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We have measured vibrational- and rotational-state distributions for H,, D,, and HD
thermally desorbed from the monohydride phase on Si(100) surfaces using resonance-
enhanced multiphoton ionization detection. The v = 1 to v = 0 population ratio is roughly

20 times higher than that predicted by Boltzmann statistics at the surface temperature,

T, =780 K. In contrast, the average rotational energies of the desorbed molecules are
significantly lower than kT, exhibit no isotopic dependence within experimental error, and are
not significantly different in the v = 0 and v = 1 vibrational states. In the vibrational ground
state, we find (E,,,) = 345 + 83 K, 451 + 77 K, and 332 + 57 K for H,, HD, and D,,
respectively. The degree of vibrational excitation suggests that the H-H interatomic distance in
the transition state is elongated compared with the gas-phase equilibrium bond distance. The
low average rotational energy clearly rules out recombination from a highly asymmetric
transition state or recombination from high-impact-parameter collisions. Our data may be
interpreted as resulting from a preference for reactive trajectories that impart little angular
momentum either through the effects of the corrugation of the potential-energy hypersurface
or through the collision leading to the transition state, followed by prompt desorption of the
newly formed molecular hydrogen from Si(100). We propose that pairing on Si dimers occurs
prior to desorption; various models are discussed regarding the desorption mechanism

subsequent to pairing.

I. INTRODUCTION

State-specific detection has been used extensively to
probe scattering and thermal desorption at surfaces.' These
studies have revealed much about the energy and momen-
tum exchange processes that occur during gas—surface scat-
tering and atomic and molecular desorption. Fewer state-
specific studies have probed recombinative desorption from
surfaces.?™® These studies, which have focused on desorption
from the surfaces of metals, have used bulk permeation or
chemical reactions to prepare the desorbing species.

A. Si(100)~(2x 1) surface structure

Because a detailed knowledge of the geometric and elec-
tronic structure of Si(100)—(2 % 1) is important in the inter-
pretation of our results, we present here a brief review of
Si(100) surface physics. The Si(100) surface has been the
subject of numerous investigations.”® As with any well-
studied system in surface science, the interpretation of ex-
perimental and theoretical investigations has not been with-
out confroversy. A growing consensus concerning the
Si(100)—-(2 x 1) surface is forming, however, largely arising
from the insightful scanning tunneling microscopy (STM)
work of Hamers, Tromp, and Demuth®'? and the conver-
gence of theoretical work.'3-2°

The clean Si(100)—(2 X 1) surface exhibits a dimer re-
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construction as depicted in Fig. 1. The driving force for the
reconstruction is the elimination of the dangling bonds
formed by truncation of the bulk structure. Dimer formation
eliminates half of the dangling bonds by involving them in
Si—Si bonds but leaves one dangling bond per Si dimer atom.
This picture, however, has been found to be an oversimplifi-
cation.

A controversy over the dimer structure, that is, whether
the dimers are symmetric'® or buckled,?' has persisted for
more than a decade. Hamers and co-workers,'® using STM,
have shown that symmetric dimers populate defect-free
areas of the surface, whereas buckled dimers are found near
vacancy defects. They have also shown that dimers persist to

FIG. 1. A hard-sphere representation of the Si(100)—~(2x 1) surface. The
dimer atoms are represented by the solid circles. Interatomic spacing values
are those given by Hamers, Tromp, and Demuth (Ref. 10).
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the edges of, and even across, steps, and that although up to
10% of the surface is covered with vacancy defects, a very
low density of Si atoms in the outermost layer exist singular-
ly rather than in dimers. That both symmetric and buckled
dimers are formed is not too surprising because calcula-
tions'®'"?° have shown a small energy difference between
the two structures. In fact, the true nature of the clean dimer
may be that it is time-averaged symmetric, i.e., the dimer
seesaws between two buckled configurations in such a way
that it is on average symmetric at room temperature.'®*°

The simple picture of an independent dangling bond ex-
isting on each dimer is also an oversimplification. Early cal-
culations by Appelbaum, Baraff, and Hamann'® indicated
that these dangling bonds participate in a -bonding interac-
tion. This interaction is weak in that the bonding between the
dimer atoms is not a true double bond. Appelbaum, Baraff,
and Hamann estimated that the second “bond” is less than
40% of the strength of a Si—Si single bond, approximately 0.9
eV: recent calculations®? set limits on a 7-bonding interac-
tion of 0.22-0.52 eV. A m-bonding stabilization has been
confirmed by the scanning tunneling spectroscopy (STS)
work of Boland?? in which he estimates a stabilization of 0.8
eV. Other calculations'*'® have shown that correlation be-
tween the electrons in the dimer bond is strong enough to
induce antiferromagnetic ordering, i.e., a singlet ground
state in the dimer 7 bond. This interaction makes the sym-
metric dimer the stabler configuration. Interactions between
adjacent dimers are weak, however, with nearest-neighbor
interactions on the order of 0.02 eV.?°

Charge-density profiles'>!>!® show that a better de-
scription of the state is a delocalized one that extends be-
tween both dimer atoms, although electron density from the
highest-energy dangling-bond state is greatest immediately
above the Si dimer atoms. This description is corroborated
by the STM work of Hamers, Tromp, and Demuth'® who
found that a dimer appears as a beanlike shape; that is, the
charge density of the occupied states above the dimer is delo-
calized over the dimer unit rather than appearing as two
distinct dangling bonds.

The most important conclusion to draw from the elec-
tronic structure of Si( 100) is that one independent dangling
bond on each dimer atom represents an unstable configura-
tion. The two electrons in the dangling bonds are correlated,
not independent, and the dimer makes use of the correlation
of these electrons to minimize its energy whether by 7-bond-
ing interaction, antiferromagnetic ordering, Jahn—Teller or
Peierls distortion, or some combination of these.

B. Silicon hydride surface chemistry

The chemisorption of atomic hydrogen and desorption
of molecular hydrogen on silicon surfaces has been studied
extensively using numerous surface-science techniques.?*2°
For Si(100)—-(2 1), adsorption of a single H atom onto a Si
dimer breaks the w-bonding interaction of the dangling
bonds and leads to a lone dangling bond on the Si atom not
involved in the Si—-H bond.?? Saturation of the monohydride
phase, that is, adsorption of two H atoms per dimer, appears
to stabilize the symmetric dimer and relieves some of the
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subsurface strain associated with the reconstruction.'®3%3!

The chemisorption of molecular hydrogen is poorly un-
derstood. Published values of the sticking coefficient of mo-
lecular hydrogen range from ~ 10~ ° to ~10~3.323* There
are reports that the sticking of molecular hydrogen on
Si(111) or polycrystalline Si surfaces appears to saturate at
coverages on the order of a few percent of a monolayer.****
This behavior would implicate the effects of special defect
structures in the sticking of molecular hydrogen into these
low coverage sites. Clearly, further critical investigation of
the sticking dynamics for the H,/Si system is needed.

