrepancy in predictions for the structure of
the Si surface obtained via DFT and CASSCF methods is
that the DFT calculations predict that the bare surface dimer
is buckled, while CASSCF methods find that an unbuckled
dimer is the minimum-energy configuration. Since the clus-
ter calculation of Pai and Doren23 shows the same kind of
buckling for the bare Si surface that the slab calculations do,
we conclude thatsurface dimer buckling in the DFT calcu-
lations is not due to surface strain~which has been invoked
to explain buckling in an extended surface via interactions
between neighboring dimers!,51 since the cluster has no such
strain. We suspect, instead, that the surface dimer buckling
is an artifact of a lack of full electronic correlation in the
wave function, since the complete absence of electronic cor-
relation also causes buckling in the ground state of surface Si
dimers.35 When electron correlation is explicitly included in
a CI expansion, such as in a generalized valence bond19,35

~GVB! or CASSCF~see Ref. 17 and this work! wave func-
tion the buckling disappears,17,19,35suggesting that the buck-
led minimum is an artifact of the DFT calculations. While
low-temperature STM data suggest the existence of buckled
dimers at 120 K,52 the very presence of the STM and its
associated high electric fields may perturb the electronic
ground state of the dimer so much as to make the buckled,
charge-polarized dimer the preferred state.53 Thus, the STM
data are not unequivocal, and this suggests that deficiencies
in the theoretical models of Si surfaces come not from clus-
ter truncation, but perhaps from the use of approximate den-
sity functionals.

Given the localized electronic structure expected for a co-
valently bound solid, one can easily rationalize the high bar-

riers ~3.55–3.68 eV! that we find for the prepairing mecha-
nism on the basis of the molecular Woodward-Hoffman
rules,54 which predict that any four-electron process such as
this is ‘‘forbidden’’ ~i.e., a high barrier for a symmetric ap-
proach is predicted!. Symmetry breaking, in the case of the
two asymmetric barriers, gives equally large activation ener-
gies. Presumably this is because the prepairing TS’s neces-
sitate four-centered, delocalizing bonding over a long~2.44
Å! dimer bond, producing TS’s much higher in energy rela-
tive to the monohydride. Thus, it is not surprising that the
activation energies for all three prepairing TS’s are substan-
tially higher than experimentally determined values~1.95–
2.86 eV!.2–6 Adsorption barriers for these pathways, how-
ever, are consistent with the low sticking probability of H2
on Si~100!, suggesting that desorption may require a differ-
ent pathway than adsorption. Judging from the high activa-
tion barrier we obtain for the prepairing mechanism, we
might immediately exclude this as the observed pathway for
H2 desorption. However, as the experiments directly measure
rate constants, not barriers, we calculated the rate constants
for H2 desorption via the prepairing mechanism at the peak
temperature of 800 K.

In Table III we summarize the activation energies, preex-
ponentials, and rate constants for H2 desorption via the three
prepairing mechanism TS’s. The largest calculated rate con-
stant is at least six orders of magnitude lower than the lowest
experimentally determined rate constant~0.048–2.77 s21!.2–6

Thus the prepairing mechanism is determined to be inconsis-
tent with experimental results by our calculated activation
energy and rate constant, as well as from the independent
calculations of Jing and Whitten17 and Nachtigall, Jordan,
and Sosa.18 Therefore, we believe that we can unequivocally
rule out this mechanism.

The high barrier for the prepairing mechanism is analo-
gous to the large activation energy calculated for the 1,2
elimination of H2 from disilane~;3.7 eV; see Table I!. In
fact, the TS geometry calculated by us~see Table II! and
others for this reaction55 looks very similar to the asymmet-
ric side-centered TS’s found for the prepairing mechanism,
including those calculated using slab models. This similarity
between the surface TS for H2 desorption and the gas-phase
reaction TS for 1,2 elimination indicates, yet again, that H2
desorption is a very localized reaction—an ideal reaction for
using the cluster approximation to the surface. Instead, H2
elimination from disilane occurs through the 1,1-elimination
pathway, which has an experimentally determined barrier of
2.4 eV.56,46The most similar process on Si~100!2231 is H2
elimination from a dihydride species. One way to create this

TABLE II. Geometries obtained for the asymmetric side-centered TS of the preparing mechanism. The asterisk means not available.

R~H1-H2!/Å R~Si1-H1!/Å R~Si1-H2!/Å R~Si2-H2!/Å R~Si1-Si2!/Å Si1 buckled
down?

Level of theory in
TS search

This work 0.97 1.71 1.79 2.09 2.52 yes CSSCF cluster

Jing and Whitten~Ref. 17! 1.02 1.65 1.63 2.11 2.48 yes CASSCF cluster

Nachtigall, Jordan, and Sosa,~Ref. 18! 0.92 1.75 1.73 2.34 2.41 yes LDA-DFT slab

Kratzer, Hammer, and No”rskov ~Ref. 20! 1.01 1.69 1.78 * * yes LDA-DFT slab

Vittadini and Selloni~Ref. 22! 1.08 1.70 1.79 2.14 * yes LDA-DFT slab

Pai and Doren~Ref. 23! 0.99 1.69 1.68 2.18 * yes LDA-DFT cluster

disilane 1,2-elimination
TS, this work

0.99 1.72 1.78 2.00 2.45 CASSCF
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species is through monohydride-dihydride isomerization, and
it is this process which we investigate next.

