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The dynamics of recombinative hydrogen desorption from the Si(100)-(2< 1) and Si(111)-
(7% 7) surfaces have been compared using (2 + 1) resonance-enhanced multiphoton
ionization to probe the desorbed H,. After dosing the surface with disilane (Si,H,), we
performed temperature programmed desorption in a quantum-state-specific manner. The
rovibrational-state distributions of H, desorbed from both Si(100)-(2x 1) and Si(111)-

(7 7) are found to be the same within experimental accuracy. The rotational distribution is
non-Boltzmann and has an average energy significantly lower than kT, where T is the surface
temperature. In contrast, superthermal energy is observed in the vibrational degree of freedom,
and the v = 1 to v = 0 population ratio is approximately 20 times higher than that predicted by
Boltzmann statistics. Our results imply that the details of the recombinative desorption process
that affect the product state distribution are remarkably insensitive to the structural differences
between the surfaces. We suggest that the transition-state geometry is similar on both surfaces
and propose a model for hydrogen recombinative desorption localized at a single silicon atom.

I. INTRODUCTION

A fundamental example of a heterogeneous chemical
reaction is the recombinative desorption of two atoms from a
well-defined surface. In a simple picture, recombinative de-
sorption involves the scission of two atom-surface bonds and
the formation of a single new atom-atom bond to produce
the molecular product. Such an elementary description of
the process may underestimate the role of the surface, how-
ever. Effects such as surface reconstruction, modification of
the local electronic structure, or even the formation and
breaking of bonds between surface atoms may influence both
the energetics and the dynamics of the reaction. Bonding in
the solid and the adsorbate (which in this case is dissociat-
ed) is weakened as a result of adsorbate-surface bonding;'
although assessing such an effect in a metal can be difficult,
the weakening or breaking of substrate bonds often is more
easily identified for a covalent solid.

In a covalent solid, bonding is produced by overlap of
the highly directional orbitals of hybridized atoms. The reac-
tivity of many covalent surfaces is strongly controlled by the
unsatisfied hybrid bonding orbitals, or dangling bonds
(dbs), that remain upon truncating the bulk. Such surfaces
are driven to minimize their total free energy through a
trade-off between energy gained by local bond formation
(eliminating dangling bonds) with energy lost because of
resulting bond strain.?* This trade-off often leads to complex
surface reconstructions.

In the present work we compare the recombinative de-
sorption of hydrogen from Si(100) and Si(111). Both sur-
faces undergo extensive reconstructions that are strongly
coupled to the presence of adsorbed hydrogen. The resulting
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surfaces are markedly different. The Si(100) surface recon-
structs to a (2X 1) structure that consists of pairs of silicon
atoms in adjacent rows that have bonded to each other,
thereby reducing the number of dangling bonds from two
persurface atom to one. Si(111) reconstructs into a complex
(7 7) structure with 19 dangling bonds per unit cell (re-
duced from 49) that reside on silicon adatom (12 dbs), rest-
atom (6), and corner-hole (1) sites. Figure 1 illustrates the
Si(100)-(2x 1) and Si(111)-(7x7) surfaces. The Si(111)-
(7x7) surface has a significantly lower density of surface
dangling bonds than the Si(100)-(2x 1) surface (34 A%/db
vs 15 A%/db).