Recent work®® has suggested that thermal desorption
from the surface of a covalent solid proceeds through a
mechanism that differs markedly from the mechanism of
desorption from the surface of a metal. The necessity of con-
sidering new models to explain recombinative desorption
arises from experiments®”*® that have shown that desorp-
tion from the monohydride phase on the Si(100)-(2x1)
surface follows a first-order rate law, whereas desorption
from Si(111)~(7x7) follows a second-order rate law.?® An-
other experiment found that desorption from Si(111)—
(7 7) at low coverage is described by kinetics that are in-
termediate between first and second order.*® First-order de-
sorption of hydrogen has also been observed from dia-
mond,*” germanium,® and tellurium®’ surfaces.

Sinniah et al.?° reported the desorption activation ener-
gy E,, and Arrhenius prefactor 4 to be E,, =45+2
kcal mol ' (1,954 0.09 eV) and 4 = (2.2 4 0.3) x 10"
s~! from isothermal laser-induced thermal-desorption
(LITD) studies. Wise et al.?” reported E,., = 58 + 2 kcal-
mol~! (2.524-0.09 eV) and 4 = (5.5 +0.5) X103 s —!
from LITD and 66 + 4 kcal mol ~' (2.87 4- 0.18 eV) and
A =6.5x10" s~ from conventional thermal desorption.
The values of 4 reported by Wise et al. appear high consider-
ing the known low sticking coefficient of H, (Refs. 32-34)
and absence of reports of strong repulsive interactions be-
tween monohydride units. (See Ref. 40 and references there-
in for a complete discussion on factors influencing the Arr-
henius prefactor.) The value reported by Sinniah ef al. is
consistent with the low sticking coefficient and suggests a
constrained geometry in the transition state for desorption.

A first-order rate law is inconsistent with conventional
hopping models*' that appear to describe accurately the re-
combinative desorption of hydrogen from the surfaces of
metals. Sinniah et al.** have proposed a model for desorption
from the (100) surface in which the irreversible excitation of
one hydrogen atom into a freely translating state precedes
recombination of this atom with a normally bound atom.
Wise et al.>” have suggested a pairing model in which recom-
bination occurs across a Si—Si dimer pair. Reider, Hofer, and
Heinz*® have proposed that a more conventional diffusion-
based model, which incorporates recombination via at least
two distinguishable sites, is active at low coverage on
Si(111)-(7x7). Whatever the desorption mechanism, any
model for the H/8i system must explain not only why re-
combinative desorption on semiconductors differs from that
on metals but also why the desorption kinetics are structure
sensitive for Si surfaces.

The formation of mono-, di-, and tri-hydride silicon spe-
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cies follows the adsorption of either disilane, Si,H (as is
used in our experiments; see below), or atomic hydrogen.
Although the source of adsorbed hydrogen has little effect
upon the properties of these hydrides,?®#** the stability of
the three surface hydrides depends on temperature and cov-
erage. We typically use a crystal temperature of approxi-
mately 400 K during absorption. Such an elevated tempera-
ture suppresses the formation of higher hydrides and ensures
that the Si surface is predominantly covered with the mono-
hydride.** We note that at saturation coverage all of the sur-
face dangling bonds are capped with adsorbed hydrogen,
H,,,.*** Therefore, if we assume complete dissociation of
Si,H,, one-third of the surface is covered with newly deposit-
ed Si, and the ratio of H,, on “original” sites to H,, on
newly deposited Si is 2:1.

Under our experimental conditions, disilane adsorption
and subsequent H, desorption result in the epitaxial growth
of silicon. The surface is in the (2 1) reconstruction at the
start and end of an experiment, but the surface structure at
the time of H, desorption is not explicitly known. Recent
STM work, however, has shown that ordered, monohy-
dride-capped Si(100)—(2X 1) surfaces result after briefly
annealing Si,Hg-saturated Si(100)—(2x 1) surfaces to
670 K.*6 This temperature is roughly 100 degrees below the
monohydride desorption temperature. Therefore, because of
the reordering of the monohydride-covered surface®® and
the tendency of the Si(100) surface to form dimers even in
the presence of defects,'® we believe the majority of the ad-
sorption sites should correspond to the dimer reconstruc-
tion, although the surfaces we use in this study may have
some degree of disorder and H atoms adsorbed in sites other
than ideal Si dimer units. Furthermore, we have found?*’ that
internal-state distributions are insensitive to whether the
source of adsorbed hydrogen is Si,H, or atomic H.

Below, we present data on the rotational- and vibra-
tional-state distributions of H,, HD, and D,. Our results
indicate that the mechanism of recombinative desorption of
molecular hydrogen from Si(100) leads to rotational distri-
butions colder than the surface temperature; we conclude
that little torque is applied to the molecule during the recom-
binative process. An accurate model of recombination must
include a dynamical constraint that causes an exaggerated
population of low rotational states. The vibrational distribu-
tions reveal that more energy is deposited in the vibrational
degree of freedom than would be expected from Boltzmann
statistics at the surface temperature. Our results can be made
consistent with the delocalized band-state model®® by in-
volving some sort of constrained diffusion, that is, a model in
which diffusion proceeds only along certain crystallographic
directions. However, we assert that a pairing model is in
much better accord not only with our data, but also with
dynamical models of recombinative desorption and with the
electronic and geometric structure of Si(100)—-(2Xx 1).

Il. EXPERIMENT

Internal-state distributions of molecular hydrogen are
determined using a (2 + 1) resonance-enhanced multipho-
ton ionization (REMPI) scheme utilizing the E, F '2;
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state as an intermediate state.*® This scheme requires ultra-
violet radiation in the wavelength range of 200-215 nm to
probe v =0 and 1. This light is generated by a Nd:YAG-
pumped dye laser. Blue-shifted rhodamine 640 (shifted by
addition of a few drops of a NaOH dissolved in methanol) or
a mixture of DCM and rhodamine 610 dyes dissolved in
methanol is used in the dye laser. The dye laser output is first
frequency doubled in a potassium dihydrogen phosphate
(KDP) crystal. The doubled light is then frequency mixed
with residual dye laser fundamental in a S-barium borate
(BBO) crystal.*’ This procedure routinely produces 1-2 mJ
of light in the wavelength region of interest, sufficient to
completely saturate the (2 + 1) process. Unwanted fre-
quency components are separated from the tripled light by
the use of dichroic mirrors, which also serve to define the
optical path into the ultrahigh vacuum (UHV) chamber.
The laser beam propagates parallel to the Si(100) crystal
face and is focused a few millimeters above the surface using
a 350 mm lens. The detection region of the experimental
apparatus is depicted schematically in Fig. 2.