B. Monohydride–dihydride isomerization mechanism

Figure 4 shows the pathway followed by the
monohydride-dihydride isomerization mechanism. As noted
above, Wu, Ionova, and Carter19 determined the overall bar-
rier for this reaction to be 4.1 eV by determining activation
energies ~without zpe corrections! for the monohydride-
dihydride isomerization~step 1,Ea52.0 eV!, dihydride to
monohydride reversion~step21, Ea50.1 eV!, and desorp-
tion from the dihydride~step 2,Ea52.2 eV!. In comparison,
using a higher level of theory we determine activation barri-
ers ~all of which include zpe corrections! of 1.80, 0.65, and
2.53 eV for steps 1, -1, and 2, respectively. Our calculation
leads us to an overall barrier of 3.68 eV~Eoverall5Estep1
2Estep-11Estep2!. The main difference between our calcula-
tion and that of Wu, Ionova, and Carter is that we find that
the dihydride isomer is more stable relative to the monohy-
dride than do Wu, Ionova, and Carter, leading to our predic-

tion of a larger barrier for dihydride to monohydride rever-
sion and also for desorption from the dihydride. We
optimized the geometry of the dihydride isomer@Fig. 5~a!#
by fixing the component along the Si-Si ‘‘dimer’’ distance at
3.84 Å ~the two surface Si atoms were still allowed to move
in the surface normal direction!, so that the undimerized Si
atoms would not move too far apart, since there are no
neighboring Si atoms in our model to prevent this. On a real
surface, the Si-Si ‘‘dimer’’ distance would be constrained to
be 3.84 Å due to neighboring Si atoms. In contrast, Wu,
Ionova, and Carter optimized their structure with no con-
straints, giving a Si-Si distance of 4.198 Å. Because of the
additional constraint placed on our system, it seems that our
dihydride isomer should be higher in energy than the struc-
ture obtained in Ref. 19. In fact, we find that optimizing the
dihydride isomer at the CASSCF level without the constraint
on the Si-Si distance lowers the energy of this structure by
only a small amount~,0.1 eV!. Thus the difference between
our calculated values and those in Ref. 19 is not due to this
constraint, but instead must be the result of the different
levels of theory used; CASSCF/MRSDCI on relatively large

FIG. 4. The reaction pathway and energy barriers for the
isomerization mechanism for H2 desorption.

FIG. 5. The geometries for~a! the dihydride isomer,~b! TS1,
the TS for dihydride isomerization; and~c! TS2, the TS for desorp-
tion from the dihydride isomer~see Fig. 4!.

TABLE III. Calculated H2 adsorption and desorption activation energies and rate constants are given for all pathways.

Geometry Ea desorption~eV! Ea adsorption~eV!
preexponential
desorption~s21!

k desorption
800 K ~s21!

Si9H̄12H2 cluster~QH51 ML!

symmetric prepairing TS 3.71~3.55 with zpe! 0.62 ~0.65 with zpe! 9.33 1014 4.23 1028

asymmetric preparing TS~dimer centered! 3.72 ~3.57 with zpe! 0.64 ~0.67 with zpe! 1.23 1015 4.03 1028

asymmetric prepairing TS~side centered! 3.78 ~3.68 with zpe! 0.70 ~0.78 with zpe! 1.43 1014 8.73 10210

dihydride isomerization TS 1.85~1.80 with zpe! 0.67 ~0.65 with zpe! 5.231015 a 3.331028 a

dihydride isomer to desorbed TS 2.64~2.94 with zpe! 0.74 ~0.78 with zpe!
Si9H̄12H4 cluster~QH52 ML!

1,2 elimination TS 3.23~3.08 with zpe! 2.43 ~2.47 with zpe! 1.53 1015 7.03 1026

Si10H̄14H2 cluster
symmetric TS 4.53~4.40 with zpe! 2.27 ~2.33 with zpe! 6.33 1014 1.13 10213

asymmetric TS 2.59~2.49 with zpe! 0.33 ~0.42 with zpe! 5.03 1012 9.93 1024

experimental values 1.91–2.86b 2.231011–6.531017 b 4.831022–2.77b

aCombined rate constant from a two-step process~see Sec. VI B!.
bSee Refs. 2, 3, 4, 5, and 6.
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clusters in this work versus GVB/MRSDCI on much smaller
clusters in Ref. 19; inclusion~this work! or not ~Ref. 19! of
zpe corrections; and use~this work! or not ~Ref. 19! of bulk-
fixed embedding H̄’s.