The behavior of hydrogen on silicon, and of adsorbates
on covalent surfaces in general, is strongly controlled by the
dangling bond orbitals* and the strained bonds of the recon-
structed surface. Adsorption of atomic hydrogen on both
Si(100)-(2x 1) and Si(111)-(7x7) is well studied.>*'°
Hydrogen initially saturates the dangling bonds by produc-
ing monohydride groups (SiH), leaving the reconstruction
relatively intact. Upon further exposure, however, hydrogen
(reversibly) attacks the most highly strained Si-Si bonds on
either surface. On the Si(100)-(2x 1) surface, saturation of
the monohydride phase leads to a relaxation of some of the
bond strain in the near surface region, although the (2 1)
periodicity is maintained.”'" At higher coverages, however,
the Si-Si dimer bond is attacked by hydrogen, forming dihy-
dride (SiH,) species. Based on scanning tunneling micros-
copy (STM) studies, Boland® has reported that the Si(111)-
(7x7) reconstruction is severely modified, even at much
lower coverages of hydrogen. Although the (7 7) unit cell
remains, the STM results reveal the formation of silicon ada-
tom islands. Hydrogen in the monohydride form is bound on
this surface to the restlayer atoms and the island adatoms,’
resulting in a nearly bulklike (1 1) periodicity within the
(7% 7) triangular subunits. The removal of hydrogen from
this surface regenerates the (7 X 7) structure pictured in Fig.
1(b), a result that implies that significant motion of surface
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FIG. 1. A schematic representation of the silicon surfaces. (a) Top view of
the Si(100)-(2x 1) surface. (b) Top view of the dimer-adatom-stacking
fault model of the Si(111)-(7x7) reconstruction by Takayanagi et al.
(Ref. 85). Atoms at increasing depth are represented by circles of decreas-
ing diameter in this representation. (c¢) Top view of an unreconstructed
Si(111) surface. The silicon atoms with dangling bonds are shaded on each
surface; in (b) the largest solid circles also represent atoms with dangling
bonds. These shaded and solid atoms are the sites at which the monohydride
most likely binds.

atoms and changes in surface bonding accompany desorp-
tion.

In light of these significant structural differences, it is at
first surprising that the thermal desorption properties of the
hydride species should be similar on the Si(100)-(2x 1) and
Si(111)-(7x7) surfaces. Temperature-programmed de-
sorption (TPD) spectra of H, from both the Si(100)-(2x1)
(Refs. 12-14) and Si(111)-(7x7) (Refs. 5, 13, and 15)
surfaces are characterized by two peaks: a higher tempera-
ture 3, peak near 780 K that arises from desorption from the
monohydride, and a lower temperature /3, peak at ~670 K
that correlates with desorption from the dihydride (and tri-
hydride, SiH,).

Although the TPD spectra indicate that desorption oc-
curs at similar rates from the two surfaces, recent experi-
ments of monohydride desorption using laser-induced ther-
mal desorption (LITD) have revealed that the kinetic order
differs.'*'® At moderate to high coverages, the Si(111)-
(7 X 7) surface is characterized by second-order H, desorp-
tion kinetics with reported activation barriers and preexpon-
ential factors that range from 59-63 kcal/mol and 0.05-231
cm?s, = ! respectively.®'*' In contrast, desorption from the

Si(100)-(2x 1) surface follows first-order kinetics.'>'s!”
Markedly different values of kinetic parameters have been
reported for this first-order rate: Sinniah ez al.'® measure
an activation energy, £, of 45 4 2 kcal/mol and a preexpo-
nential factor of 2.2 + 0.3 10'' s, ' whereas both Wise
et al.'"® and Hofer, Li, and Heinz!? report E, = 58 + 2
kcal/mol with prefactors of 5.540.5x 10" s~' and
~2x 10" s~ respectively. We note that first-order kinet-
ics are not in accord with a conventional random hopping
picture for a bimolecular recombination reaction.'®"?

Recent measurements by Heinz and co-workers us-
ing optical second harmonic generation have indicated that
at low coverages (® <0.1-0.2), the reaction order departs
from that reported at higher coverages on both the Si(100)-
(2X1) and Si(111)-(7x7) surfaces. On Si(100)-(2x1),
the reaction order increases to greater than first order as the
coverage is decreased,'” whereas on Si(111)-(7X7), the re-
action order decreases from quadratic to an intermediate
reaction order of m = 1.5 4 0.2.%° Studies on the diffusion of
atomic hydrogen on Si(111)-(7X7) by Reider, Hofer, and
Heinz?' have shown that while the frequency factor com-
pares with that on metals, the barrier for diffusion is much
larger. These researchers measured the diffusion barrier to
be E x = 1.5 4+ 0.2 eV, which is approximately 50% of the
estimated binding energy.