Ions produced in the REMPI process are extracted into
a mu-metal-shielded time-of-flight (TOF) tube in which
they are counted using a chevron (two-stage multichannel
plate) detector. The output of the chevron detector is col-
lected by a gated integrator and stored by a minicomputer
for subsequent analysis. The ion signal is normalized on a
shot-by-shot basis to the output of a pyroelectric detector
that monitors the power of the tripled light. This method of

Chevron Detector

30 cm TOF Tube

Laser Beam
A =201-215nm

FIG. 2. Schematic drawing of the detection region of the experimental appa-
ratus.
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state-specific detection has a sensitivity on the order of
5 X 10° molecules per quantum state per cm.> We have calcu-
lated that even for unrealistically large velocity differences
between H, and D,, our data will be affected to a degree
much less than our one o error bars by corrections for
changes in detection efficiency with velocity or by correc-
tions in comparing ion signals to desorption fluxes.

The UHV chamber is evacuated by a turbomolecular
pump to a base pressure of approximately 2 10~ '° Torr.
Surface order and cleanliness are checked with low-energy
electron diffraction (LEED) and Auger electron spectros-
copy (AES). The 10X 13 mm rectangular Si(100) crystals
are highly As doped (0.005 ) cm) to facilitate direct resis-
tive heating under computer control. The computer gener-
ates a set point for an external feedback circuit. The set point
is updated at 10 Hz with a rate of change determined by the
computer. The feedback circuit, not the computer, directly
monitors the crystal temperature via Chromel-Alumel ther-
mocouples affixed to the Si with either alumina- or zirconia-
based adhesives. The crystal and manipulator are liquid-ni-
trogen cooled.

Sample preparation consists of degreasing the Si(100)-
(2% 1) wafers with successive ultrasonic baths of methanol,
acetone, and ethanol. Most of the samples were not etched
prior to insertion into the vacuum chamber. Some were
etched in NH,F or HF solutions and rinsed in distilled water
and ethanol. No correlations were observed between sample
pretreatment and internal-state distributions. During the
last 12-24 h of bakeout the crystal is held just below the
desorption temperature of the native oxide to thoroughly
degas the manipulator and Nb crystal holder before expos-
ing the bare Si surface. After the chamber cools down, the
oxide is desorbed by annealing the crystal at 1200 K. The
crystal is then cooled at 1-2 K s ~'. This procedure yields a
well-ordered Si(100)—-(2X 1) surface that generally has
some residual carbon contamination.

At the end of each day we passivated the crystal with a
large dose of disilane. At the beginning of each day, the passi-
vatinglayer of H ,, was desorbed and the crystal annealed at
1000 K for 10-15 min, then cooled at 1-2 K s~'. High-
temperature annealing was avoided to lessen the likelihood
of surface roughening. This procedure led to a gradually in-
creasing level of C contamination over the period of weeks.
No correlation between C coverage and internal-state distri-
butions was found. Crystals were used as long as the LEED
pattern remained sharp. A total of 12 different crystals were
used during this study. No correlations between crystals and
internal-state distributions were found. Data from one crys-
tal was disregarded because of a second lower-temperature
hydrogen desorption feature of uncertain grigin. The main
desorption feature from this surface, however, yielded rota-
tional distributions consistent with the results of the other
crystals.

Experiments are performed by dosing the Si(100)-
(2x 1) surface to saturation using a pulsed, skimmed, and
collimated molecular beam of disilane. The nozzle delivers
pulses at 10 Hz with a temporal width of approximately 2
ms. The molecular beam strikes the surface at normal inci-
dence. A sufficient stagnation pressure of disilane is used,
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typically 30-60 Torr, to saturate the surface in 30-60 s.

We used a molecular beam of disilane as a source of
adsorbed hydrogen because of several practical advantages.
The sticking coefficient of disilane is on the order of 107!,
higher than that of H, or SiH, by 4 to 5 orders of magni-
tude.’®*! Consequently, we can avoid extreme exposure
conditions, i.e., high pressures and long durations, that
could lead to contamination of the surface.’? A hot filament
source of more reactive, vibrationally excited hydrogen and
atomic hydrogen, commonly used for dosing hydrogen, also
requires high exposures, may lead to surface etching, and
doses all exposed surfaces. A molecular beam represents a
relatively simple and reliable system that will dose only a
small portion of the crystal. This system allows us to avoid
spurious signals caused by desorption from surfaces other
than 8i(100) and minimizes the effects of temperature inho-
mogeneities across the crystal face by virtue of the molecular
beam’s small spot size (approximately 4 mm in diameter). A
heated-nozzle molecular beam source of hydrogen would
have similar advantages but could not be easily adapted to
our experimental chamber.

After dosing the crystal, we perform a temperature-pro-
grammed desorption (TPD). We use the REMPI/TOF
scheme to collect the desorption spectrum one rovibrational
quantum state at a time. In this procedure, the laser is tuned
to a transition corresponding to a specific (v,J/) level. Ions
created in the REMPI process are then collected as a func-
tion of crystal temperature. The heating rateis I0K s ! and
20 laser shots are averaged into one bin. Because our laser
operates at 10 Hz, the ion signal is collected in bins that span
20 K in surface temperature. The maximum in the thermal
desorption flux occurs in the range 780-800 K. During data
acquisition the computer controls the heating rate but does
not directly monitor the crystal temperature, and our de-
sorption spectra are taken vs time. The desorption tempera-
ture we quote here is based on the work of Sinniah et a/.*® and
is consistent with our own less accurate measurements. At
the end of each desorption run, the crystal is annealed from
one half to several minutes before being cooledat 3K s~ ! to
assure reordering of the surface and epitaxial growth of Si. In
general, this procedure is repeated 3-5 times before proceed-
ing to the next J level.

The (2+ 1) REMPI process through the EF'S}
state is well characterized.*® Specifically, ionization proba-
bilities for H,, HD, and D, are known for all of the (v,J)
levels used in this work. Little variation in ionization proba-
bility with J is apparent, although the relative ionization
probability does change significantly with v.

We have compared two methods of reducing signal
strengths to rotational populations: full peak integration and
peak-height analysis. Full peak integration corresponds to
an average over the entire accessible coverage range (0-1.0
ML of H,, relative to Si; ML denotes monolayer) and a
surface temperature range of A7, = 60-80 K. Peak-height
analysis corresponds to the signal from a smaller coverage
range centered about half the saturation coverage and a sur-
face temperature range of 20 K. Both methods yield the
same rotational distributions within error bars. The results
we present were obtained using full-peak integration.
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lll. RESULTS

A. Rotational distributions

Using the experimental method outlined above, we have
obtained data for the thermal desorption from Si(100) of H,
(by dosing Si,Hy), D, (dosing Si,Dg), and HD (dosing a
mixture of Si,H and Si,D). Figure 3 shows a typical ther-
mal desorption spectrum of H,(v = 0,/ = 1). This raw data
must be corrected for two distinct background contribu-
tions: (1) ambient hydrogen present in the vacuum
chamber, and (2) hydrogen that has thermally desorbed
from the Si(100) surface and entered the laser focal volume
after having undergone a number of collisions with the
chamber walls.