Note that the activation barriers determined by us~2.5 eV!
and by Wu, Ionova, and Carter~2.2 eV! for step 2~H2 elimi-
nation from a dihydride species!, are similar to the activation
barriers for 1,1 elimination of H2 from disilane ~2.4 eV!
~Refs. 56 and 46! and for H2 elimination from silane~2.4
eV!.46 Figures 5~b! and 5~c! show TS geometries for steps 1
and 2, respectively. As we might expect, the geometry for
the TS for step 2@R~H1-H2!51.080 Å,R~Si1-H1!51.709 Å,
R~Si1-H2!51.563 Å, R~Si2-H2!54.5061 Å, R~Si1-Si2!
53.623 Å, andu~H2-Si1-H2!538.2°# shows a TS that is
closely related to the TS for silane decomposition deter-
mined by us and others.57 @We find this gas-phase TS geom-
etry to beR~H1-H2!51.148 Å,R~Si1-H1!51.736 Å,R~Si1-
H2!51.548 Å, andu~H2-Si1-H2!540.4°, where H1 and H2
label the incipient H2 molecule#. In fact, from the long
Si2-H2 distance, we see that this TS does not involve the
neighboring bare Si. In contrast, Wu, Ionova, and Carter’s
TS @R~H1-H2!51.075 Å, R~Si1-H1!51.627 Å, R~Si1-H2!
51.618 Å,R~Si2-H2!52.114 Å,R~Si1-Si2!52.538 Å, and
u~H2-Si1-H2!556.0°# with a much shorter Si2-H2 distance
is surprisingly close in geometry to the asymmetric side-
centered TS’s given in Table II, most likely because of the
lower level of theory~HFSCF! used in the TS search.

We noticed, as did Wu, Ionova, and Carter19 that the ac-
tivation energy for desorption from the dihydride isomer is
within the range of experimental values for H2 desorption
from Si~100!-231, but that the isomerization step boosts the
activation barrier for this process well above this range. By
setting up a simple kinetic equation for the isomerization
mechanism, we can easily determine the effect of the isomer-
ization step on the overall rate constant for this mechanism:

H-Si-Si-H

k21

k1
bare Si1SiH2~a!→

k2
H2~g!1Si dimer.

At 800 K, where H2 desorption is at its peak, we predict
k154.83101 s21, k152.03107 s21, and k251.431022 s21.
Thus desorption from SiH2(a) is the rate-determining step,
and the rate of the reaction isr5k2@SiH2(a)#, where@SiH2(a)#
is the coverage of SiH2(a). Sincek1, k21@k2 , the equilib-
rium between the monohydride dimer~H-Si-Si-H! and the
dihydride isomer~bare Si1SiH2(a)! is reached rapidly, giv-
ing @SiH2(a)#5(k1/k21)@H-Si-Si-H#. After substitution, the
overall rate becomesr5(k1k2/k21)@H-Si-Si-H# and the
overall rate constant is 3.331028 s21. Since 3.331028

s21!0.048–2.77 s21, the range of experimentally deter-
mined rate constants, there is no ambiguity in ruling out this
mechanism for desorption. This leads us to consider the only
remaining mechanism: desorption from an isolated dihy-
dride.

C. Desorption from isolated dihydrides

In Fig. 6 we show the energetics for two possible path-
ways for desorption via an isolated dihydride, for which the
endothermicity is predicted to be 2.07 eV~including zpe cor-
rections!. Figure 6 also depicts the geometries obtained for

the symmetric and asymmetric TS’s using the Si10H̄14H2
cluster. As with all of the TS’s we find, we have verified
both TS’s to be saddle points of rank 1.58

For the symmetric TS, the barrier to desorption is 4.40
eV, much higher than the experimentally observed value for
desorption. As we mentioned for the symmetric prepairing
TS, this high barrier is not unreasonable considering that a
symmetric TS is forbidden by the Woodward-Hoffman rules
for a four-electron process. Furthermore, the rate constant for
desorption at 800 K is 1.1310213 s21, which is over ten
orders of magnitude lower than the experimentally deter-
mined rate constant.

For the asymmetric TS, the barrier to desorption is 2.49
eV ~including zpe corrections!. This activation energy agrees
well with experimental results which span from 1.95–2.86
eV, and is in particularly good agreement with the results of
Höfer, Li, and Heinz5 ~Ea52.4860.1 eV!, Wise et al.3

~Ea52.51 eV!, and Flowerset al.6 ~Ea52.47 eV!.
Our calculation of the rate constant yields 9.931024 s21,

which is lower than the smallest experimentally determined
rate constant~0.048–2.77 s21! by more than one order of
magnitude. However, our calculated value for the rate con-
stant is not so low as to exclude this mechanism, unlike the
rate constants we obtained for the other mechanisms, which
are at least six orders of magnitude too small and thus can be
ruled out unambiguously. There are two possibilities for er-
ror in our rate constant. The first is that the activation energy
we have calculated is too high. Although it is a reasonable
approximation to use the Si10H̄14H2 cluster with only one
surface Si, since in the monohydride phase other H atoms