The former type of background signal is constant over a
desorption spectrum and is easily accounted for by simply
setting the base line for integration at an appropriate offset.
The second type of background signal requires a more in-
volved subtraction technique in which independent experi-
ments are performed to determine the temperature of the
background gas and the fraction of the signal caused by the
background.

The temperature of the background hydrogen is deter-
mined by dosing the crystal in the usual fashion. The laser,
however, is placed vertically above and slightly behind the
crystal face. In this way the focal volume does not intercept
any of the directly desorbed hydrogen. Using this experi-
mental geometry, we have determined that background hy-
drogen is equilibrated with the chamber walls (300 K).

This experiment cannot be used to determine the per-
centage of signal arising from background gas because the
detection efficiency depends sensitively on the detection ge-

Hj (v=0,J=1) Desorption from Si(100)-(2x1)

Power-Normalized Ion Signal (arbitrary units)

| | 1 T | I
500 600 700 800 900 1000 1100

Surface Temperature (K)

FIG. 3. Thermal desorption spectrum for H,(v = 0, J = 1) desorbing from
Si(100)-(2x 1) after a saturation dose of Si,H,. The surface temperature
during adsorption is approximately 400 K.
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ometry. By moving the laser above the crystal, our detection
sensitivity decreases by at least a factor of 2 to 4. Further-
more, the percentage of nascent signal to background signal
is a function of the location of the focal volume relative to the
surface because of the different angular distributions of the
two types of signal [ (cos )" vs isotropic].

To determine the percentage of our signal arising from
background gas, we backfill the chamber to a known pres-
sure of hydrogen, typically about 1 X 10~ Torr, after dos-
ing the crystal in the usual way with the normal detection
geometry. We then perform a TPD in the usual manner and
measure the pressure rise in the system, the base-line ion
signal level (i.e., the ion signal of the backfilled hydrogen),
and the desorption ion signal. The known pressure of back-
filled hydrogen allows us to calibrate the ion signal we ob-
serve so that we can convert counts of signal into effective
pressure units, The ion signal from the desorption peak can
then be converted into an effective pressure. This value is the
effective pressure of nascent hydrogen plus background hy-
drogen. The pressure of the background hydrogen that
reenters the focal volume after relaxation is equal to the tran-
sient pressure rise measured in the chamber. By repetitively
performing this experiment, we have determined that nas-
cent hydrogen constitutes 70 + 5% of our signal from either
H,(v=0,J=1) or D,(v=0,J=2) i.e,, 30 + 5% of our
signal is from collisionally relaxed hydrogen. Because we
also know the temperature of the background gas, we can
accurately subtract the appropriate amount of background
signal from the signal for each (v, J) transition.

Cursory attempts to detect any background in v =1
have been unsuccessful as was also observed by Kubiak, Sitz,
and Zare for H/Cu.? This result is not surprising, as vibra-
tional deactivation in the collisions of gases with rough sur-
faces has been shown to be very efficient even when the gas—
surface attractive interaction is weak.>*"** Therefore, we as-
sume there is no background contribution to the v = 1 data.

Figure 4 displays a Boltzmann analysis of the rotational
populations for H,, HD, and D, in the first two vibrational
states after background subtraction. Here, we have plotted
vs rotational energy the natural logarithm of the power-nor-
malized ion signal divided by the rotational-state degeneracy
(2J + 1), the nuclear-spin degeneracy (g ), and the appro-
priate v-, J-, and isotopomer-dependent correction factor.®
The data for H, accurately represent the v = 0to v = 1 pop-
ulation ratio. The curves for HD and D, have been offset by
constant factors to emphasize the similarity in shapes for the
rotational distributions. Should such a plot yield a linear
relation, the slope of the line is related to a “temperature”
and indicates that the system follows Boltzmann statistics.

The large rotational constant of molecular hydrogen
combined with low rotational excitation means that few ro-
tational levels are significantly populated. Signal from rota-
tional levels higher than those shown in Fig. 4 has been ac-
quired on occasion but has been deemed too uncertain to
include in our analysis. The paucity of accessible rotational
levels makes it difficult to discern trends in the distribution
as a function of J and can make a Boltzmann analysis mis-
leading. Therefore, we prefer to characterize the distribu-
tions using a vibrational-state-dependent average rotational
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Hydrogen Desorption from Si(100)-(2X1)
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FIG. 4. Boltzmann plot of H,, HD, and D,, thermally desorbed from
Si(100)=(2x 1). The data has been corrected for background contributions
as explained in the text. T, =780-800 K. Rotational distributions are com-
prised of J levels 0-5, 0-6, and 0-6 for v = 0 of H,, HD, and D, respectively,
and 0-3, 04, and 0-6 for v = | of H,, HD, and D,, respectively.

energy, (E,, ) (v), rather than a rotational temperature. For
this purpose we use the relation

(Erct ) {V) = EJNNEJ/EJNV.H

where N, is the population of the rotational state J in arbi-
trary units and £ is the rotational energy of that state. The
observed values of (£, ) (v = 0) are 345 + 83 K, 451 4+ 77
K, and 332 + 57 K for H,, HD, and D,, respectively, and of
(E . )(v=1)are348 + 95K, 385 + 70K, and 330 + 54 K
for H,, HD, and D, respectively. Complete rotational distri-
butions were collected 10-16 times each for H,, HD, and D,
inv=0and4, 1, and 5 times for H,, HD, and D, respective-
ly, in v = 1. Therefore, the error bar for HD (v = 1) is an
indication of the single experimental uncertainty without
any contribution from the variability of results from experi-
ment to experiment. The latter accounts for the uncertainty
in the other reported values. Note that (1) all three isoto-
pomers exhibit significant rotational cooling in desorption

TABLE L. The experimentally determined vibrational-state population ratios R_,,

Kolasinski, Shane, and Zare: Hydrogen desorption from Si(100)

(compared to T, =780 K), (2) the rotational distributions
do not vary significantly between the v = O and v = 1 states,
(3) (E,.) is essentially the same for all three isotopomers,
(4) deviations from Boltzmann statistics are manifested by
curvature in the Boltzmann plots, and (5) ortho and para
states of H, and D, are populated statistically.

B. Vibrational distributions

Once the rotational distributions of the v =0and v =1
states have been determined, we may determine the popula-
tion ratio between these two vibrational states. We sum the
populations of the J levels for the two vibrational states to
determine this ratio. The dependence of the relative ioniza-
tion probabilities on vibrational states is known;*® however,
to compare data from different experimental runs accurate-
ly, we collect signal for transitions in the two vibrational
states during several experimental runs. In general, we ob-
tain this ratio by first measuring the signal for one (v,J)
transition, for example, H,(v = 1,/ = 1). We then obtain a
complete rotational distribution from the other vibrational
state; the first measured transition is the corresponding J
level of the other vibrational state, H,(v = 0,/ =1) in this
example. In this manner we can record data for the popula-
tion ratio with the most consistent possible experimental
conditions. This ratio was measured 5, 7, and 7 times for H,,
HD, and D,, respectively. Attempts to detect signal from the
v = 2 state were unsuccessful.

Table I displays the data pertinent to the vibrational
population analysis for the three isotopomers. We find the
experimentally determined v = 1 to v = 0 population ratio,
Reype to be R, (H;)=00116 4 0.005, R, (HD)

= 0.021 + 0.015, and R, (D) = 0.081 +4- 0.040. Because

we have found no background in the v = 1 level, we have not
subtracted a background contribution from the v = 1 data.
We can calculate the vibrational population ratio expected
for a Boltzmann distribution at the surface temperature (we
choose T, at the desorption peak maximum, 7, = 780 K)
according to the equation

RBoltz &= exp( o Vm/kT,},
1

where vy, is the origin of the first vibrational state in cm ~ ',

are presented for the three

hydrogen isotopomers and compared with the ratios expected from Boltzmann statistics, Ry,,,, at a surface
temperature of 780 K. The ratio between these values, the energy spacing between vibrational states v,,, and the

experimentally determined average rotational energies (E,

rot

) are also listed.

H, HD D,

vy (em =) 4164.14 3632.10 2993.98
Rop =N._./N,.o 0.0116 + 0.005 0.021 4+ 0.015 0.081 + 0.040
Ry =exp( — vy /kT,) 0.000 465 0.001 23 0.00400
{E ) (v=0) (K) 345 + 83 451 +77 3324+ 57
(E.)v=1)(K) 348 + 95 3854+ 70 330 + 54
R/ Roorz 25.04+9.9 17412 20.1 +9.9
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and k is the Boltzmann constant expressed incm ~' K~'.

Note the values obtained from this equation in Table I. A
comparison of the values of Ry, to those for R, shows
that all three isotopomers exhibit enhanced population of
the v = 1 level relative to Boltzmann statistics, and the en-
hancement factor is roughly equal in all three cases within
error bars. Specifically, we find the ratio R,,, /Rg.y, to be
25,0499, 17 + 12, and 20.1 4 9.9 for H,, HD, and D,,
respectively.

Correlation between velocity and vibrational state is ex-
pected if there is strong vibrational-to-translational coupling
in desorption. In this case hydrogen in v =1 will have a
lower velocity than hydrogen in v = 0. Our detector is pri-
marily a flux detector with some density contribution; there-
fore, we directly measure flux and our reported vibrational
ratios do not need to be corrected for velocity. Rough calcu-
lations indicate that even if the mean translational energy of
hydrogen in v = 1 is the equivalent of one vibrational quan-
tum lower than the mean translational energy of hydrogen in
v = 0, the data will be unaffected with regard to either the
absolute value or isotopic trend of the vibrational enhance-
ment factor.

V. DISCUSSION

A. Vibrational distributions

We have determined that the population of the v=1
state is roughly 20 times that expected for an equilibrium
distribution at 7,. Superthermal vibrational population of
v = | was observed in the recombinative desorption of hy-
drogen from Cu(111) and Cu(110),? as well as for the re-
combinative desorption of N, from S-covered poly-Fe.? En-
hanced population of v = 1 has also been reported for the
D,/Pd(100) (Ref. 4) and D,/S-covered poly-Pd (Ref. 56)
systems, but to a smaller degree.

Relaxation of the vibrational degree of freedom for hy-
drogen is a slower process than is relaxation of rotation. As
we will demonstrate below, exit channel effects are minimal
in the consideration of the rotational distributions; thus, we
can neglect them entirely in the analysis of the vibrational
distributions. We conclude that the vibrational and rota-
tional distributions we obtain are directly related to the re-
combinative event and unmodified by interactions along the
exit channel.

The degree of vibrational excitation is indicative of the
extent to which the desorption transition state resembles the
gas-phase hydrogen molecule. A transition state in which
the H-H bond distance is elongated compared with the equi-
librium bond distance of molecular hydrogen in the gas
phase, r,, would result in vibrational excitation of the prod-
uct H,. This correlation has been confirmed for the H/Cu
system in the calculation of Harris, Rahman, and Yang.%’

No accurate potential-energy hypersurface exists for the
H/Si(100) system. Our observation of vibrational excita-
tion, coupled with gas-phase reaction propensity rules®® and
theoretical confirmation,*>*® leads us to predict that the po-
tential-energy hypersurface must have a central or late bar-
rier to adsorption. That is, the saddlepoint in the interaction
potential for H, , + Si(100) —2H,,, /5i(100) is located at

asomewhat extended H-H distance relative to r,. This topo-
graphy will lead to vibrational-to-translational energy trans-
fer in adsorption as observed in the H/Cu system.%"%* How-
ever, in comparison to the H/Cu system, we observe a
significantly lower vibration enhancement factor even though
indications are that the barrier height is much higher in the
H /Si system.®® Therefore, we believe that the H, molecule is
not extensively stretched in the transition state.

The uniformity of vibrational enhancement factors
demonstrates the importance of accurate quantum-mechan-
ical calculations for complete interpretation of the data. Be-
cause of the small mass and large zero-point energy of H,,
the effects of tunneling must be considered. We believe, how-
ever, that tunneling is not important on the scale of our error
bars in the desorption of hydrogen from Si(100) since each
of the isotopomers exhibits the same vibrational enhance-
ment factor relative to a Boltzmann distribution and, fur-
thermore, the rotational distributions exhibit the same aver-
age rotational energy for all three isotopomers in both v =0
and v= 1.

The basic physics of dissociative hydrogen adsorption
within a jellium framework is illustrated in the calculations
of N¢rskov, Johansson, and co-workers.**°® The use of a
jellium model to describe the H/Si system is obviously an
oversimplification. Harris has elaborated upon the features
of this model and its limitations.®® An essential feature of
dissociative H, adsorption (or, conversely, recombinative
H, desorption) is the filling (emptying) of the hydrogen
antibonding resonance. Since hydrogen is a closed-shell mol-
ecule, it essentially acts as a noble gas as it approaches the
surface. After a weak van der Waals interaction, the hydro-
gen-surface potential becomes strongly repulsive. As the
surface electrons interact with hydrogen, they broaden and
lower the energy of the molecular antibonding state; even-
tually this level drops below the Fermi energy and becomes
partially occupied. The hydrogen bonding level also broad-
ens and shifts downward as it mixes with the electronic states
of the surface, but to a lesser degree. During this process the
H-H attraction decreases while the H-surface attraction in-
creases.

The height of the activation barrier is sensitively depen-
dent on the shapes of the H-H and H-surface potential
curves and the position of their crossing point. The presence
of d electrons can significantly lower this barrier.” Since the
dangling-bond state of Si(100)—(2x 1) is composed of sp*
electrons and there are no nearby d-electron states, signifi-
cant electronic rearrangement must occur to overcome the
Pauli repulsion with the H, 1o, level (filled bonding orbital)
and to allow the hydrogen-antibonding resonance to fill.
Thus, we expect a substantial activation barrier. Distortion
of the molecule through bond elongation will accompany
and facilitate the filling of the antibonding resonance.