FIG. 6. Two pathways~involving a symmetric or an asymmetric
TS! for adsorption/desorption via an isolated dihydride are de-
picted, along with the geometries of the products, reactant, and
respective TS’s. It is apparent from the geometries that the TS with
the highest-energy barriers for adsorption and desorption~the sym-
metric TS! is a ‘‘late’’ TS to desorption, and consequently an
‘‘early’’ TS to adsorption, while the asymmetric TS, which has
lower-energy barriers for adsorption and desorption, is an ‘‘early’’
TS for desorption and a ‘‘late’’ TS for adsorption. See text for
further details.
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would be at least 2.77 Å away, a defect SiH2 could feel some
lateral repulsion from neighboring monohydrides or even
other dihydrides, if present, which might reduce the barrier
height. More importantly, from our gas-phase calculations of
H2 elimination from silane we found that our method may
overestimate this desorption activation barrier by as much as
0.2 eV. Because the activation energy appears in the expo-
nential in the rate constant expression, even a small reduc-
tion in the barrier, such as 0.2 eV would increase the rate
constant to 0.02 s21, nearly within the range of experimental
values. Note that even in the most pessimistic case, assuming
a 0.4-eV error and subsequent 0.4-eV reduction in the barrier
height, the rate constants we have determined for the other
mechanisms would still be too low by at least three orders of
magnitude. Thus our conclusion to exclude those mecha-
nisms remains unchanged. On the other hand, a 0.4-eV low-
ering of the barrier in the dihydride pathway would yield a
rate constant of 0.3 s21, in excellent agreement with the ex-
perimental values.

The second possible source of error is the preexponential.
This could be due to the approximations involved in estimat-
ing the rate constant using STST and calculating vibrational
frequencies using a numerical rather than analytical Hessian.
Although our calculated prefactor of 5.031012 s21 is not
outside of the experimental range of values
~2.231011–6.531017 s21!,2–6 if we compare our results to
those results of Refs. 5~A;231015 s21!, 3 ~A;5.531015

s21! and 6~A;231015 s21! we find that our preexponential
is three orders of magnitude smaller. If it is the case that we
have underestimated the prefactor by this amount, then our
rate constant would be;1.0 s21, agreeing with the highest
rate constants measured. Nonetheless, it is important to point
out that even this high degree of error in the preexponential
would not make the rate constants of pathways through the
other TS’s competitive. Of course, it could also be that our
rate constant is too low due to a smaller amount of error in
both the activation energy and the preexponential. Thus
small errors in one or both of our Arrhenius parameters can
easily account for the 1–2 order-of-magnitude discrepancy
between our calculated rate constant for H2 desorption from
SiH2(a), and the measured rate constants, but could not bring
the rate constants from other proposed mechanisms into
agreement with experiment. Therefore, we propose~again!
that there is still only one viable candidate for the desorption
precursor, namely, SiH2(a).

In order for us to associate the observed rate constant with
desorption from SiH2(a), it must be that the H2 desorption
step is rate limiting. In order for this to be so, we must
suggest how SiH2(a) may form, and ensure that such forma-
tion involves only steps which are fast compared to H2 de-
sorption. One possible mechanism for creation of SiH2(a)

was recently proposed by Nachtigall, Jordan, and Sosa,18 and
involves the generation of SiH2(a) from a monohydride spe-
cies located next to an isolated atom defect site which is
perpendicular to the dimer row. The isolated atom defect
would react with the monohydride to form a Si dimer and
SiH2(a), with a barrier predicted by DFT~at the Becke3LYP
level! to be 1.65 eV. Thus, based on barrier heights, this
isomerization is expected to be fast compared to desorption,
as we require. Jing, Lucovsky, and Whitten have proposed
type-SB steps as a source of isolated Si atoms31 @Figs. 7~a!

and 7~b!#. Similarly, defects could be generated atSB8-type
steps@Figs. 8~a! and 8~b!#. Once formed, the lone Si atom
could migrate away from the step edge@Figs. 7~c! and 8~c!#
via a mechanism such as that proposed in Ref. 18 for defect
diffusion.18 The barrier for such defect migration was found
to be only 0.61 eV~DFT at the Becke3LYP level!, and thus
this process also should be fast compared to H2 desorption,
as required.

Both of the mechanisms discussed above require the cre-
ation of isolated atom defects. It is true that STM studies59

have shown that dimer vacancies are the primary type of
defects on Si~100! at room temperature. However, since
STM experiments have not been carried out near the H2 de-
sorption temperature, it is not possible to rule out the pres-
ence of isolated atom defects on Si~100! at 800 K. Further-
more, these defect-based mechanisms only require small
concentrations of such defects, since they will be catalyti-
cally regenerated through H2 desorption. Thus, if even small

FIG. 7. A type-SB step. The large or small Si atoms represent
surface Si dimer atoms on the upper or lower terrace.~The weakly
paired dangling bonds are not shown for upper terrace dimers for
viewing clarity.! The step edge is parallel to dimer rows on the
lower terrace, and perpendicular to those on the upper terrace.~a! A
perfect type-SB step. Notice that the surface dimer Si atom on the
lower terrace closest the step edge is bonded to a surface Si dimer
atom on the upper terrace, breaking the weak pairing of the dan-
gling bonds for lower terrace.~b! An isolated Si atom is formed at
the step edge.~c! The isolated Si atom migrates away from the step
edge.
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concentrations of isolated Si atoms exist at 800 K, this will
be sufficient to convert the monohydrides to dihydrides in
steps fast relative to H2 desorption, as required.

Given a rate-limiting step for desorption that involves
SiH2(a), it is important to ensure that the coverage of SiH2(a)
can be approximately equal to the coverage of H atoms; oth-
erwise, the observed first-order dependence on H-atom cov-
erage cannot be explained by this mechanism. From the dis-
cussion directly above, we can now see that
Q~SiH2(a)!;Q~H!, by noting first that quantitative conver-
sion of the monohydrides~H-Si-Si-H(a)! to dihydrides
~SiH2(a)! by the catalytic action of a small number
of isolated Si-atom defects implies thatQ~SiH2(a)!
;Q~H-Si-Si-H(a)!. Second, since D’Evelyn and co-work-
ers14,16 have previously shown thatQ~H-Si-Si-H(a)!
;Q~H!, then it follows thatQ~SiH2(a)!;Q~H!.

In summary, we find that the isolated dihydride mecha-
nism is the only mechanism consistent with all experimental
kinetic measurements, with respect to barriers, rate constant,
and kinetic order.

D. Dynamics of adsorption/desorption via the isolated
dihydride model

The dynamics predicted by desorption via the asymmetric
isolated dihydride TS are apparent from its geometry~see
Fig. 6!. Looking at the geometry obtained for the asymmetric
TS from the Si10H̄14 cluster@R~H1-H2!51.103 Å,R~Si-H1!
51.562 Å, R~Si-H2!51.730 Å, andu~H1-Si-H2!538.7°#,
notice the short Si-H bond lengths and long H-H bond length
compared to our calculated CASSCF H2 bond length of 0.76
Å and surface Si-H bond length of 1.515 Å. Because the TS
resembles the initial, adsorbed state, it is termed an ‘‘early’’
TS for desorption. Just as the asymmetric side-centered TS is
geometrically close to the analogous disilane reaction, we
see that the asymmetric isolated dihydride TS resembles the
TS we determined for H2 elimination from SiH4 @R~H1-H2!
51.148 Å,R~Si1-H1!51.548 Å,R~Si1-H2!51.736 Å, and
u~H2-Si1-H2!540.4°, where H1 and H2 label the incipient
H2 molecule#. We also find that this isolated dihydride TS is
approximated well by previous HFSCF calculations of the
TS by Wu, Ionova, and Carter19 which modeled desorption
from an isolated dihydride as the elimination of H2 from
SiH̄2H2 where the geometry of the Si and two H’̄s were fixed
so as to mimic the constraints of the surface. The geometry
they obtained for the TS isR~H1-H2!51.224 Å,R~Si-H1!
51.521 Å,R~Si-H2!51.629 Å,u~H1-Si-H2!538.7°. As Wu,
Ionova, and Carter19 observed in regards to their structure,
we also note that the long H-H bond of the asymmetric TS is
consistent with the REMPI measurements of Shane, Kolas-
inski, and Zare,12,13 who observed that H2 desorbing from
Si~100!-231 is vibrationally excited. Furthermore, although
Shane, Kolasinski, and Zare determined that desorbing H2 is
rotationally cold compared to a surface temperature of 800
K, they found rotational distributions characteristic of;400
K, which could still be consistent with an asymmetric TS.
Indeed, further support for the asymmetric TS is evident in
ab initio molecular-dynamics~AIMD ! simulations60 to be
reported elsewhere, which suggest a mechanism for possible
rotational cooling of H2.

As mentioned above, the short Si-H bonds and long H-H
bond of the asymmetric TS also indicate that it is an ‘‘early’’
desorption TS. The symmetric TS, on the other hand, has a
comparatively short H-H bond~0.819 Å! and long Si-H
bonds~;2.0 Å!, representing a structure closer to the des-
orbed species and making it a ‘‘late’’ TS for desorption.
Thus it is possible that the adsorbed H atoms would see the
‘‘early’’ TS and desorb asymmetrically, while adsorbing H2
molecules might primarily see the symmetric TS, which is
the ‘‘early’’ TS if starting from H2 gas. We find that the
barrier to adsorption is 0.42 eV through the asymmetric path-
way, compared to a barrier of 2.33 eV for the symmetric
pathway. This raises an interesting suggestion regarding the
extremely low sticking probability of H2 on the Si~100!-231
surface. If H2 adsorbs through the same pathway it desorbs
through, namely, the asymmetric pathway, then one would
expect a higher sticking probability, since the barrier to ad-
sorption would be 0.42 eV~or even much lower due to our