Although the hydrogen molecule is accurately treated
in the model of Nérskov and co-workers,**®® an essential
feature of the Si surface, namely the localized dangling-bond
states, is poorly represented. The basic elements of this mod-
el, however, should be active in any hydrogen adsorption
system that results in adsorbed hydrides. That is, in the final
state an adsorbed H atom has an increased electron density
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compared with an isolated H atom; therefore, a net donation
of electrons to the H atom occurs. This is the case in the
adsorption of H on 8i.'®7" The ramifications of the inaccura-
cies of the jellium treatment are discussed further with the
rotational distributions. This model does, however, ade-
quately treat the gross aspects of the essential dynamics in-
volved, and it presents a solid conceptual framework.

We cannot determine the height of the activation barrier
solely by determining the vibrational population. In fact, the
height of the activation barrier to adsorption is purely a one-
dimensional concept. The effective height of the barrier de-
pends on the shape of the potential-energy hypersurface, the
position of the barrier maximum, the orientation of the mol-
ecule, and the point of impact in the surface unit cell. To
determine the barrier height the total energy of the desorbing
particle and the partitioning of that energy must be mea-
sured.®® With use of our experimental method the transla-
tional energy may be probed by determining the Doppler
width of the spectral transitions if some assumption con-
cerning the angular distribution of desorbing molecules is
made. We have not yet performed such an experiment. Pre-
liminary experiments performed elsewhere indicate that the
translational energy required to overcome the barrier is sub-
stantial and that the barrier is probably greater than 1 eV.%

In observing superthermal vibrational excitation we
must answer the question: What is the cause of this excita-
tion? The recombination of two H,, to form H,,, resultsin
the formation of one H-H bond worth 104 kcal mol ~ ! at the
expense of breaking two Si—H bonds. The exact strength of
the Si—H bond on a Si surface is disputed®’ but is roughly 80
kcal mol = '. Therefore, the recombinative desorption of H,
is roughly 60 kcal mol ~' endothermic and, hence, the heat
of reaction is not responsible for superthermal vibrational
excitation.

The shape of the potential-energy hypersurface must
therefore lead to vibrational excitation. An activation bar-
rier, in a sense, acts as an energy dam, forcing energetic H ,,
pairs to build up on the surface until they overflow the acti-
vation barrier. Since the top of the activation barrier is above
the energy zero of the gas-phase H, molecule, a superther-
mal energy distribution of desorbed H, is possible as long as
the desorbing molecule does not equilibrate with the surface
during desorption. Acceleration during descent of the acti-
vation barrier inhibits surface accommodation while loca-
tion of the barrier at an elongated H-H distance relative to r,
channels energy into the vibrational coordinate. We con-
clude that hydrogen molecules leave the surface promptly
after recombination with little molecule-surface energy ex-
change and that, therefore, an activation barrier is responsi-
ble for the excess vibrational energy we observe.

B. Rotational distributions

As mentioned above, the adsorption of hydrogen onto
Si(100) is activated. We cannot predict a priori how the en-
ergy required to surmount an activation barrier will be parti-
tioned in the product molecule. This energy partitioning is
determined by the full potential-energy hypersurface. We

have already demonstrated that some of this energy is depos-
ited into the vibrational degree of freedom. We turn our at-
tention to the rotational degree of freedom.

Before continuing with our analysis of the rotational
distributions, we must consider the possibility of rotational-
state-changing collisions subsequent to molecular forma-
tion. As rotational-state-changing events are more probable
than vibrational-state-changing events for hydrogen, the ro-
tational distributions will be more sensitive to such events.
We must consider two distinct processes that can alter the
rotational distribution of nascent hydrogen molecules at the
surface. These are surface-to-molecule angular momentum
transfer and intramolecular rotational-to-translational (R-
T) energy transfer.

Angular momentum transfer upon collision with the
surface is hindered by the large rotational energy spacing of
molecular hydrogen and by the AJ = even selection rule that
rotational-state-changing collisions of H, and D, must obey.
Also, H, and D, are almost spherical and therefore very
difficult to torque during collision. Therefore, we expect
their average rotational energy to be little affected by this
process. HD, however, is asymmetric; its center of mass does
not lie on its geometric center, and it obeys a AJ = + 1,

+ 2, etc. selection rule for rotational-state-changing colli-
sions. Thus, HD is much more likely to undergo angular
momentum transfer in a molecule-surface collision than is
either H, or D,.”? This effect would increase the average
rotational energy of HD relative to H, and D,. It appears
that (E,, ) (HD) is not significantly higher than (£, ) (H,)
and (E,, ) (D,) and that {E,, ) is much lower than the sur-
face temperature in all cases. Were transfer of angular mo-
mentum by collision with the surface efficient, we would
expect (£, ) (HD) to be greater than the values for H, and
D,; thus, we conclude that surface-to-molecule angular mo-
mentum transfer is inefficient in this system.

Rotational-to-translational energy transfer causes rota-
tional cooling in the desorption of a chemisorbed molecule
such as NO (See Ref. 73, and references therein). In this
mechanism rotational energy is transferred into translation
directed away from the surface. Calculations’ have shown
that the anisotropy of the molecular potential is one of the
essential elements for reproducing large amounts of rota-
tional energy transfer.

The rotational cooling observed here is unlikely to be
caused by intramolecular R-T energy transfer along the exit
channel. The nearly spherical shape of H, and D, makes
them unlikely to undergo R-T energy transfer. The hydro-
gen molecule has almost no attractive interaction with a Si
surface, experiencing only an extremely weak van der Waals
force at large displacements from the surface. Little energy
transfer’*"® is to be expected between the surface and a new-
ly formed hydrogen molecule because of the weak attractive
interaction and because linear momentum transfer is hin-
dered by the large mass mismatch between molecular hydro-
gen and Si. HD has a much higher probability of undergoing
intramolecular R-T energy transfer’? than either H, or D,
for the same reasons discussed above concerning surface-to-
molecule angular momentum transfer. Therefore, were R-T
energy transfer the mechanism for rotational cooling, we
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would expect HD to have the lowest average rotational ener-
gy and H, and D, to show little deviation from 7. All three
isotopomers, however, are characterized by approximately
the same (£, ), and its value is much lower than kT',. Thus,
once the molecule has formed, the energy distribution of the
hydrogen molecule is unlikely to be perturbed significantly
by intermolecular rotational-to-translational energy trans-
fer.