FIG. 8. A type-SB8 step. The large or small Si atoms represent
surface Si dimer atoms on the upper or lower terrace.~The weakly
paired dangling bonds are not shown for upper terrace dimers for
viewing clarity.! The step edge is parallel to dimer rows on the
lower terrace and perpendicular to those on the upper terrace.~a! A
perfect type-SB8 step. Notice that atoms on the lower terrace at the
step edge have only three bonds, two subsurface bonds, and one
bond to a surface Si dimer atom on the upper terrace.~b! An iso-
lated Si atom is formed at the step edge.~c! The isolated Si atom
migrates away from the step edge.
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estimation of an;0.2–0.5-eV error for this barrier!. How-
ever, looking at the geometry of the asymmetric TS, we can
see that it involves a bend of the surface SiH2 sideways, so
that one of the H atoms comes to the level of the Si surface.
While this type of sideways bend may be possible for the
adsorbed H atoms, it would be unlikely for an incoming H2
molecule to come in at this angle to the surface. Instead the
H2 most probably sees the higher symmetric barrier of 2.33
eV or the high barriers for adsorption onto a Si dimer
~;0.6–0.8 eV! and bounces off unreactively. On the other
hand, desorption would occur through the asymmetric TS.
The 0.43-eV adsorption barrier we find for this process is
higher than the;0.1-eV barrier observed by Kolasinski
et al.28,29 in H2 desorption experiments. As noted above, it is
possible that we are overestimating this barrier by;0.2–0.5
eV. Thus, error estimates alone suggest that the adsorption
barrier via the asymmetric isolated dihydride TS is as low
0–0.2 eV, making desorption via this TS consistent with the
low adsorption barrier observed by Kolasinskiet al.28,29 It
could also be that desorption through the asymmetric iso-
lated dihydride TS involves some energy transfer to surface
Si phonons, and this could also contribute to the low mea-
sured H2 translational energies that appear to correspond to a
lower barrier.32

AIMD simulations are also able to explain how H2 des-
orbing from the asymmetric TS can be reconciled with an-
gular distribution measurements,61 which show that D2 mol-
ecules thermally desorbing from Si~100!-231 have an
angular distribution that is peaked around the surface normal
direction~fit to cos4–5u!. Certainly, examination of the static
structure of the asymmetric TS suggests broader angular dis-
tributions than those experimentally observed. We have
shown with AIMD simulations how desorbing H2 molecules
can become focused in the surface normal direction through
surface corrugation effects, and thus can give angular distri-
butions conforming with experimental observations.60

It has been observed that the H2 adsorption probability
increases with surface temperature.26,28,29,34Since higher sur-
face temperatures are expected to increase the number of
isolated Si species available through Si adatom diffusion,62,63

and lone Si atom creation via activated processes, the iso-
lated dihydride mechanism is compatible with these experi-
ments. In fact, we think that the disparity between experi-
mentalists as to the extent of this effect26,28,29 can be
explained by different concentrations of isolated Si atom de-
fects on the surface. Indeed, a related explanation for the
increase in sticking probability with higher surface tempera-
tures has been given by Kolasinskiet al.28,29 who proposed
that lone Si atoms are created transiently due to thermal dis-
order. As the temperature rises, so does the amount of disor-
der, leading to more adsorption sites, and thus increasing the
H2 adsorption probability.

It is important to emphasize that a mechanism explaining
the apparent violation of detailed balance involving multiple
pathways is not in violation of the second law of thermody-
namics. This is because experiments of the adsorption/
desorption of H2 on Si~100! are not performed at equilib-
rium, and thus the second law of thermodynamics does not
apply. Our calculations coincide with the nonequilibrium
conditions of the experiments, since we attempt to find all
available kinetic pathways for adsorption/desorption. Indeed,

when incoming H2 molecules do find the correct orientation
to adsorb, adsorption presumably happens through the lowest
energy pathway~the asymmetric TS!, the pathway through
which desorption also occurs. To our knowledge no experi-
ments have been done to determine the effect of the H2 beam
incident angle on the sticking probability. The fact that the
lowest adsorption barrier we find is the orientationally con-
strained asymmetric TS suggests that impinging H2 mol-
ecules directed at the surface at a grazing angle might have a
higher probability for adsorption than H2 directed normal to
the surface. Furthermore, since the asymmetric TS is a
‘‘late’’ TS to adsorption, with a H-H distance 45% longer
than the equilibrium bond distance for free H2, we suggest
that vibrational excitation of the impinging H2 molecule
should also enhance adsorption.

E. Desorption from the Si„100… dihydride phase „QH52.0 ML…

Since the REMPI measurements of Shane, Kolasinski,
and Zare12,13 indicate that H2 desorbs from the Si~100! dihy-
dride phase through the same precursor as it does from the
Si~100! monohydride phase, we suggest~as did Wu, Ionova,
and Carter19 previously! that desorption from the dihydride
surface also occurs through the SiH2(a) species. Our calcu-
lated barrier for desorption from SiH2(a) ~2.49 eV! agrees
well with the most accurate experimental measurements
~2.4860.1–2.5160.1 eV! ~Refs. 3, 5, and 6! of H2 desorp-
tion from the monohydride phase. However, it is signifi-
cantly higher than the experimentally determined barrier for
desorption from the dihydride phase~1.9–2.0 eV!.6,64 A re-
duction in barrier height for desorption from the dihydride
phase could be due to lateral interactions with other dihy-
drides or surface species with SiH2(a). The repulsions of
neighboring species could destabilize SiH2(a) more than the
TS and thus lower the barrier to desorption. Even with the
improvement in modern computing power, we are unable to
model a surface as complicated as the dihydride surface, a
surface which also may be comprised of monohydrides and
trihydrides,65 at an adequate level of theory to test this hy-
pothesis. However, we are able to determine the activation
energy for possibly the only other alternative to desorption
on the dihydride surface, 1,2 desorption from neighboring
dihydrides leaving behind a monohydride@SiH2(a)

1SiH2(a)→H-Si-Si-H(a)1H2(g)#. This mechanism was pro-
posed by Ciraci and Batra66 who used LDA-DFT slab calcu-
lations with an 8-Ry cutoff to estimate that such an process
would have an;1.5-eV barrier to desorption. On the other
hand, using LDA-GGA DFT slab calculations, Vittadini and
Selloni22 did a rough TS search and determined that although
they calculated that 1,2 desorption is a slightly exothermic
process, it would have a much higher activation energy than
the activation energy for 1,1 desorption~desorption from a
single dihydride species!, the latter which they place at;2
eV ~not including zpe corrections!.

We used an Si9H̄12H4 cluster to model 1,2 elimination of
H2 from two neighboring dihydride species to form H2(g) and
a monohydride. Geometries of the optimized dihydride ‘‘sur-
face’’ and the 1,2-elimination TS are given in Figs. 9~a! and
9~b!, respectively. The optimal geometry for the dihydride
surface was obtained using a constraint of 3.84 Å for the
distance between surface Si atoms in the ‘‘dimer bond’’ di-
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rection, but the two surface Si atoms were still allowed to
move in the surface normal direction. This constraint was
used to compensate for the edge effects of the Si9H̄12H4 clus-
ter, which make it favorable for the SiH2(a) units to move
apart. The geometry for the monohydride is the same as that
shown in Fig. 2. We calculated, including zpe corrections, an
endothermicity of 0.61 eV and an activation energy of 3.08
eV for this process. Since the cluster we used consists of
only two dihydride species, our calculations did not include
the effects of lateral interactions with other surface dihy-
drides. Lateral repulsions between neighboring hydrides pre-
sumably would influence the dihydride species more than the
monohydride species, since the monohydride would be far-
ther away from neighboring species. Thus our cluster model
probably overestimates the stability of the dihydride phase
and thus the endothermicity of this reaction. This overesti-
mation would be the same for both 1,1- and 1,2-elimination
processes. The TS for the 1,2 elimination@Fig. 9~b!# would
also be less stable in a real system, since it consists of a long
Si1-Si2 distance~4.95 Å! and Si-H bonds nearly parallel to
the surface, factors which would lead to severe lateral repul-
sion from neighboring dihydride units. If the lack of repul-
sive interactions from neighboring dihydrides in our model
leads to an equal overstabilization of the dihydride and the
1,2 elimination TS, there is no change in the activation bar-
rier. However, it seems likely that the sprawling structure of
the 1,2-elimination TS would experience greater lateral re-
pulsions in a real dihydride phase~recall the huge surface
Si-Si distance of 4.59 Å for our ideal TS which would never
be allowed on a real dihydride surface where surface Si dis-
tances are 3.84 Å! than the dihydride species which is al-
ready constrained to the ideal surface geometry~3.84 Å!.
This suggests that we are underestimating the barrier for 1,2
elimination. Since our calculated barrier is already over 1-eV
higher than the experimental results, we do not think that
desorption via 1,2 elimination in the dihydride phase is prob-
able.

The 1,1-elimination TS also could be stabilized or desta-
bilized by neighboring species. Theoretical calculations66,67

suggest that a ‘‘canted’’ dihydride phase, wherein the dihy-
dride units are tilted away from the ideal tetrahedral geom-
etry, is thermodynamically favored over an ideal dihydride
phase, since repulsions between dihydride species are re-
duced in the canted phase. We propose that since the Si-H
bonds are already bent away from their ideal positions~the
position they would be in if they were in an isolated dihy-
dride unit! due to dihydride-dihydride repulsions, the energy
barrier for desorption from the asymmetric TS should be
lowered, since some of the energy required to move the di-
hydride species from its ideal position to the TS configura-
tion has already been provided—making the asymmetric TS
easier to access. On the other hand, the 1,2-elimination path-
way would be more difficult to access in a canted phase since
in this phase the H atoms on the adjacent dihydride species
involved in the TS would be farther away. Furthermore, the
1,2-elimination barrier is likely to be increased in the canted
phase, since the TS is destabilized by repulsive interactions
with neighbors, while the dihydride canted phase is predicted
to be more stable than the perfect tetrahedral dihydride
phase. This is unlike the 1,1-elimination TS, which is similar
to canted phase dihydrides and thus experiences similarly
reduced repulsions, with no net change to the barrier height.
Therefore, it seems reasonable to conclude that the 1,2-
desorption mechanism is not viable and that our calculated
barrier for desorption from an isolated dihydride~2.49 eV!
could be lowered significantly at H coverages greater than 1
ML, making the isolated dihydride model consistent with
experimental results for the dihydride Si~100! surface. This
would result in a common precursor to desorption on the
monohydride and dihydride Si~100! surfaces, agreeing with
the REMPI results of Shane, Kolasinski, and Zare.