Because we can neglect the effects of rotational-state-
changing events after molecular formation, low rotational
excitation demands that little torque is applied to the mole-
cules during recombination. Thus, we focus on the charac-
teristics of the potential-energy hypersurface that determine
the observed rotational distributions. The low rotational ex-
citation must result from some dynamical constraint on the
recombination of molecular hydrogen. This constraint is un-
likely to arise from the interatomic interaction potential of
hydrogen. Theoretical calculations’’® on the three-body,
gas-phase recombination of H, do not support the idea that
molecular formation is unusually biased toward low-impact-
parameter collisions. A more likely explanation is that the
recombination occurs on a potential-energy hypersurface
that does not resemble the gas-phase H-H interaction poten-
tial because of the presence of the Si surface. Rotational dis-
tributions colder than the surface will result if the H/Si
hypersurface favors recombinative desorption from path-
ways that proceed through low-torque trajectories.

Gradients in the potential-energy hypersurface can lead
to a torque on the recombining molecule. The convolution of
molecular orientation in both z, the height of each atom
above the surface, and ¢, the azimuthal angle, with the func-
tional dependence of the hypersurface corrugation on z and
¢, would be the determining factor in the excitation of rota-
tions caused by gradients.

A second process that can influence the angular mo-
mentum of desorbed hydrogen is the angular momentum
associated with the collision leading to the transition state.
Regardless of the mechanism of recombination, two hydro-
gen atoms must move toward one another to get close
enough to form a bond. This collision can be characterized
by the relative velocity of the hydrogen atoms toward one
another, v,,,, and an impact parameter, b.” The impact pa-
rameter is the closest center-to-center interatomic distance
exclusive of the effects of the interaction potential. The angu-
lar momentum associated with this collision is proportional
to the vector cross product of v, and b. Even if recombina-
tion occurred in a region of the hypersurface with flat energy
contours, the angular momentum of the collision complex
could lead to rotational excitation of the desorbed molecule.
Since we have already stated, in accord with the observed
vibrational populations, that the interatomic distance at the
transition state is larger than the equilibrium bond distance
of H,, we would expect b to be large unless the H atoms are
constrained to approach each other along the newly forming
bond.

A velocity associated with diffusion of H,, preceding
recombination is necessary for the collision complex to at-
tain significant angular momentum. Recent experiments®
on the diffusion of H,,/Si(111)~(7X7) have shown that

4003

the barrier to diffusion is Eyq = 1.5 4- 0.2 eV. This value is
substantially higher than that found for diffusion on metals
(typically E ¢ =0.3 eV) and represents approximately 50%
of the total Si—H binding energy (vs <20% for metals). The
Arrhenius prefactor, however, is found to be comparable to
that for diffusion on metals. Thus, Reider Hofer, and
Heinz* concluded that diffusion of H,, on Si(111)-
(7X7) proceeds through thermally activated hopping in
much the same manner as on metals. The extremely large
activation energy and degree of corrugation experienced by a
diffusing H atom on Si distinguish this process from the dif-
fusional process that occurs on the surfaces of metals.
Whereas H,,, is virtually free to traverse the surface of a
metal prior to desorption,*! H,,, diffusion on Si(111)-
(7 7) is slow but nonetheless still takes place at the desorp-
tion temperature of molecular hydrogen.

Because we have observed excess energy in the vibra-
tional degree of freedom directly and can assume that the
translational degree of freedom will also exhibit superther-
mal energy content,® we might also expect some excess en-
ergy to be deposited in the rotational degree of freedom. We
observe, however, rotational distributions that are roughly
one-half of the surface temperature. Specifically, the ob-
served average rotational energies are (E. )(v=0)
=345+ 83 K, 451 + 77 K, and 332 + 57 K, for H,, D,,
and HD, respectively, and (E,,)(v=1) =348 + 95 K,
3854+ 70 K, and 330 4 54 K for H,, HD, and D,, respec-
tively. These values represent significantly colder rotational
distributions than observed by Kubiak, Sitz, and Zare? for
Cu ({E.)~0.8 to 0.9 kT,). Because of the extent of the
observed rotational cooling, we conclude that the recombin-
ing molecule receives little torque during recombination.

That little torque is applied to recombining hydrogen
implies some combination of the following: (1) the poten-
tial-energy hypersurface is relatively flat in the region of re-
combination, (2) the recombining hydrogen molecule is ori-
ented symmetrically relative to the hypersurface
corrugation, and (3) little angular momentum is associated
with the collision complex leading to the transition state.

A unique feature of the reconstructed Si(100)-(2x1)
surface is the presence of rows of dimers (see Fig. 1). Dimer
rows and first-order hydrogen desorption kinetics are also
present on the Ge surface as noted above but absent on the
Si(111)—(7x%7) surface. One possible influence on the re-
combination dynamics would be the presence of dimer rows
and the geometric and energetic corrugation introduced by
them. The rotational degree of freedom samples this highly
anisotropic electronic structure by changing the relative ori-
entation of the molecule. Thus an analysis of the rotational
distributions involves the convolution of the anisotropies of
the molecule and the surface.

The model of Nérskov and co-workers®®®® is able to
reproduce the effects of the hydrogen molecule’s electronic
asymmetry. That is, it predicts that the lowest-energy path-
way for hydrogen dissociation is that in which the molecule
is parallel to the surface. This prediction is confirmed for the
H/Cu system by the cluster calculations of Madhavan and
Whitten.®' That a parallel approach is the lowest-energy
pathway is intuitively obvious once we have identified the

8
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filling of the antibonding resonance as an essential element in
hydrogen dissociation. Maximum overlap between the hy-
drogen antibonding level and the electronic structure of the
surface occurs in this configuration; thus donation into the
antibonding level is facilitated by the parallel approach.
Therefore, we predict that a parallel approach will also be
the lowest-energy pathway for hydrogen dissociation on Si
and that rotation out of the plane of the surface will hinder
adsorption. Hence, we concentrate on the effects of in-plane
rotation.

In-plane rotational motion forces the molecule to sam-
ple the azimuthal anisotropy of the surface electronic struc-
ture. A jellium picture is unsatisfactory for the description of
the Si(100)-(2< 1) surface because of the localization of
the dangling-bond states and the band gap. Nevertheless,
guided by the insight of the Ngrskov model and chemical
intuition, we can predict what the effect of in-plane rotation
will be.

The two potential adsorption sites that are closest geo-
metrically are encompassed by the dangling-bond states of Si
atoms on one dimer unit; cf. Figs. 1 and 5. The dangling-
bond electrons also occupy the highest-energy electronic
states at the surface.'*'® The interaction of an approaching
H, with these electronic states initiates H-H bond scission
and Si-H bond formation. A hydrogen molecule that is
aligned with a dimer will have the greatest overlap with the
occupied and unoccupied dangling-bond states. In-plane ro-
tation will move the molecule away from a position of maxi-
mum overlap. Thus, the lowest-energy pathway for adsorp-
tion is an approach that is not only parallel to the surface but
also aligned with the dimer. In-plane rotation will, therefore,
hinder adsorption. The implications of this adsorption
mechanism are twofold.

First, detailed balance demands that the same pathway
be followed in desorption. Therefore, the lowest-energy
pathway for desorption is recombination across a dimer pair.
This conclusion conflicts with the results of Wu and Carter,
who found a large activation barrier for this pathway.®* The
desorption trajectory will likewise be parallel to the surface.
This scenario will ensure a highly symmetric transition state
and lead to low rotational excitation in desorption. Further-
more, since the atoms recombine by means of a more or less
concerted mechanism, little angular momentum is associat-
ed with the “collision” that leads to the transition state.
Therefore recombination across a dimer fulfills both of the
conditions required to reproduce the low rotational excita-
tion we observe.

Second, pairing will occur in the adsorption of molecu-
lar hydrogen. Boland®® has performed STM and STS experi-
ments on the H/Si(100)—(2x 1) system that show that,
even though H-atom adsorption proceeds randomly, diffu-
sion induced by annealing the surface at temperatures below
the desorption temperature leads to a pairing of H atoms on
the dimers. The driving force for this pairing has been identi-
fied as the breaking of a 7-bonding interaction between the
dangling bond orbitals. No evidence for pairing was ob-
served in the isotopic mixing experiments of Sinniah e al.*
This lack of evidence may result from complications arising
from the pick-off reaction they observed.

(b) .

FIG. 5. Representation of the most important electronic states involved in
the approach of a hydrogen molecule to a Si( 100) dimer unit. The hydrogen
bonding, 1o,, and antibonding, 1o, orbitals are modeled after Mulliken
and Ermler (Ref. 92). (a) The electron density of the symmetric Si dimer's
highest-energy occupied orbital, 7, modeled after the calculation of Appel-
baum, Baraff, and Hamann (Ref. 13). (b) The electron density of the asym-
metric Si dimer modeled after the calculation of Zhu, Nobuyuki, and Tsu-
kada (Ref, 16).

The influence of the dangling-bond 7 interaction can be
understood as follows. The two lone pair electrons of a
dimer’s dangling bonds can stabilize the clean dimer by in-
teracting with one another. A net stabilization of 0.22-0.52
eV (Ref. 22) or 0.8 eV results."*** A similar 7-bonding in-
teraction on the C(111)—diamond surface leads to a chain-
like (2x1) reconstruction®® and contributes to the
Si(111)-(2x 1) reconstruction.®® Arguments against a
pairing mechanism based on energetics*® did not account for
this 7-bonding interaction.

An adsorbed H atom breaks the 77-bonding interaction
because one of the electrons formerly involved in the 7 bond
partakes in the Si—H bond and the other is left unstabilized.
Energetically, a second H atom is more likely to adsorb onto
a lone dangling bond rather than break the 7-bonding inter-
action of a second dimer pair. That this does not happen in
H-atom adsorption is likely caused by a kinetic constraint.
Even though an incident H atom may hunt for a site before
adsorbing, the bonding interaction with a Si atom is so
strong, roughly 3 eV, the 1 eV stabilization of the 7-bonding
interaction is insufficient to lead to pairing during afomic
adsorption. Convincing evidence for the existence of pairing
prior to desorption stems from first-order desorption kinet-
ics?® and the presence of an energetic factor, as observed in
the work of Boland,?? in addition to an orientational factor,
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as postulated in our analysis of the observed rotational distri-
butions.

We must emphasize that pairing leads to the lowest-
energy final state as a result of breaking only one 7 bond vs
breaking two 7 bonds should the two H atoms adsorb on two
different dimers. However, Fig. 5 may be misleading in sug-
gesting that the H, molecule is not only parallel and aligned
with the dimer, but also that it is centered above it. The
results presented here are consistent with such a four-center
transition state (H, molecule centered above the dimer), but
do not rule out a three-center transition state.

Preliminary results of H, desorption from Si(111) sug-
gest the H, molecule is more likely to be much closer to one
end of the dimer.*® Evidence for a three-center transition
state is discussed in more detail in Ref. 86. Here, we outline
the main evidence supporting this transition-state configura-
tion. In considering the extent of vibrational excitation we
noted that the H-H internuclear separation is not too differ-
ent from the equilibrium bond distance of gas-phase H,. To
interact fully with both ends of the dimer, the H, molecule
would have to stretch significantly; cf. 7 = 0.74 A vs r5iSi

=244 A symmetric four-center transition state may be
symmetry forbidden by the Woodward-Hoffman rules®’
should these be applicable to surface reactions. (See Ref. 88
for a discussion of the application of the Woodward-Hoff-
man rules to surface reactions.) Also of interest is that theo-
retical calculations®*-®' have found that the addition of H, to
Si,H, follows a mechanism in which H, inserts into one end
of H,Si-SiH, to form a H,Si-SiH, complex followed by a
rapid migration of one H atom to form H,8i-SiH,;.

We propose the following mechanism of hydrogen de-
sorption from Si(100)-(2x1). The desorption process
starts from a paired set of hydrogen atoms on one dimer unit.
One of the hydrogen atoms migrates to the other side of the
dimer to initiate a concerted desorption mechanism that
passes through a symmetric three-center transition state.
The possibility of a concerted elimination type of desorption
mechanism has also been raised by Nachtigall, Jordan, and
Janda.??

The trajectory described here represents a highly con-
strained geometry in the transition state. A transition-state
theory analysis of the desorption rate expression*® demands
that a constrained geometry leads to a low value of the Arr-
henius prefactor. The value reported by Sinniah ez al. is rath-
er low and suggests a highly constrained transition-state ge-
ometry. Neither the value of 4 nor our internal-state
distributions appears to support the band-state model of Sin-
niah et al. We believe pairing occurs prior to desorption, and
desorption proceeds through a concerted mechanism with a
symmetric transition state. Further theoretical and experi-
mental studies are required, however, to determine the ge-
ometry of and the pathway to the transition state.

V. CONCLUSION

We have obtained vibrational- and rotational-state dis-
tributions for H,, HD, and D,, thermally desorbed from
Si(100)-(2 X 1) surfaces. The observation of superthermal
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population in the v =1 state suggests that the transition
state leading to desorption is characterized by an elongated
H-H distance as compared with the gas-phase equilibrium
bond distance of H,. Observation of the same relative vibra-
tional enhancement factor for all three isotopomers indi-
cates that tunneling is not important in the population of the
v = 1 level within our error bars. The average rotational en-
ergies (expressed in temperature units) are significantly
lower than the surface temperature and exhibit no isotopic
dependence. The data presented here, coupled with the
known dynamics of recombinative desorption and the elec-
tronic structure of Si(100)—(2x 1), lead to the conclusion
that pairing of adsorbed H on Si dimer atoms occurs prior to
desorption and that such pairing will be observed in the ad-
sorption of molecular hydrogen. Furthermore, we propose
that the desorption trajectory passes through a symmetric
three-center transition state. These results suggest that not
only the energy of the incident molecule but also its orienta-
tion, in terms of both the rotational axis and the lattice im-
pact parameter during collision with the surface, are impor-
tant variables in determining the sticking coefficient of H,
onto Si(100)-(2x1).
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