VII. CONCLUSIONS

We have looked at three contending pathways proposed
for H2 desorption from Si~100!-231 and calculated activa-
tion energies and rate constants for these mechanisms. We
find that the activation energies for all proposed mechanisms
other than the isolated dihydride mechanism are at least 0.9
eV higher than the experimentally determined barrier. By
contrast, the activation energy for desorption via isolated di-
hydrides~2.49 eV! is in excellent agreement with the most
accurate experimental values.3,5,6We also find that while our
estimated rate constant for desorption is somewhat lower
than required to explain experimental results, the estimated
rate constants of all other mechanisms are at least six orders
of magnitude smaller than the range of experimentally deter-
mined rate constants. However, small errors in our activation
energy ~we find our method overestimates H2 elimination
activation energies by;0.1–0.2 eV! or approximations in-
herent to our estimation of the rate constant could bring the
rate constant for desorption via isolated dihydrides within the
experimental range of values, while these same errors would
not be able to account for the six order of magnitude differ-
ence between all other mechanisms and experiment.

We also predict that the isolated dihydride mechanism can
be compatible with all of the experimental dynamical obser-
vations. We propose that the most troublesome of these, the

FIG. 9. The geometries obtained for~a! an ‘‘ideal’’ dihydride
surface and for~b! the 1,2-elimination TS using an Si9H̄12H4 cluster
to represent the dihydride surface. During geometry optimization of
the ideal dihydride surface~a!, the distance between the surface Si’s
along the ‘‘dimer’’ bond axis was fixed at the ideal 3.84-Å distance.
This constraint was eliminated during the search for the TS~b!.
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apparent violation of detailed balance, can be resolved within
the framework of this mechanism: desorption occurs through
the asymmetric isolated dihydride TS which has a low bar-
rier to adsorption; however, adsorption through this TS is a
rare event which can occur only when certain orientational
restrictions are overcome and approaching H2 molecules are
more likely to see the higher adsorption barriers of the pre-
pairing TS’s or the symmetric isolated dihydride TS and
scatter nonreactively. We suggest that H2 molecules impact-
ing the surface at a grazing angles may have a higher stick-
ing probability, and that increasing the vibrational energy of
the impinging H2 molecules may also lead to enhanced ad-
sorption. The observation of enhanced H2 adsorption as the
surface temperature increases can be understood via the in-
creased concentration of isolated Si atoms with increasing
temperature, as required by this mechanism.

The isolated dihydride mechanism has the advantage of
being able to explain the REMPI measurements of Shane,
Kolasinski, and Zare, which imply a common precursor to
desorption from the monohydride and dihydride phases of
Si~100! and from Si~111!-737. For the Si~100! dihydride
phase~QH52 ML!, we suggest that the canted nature of this
surface should reduce the barrier required for desorption, ex-
plaining the lower activation barrier on the dihydride versus
monohydride surfaces. For the Si~111!-737 surface, we find
that the measured activation energy for H2 desorption from
2.460.1–2.760.2 eV ~Refs. 3 and 68–70! corresponds well
to the calculated value for desorption on Si~111!-231 via an
isolated dihydride. On the Si~111!-737 surface, we expect
that the observed second-order dependence on H coverage
for desorption is most likely due to relatively fast H diffusion
~which has an activation barrier of 1.560.2 eV on this sur-
face! ~Ref. 71! that precedes the formation of the dihydride
precursor. This situation is analogous to H2 desorption from
metal surfaces.

As DFT cluster and slab calculations give similar results
in H2 desorption studies,20–24 we conclude that a properly
embedded cluster of 9–10 Si atoms models a slab well, and
suggest that differences between MRSDCI cluster calcula-
tions and DFT calculations are due to CI and DFT approxi-

mations only and not the cluster model. We also question
recent DFT calculations20–24 which find kinetic support for
desorption via the prepairing mechanism, since DFT calcu-
lations done with better quality functionals such as the
Becke3LYP functional,18 as well as CASSCF,72 MRSDCI
~this work!, and quadratic configuration interaction with
single, double ~and perturbative triple! excitations
@QCISD~T!# ~Ref. 18! calculations all show that the prepair-
ing desorption barrier is at least 0.7 eV higher than the most
reliable experimental values~2.4–2.6 eV!.3,5,6 Furthermore,
since it has been shown by others that DFT calculations tend
to underestimateactivation barriers, it would be interesting
to know the corresponding value, predicted by the same level
of DFT calculations which support the prepairing mecha-
nism, for the barrier to desorption via the isolated dihydride
mechanism—we suspect it would be lower than the desorp-
tion barrier calculated for the prepairing mechanism at this
same level of theory.

In summary, we have provided theoretical evidence that
the isolated dihydride mechanism is the only mechanism
which is consistent with all experimental observations of ki-
netics ~order, activation energy, and rate constant! and dy-
namics~violation of detailed balance, internal state and an-
gular distributions, and temperature dependence of sticking
probability! of H2 desorption/adsorption from Si~100!-231.
Additionally, we have suggested a possible test of this
mechanism, namely, grazing-incidence H2 molecular-beam
experiments at high temperatures.
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