In this report, we investigate the role of surface struc-
ture?? on the dynamics of recombinative hydrogen desorp-
tion from silicon. We present the results of state-specific
studies of H, recombinative desorption from the monohy-
dride species on the (100)-(2x 1) and (111)-(7X7) sur-
faces. Dynamical studies of the dihydride desorption will be
reported elsewhere.”® The surface monohydride species in
this study were produced by adsorption of disilane. Because
of the extremely low reactivity of molecular hydrogen with
the Si(100) and Si(111) surfaces,>**?” both atomic hydro-
gen and disilane (Si,Hg), which have high sticking probabil-
ities at room temperature, are commonly used as sources of
surface hydrogen.”® Several studies have shown that the
source of hydrogen has little effect on the properties of the
hydride species formed on both the 8i(100)-(2X 1) and the
Si(111)-(77) surfaces, although the stability of the
mono-, di-, and trihydride depends strongly on coverage and
temperature.*?*?' Furthermore, we have previously com-
pared the rovibrational distribution of H, desorbed from
Si(100)-(2x 1) after both disilane and atomic hydrogen ad-
sorption and found that the source of surface hydrogen has
no effect on the internal state distribution of the desorbed
HZ_J?.

The low sticking probability of H, is usually attributed
to the presence of a significant energetic barrier to dissocia-
tive adsorption,®® although orientational restrictions may
also play a role. By detailed balance, a barrier in the adsorp-
tion channel has implications for the reverse process of de-
sorption, namely, superthermal energy may be released to
the desorbing H,. In our previous studies of H,/Si(100)-
(2% 1), we observed that H, does desorb with superther-
mal vibrational energy, with a v = 1 to v = 0 population ra-
tio approximately 20 times higher than that predicted by
Boltzmann statistics at the surface temperature, 7, = 800K.

5
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The rotational distribution is also non-Boltzmann, although
in contrast to the vibrational distribution, the average rota-
tional energy is significantly lower than k7. In the present
study, we compare the rovibrational distribution of H, re-
combinatively desorbed from the Si(111)-(7X7) surface
with that from Si(100)-(2X 1). The results show marked
similarities in the rovibrational distributions obtained from
the two surfaces. The nature of the silicon surface, with its
highly directional bonding and large diffusion barrier, leads
us to describe silicon in a local model. Based upon these
results, a model is presented for recombinative desorption
localized at a single silicon atom.

Il. EXPERIMENTAL

A detailed description of the experimental technique
may be found elsewhere.** The basic measurement is quan-
tum-state-resolved temperature-programmed desorption. A
monohydride-covered silicon surface is prepared by adsorb-
ing a saturation dose of disilane, Si,H,. During the subse-
quent TPD, the H, desorption flux is intersected by a pulsed
laser beam and ionized via (2 + 1) resonance-enhanced
multiphoton ionization (REMPI). At a set laser frequency,
we follow the intensity of ions resulting from a particular
H, (v,J) state as a function of crystal temperature. The quan-
tum-resolved TPD spectra are then reduced to relative rovi-
brational populations.

A. Apparatus and reagents

A diagram of the experimental apparatus is shown in
Fig. 2. The experiments are performed in an ultrahigh vacu-
um (UHV) chamber with a base pressure of 4 10~ '° torr.
Attached to the main UHV chamber is a source chamber
that contains a pulsed nozzle and a skimmer. The nozzle and
skimmer are invaginated into the main chamber, which al-
lows the pulsed nozzle to be only 10 cm from the crystal to
obtain a high beam flux. Both chambers are pumped by tur-
bomolecular pumps (Balzers). The crystal is mounted on a
manipulator in the main chamber, which also contains low-
energy electron diffraction (LEED) with a retarding field
analyzer (RFA ) and Auger electron spectroscopy (AES) to
monitor surface order and cleanliness.

Both the Si(111) and Si(100) samples used in these ex-
periments were cut from 3 in. wafers of highly As-doped
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FIG. 2. Schematic diagram of the experimental apparatus.

(0.002%) n-type silicon (oriented to within 0.5°) with a
resistivity of 0.005 €1 cm (Virginia Semiconductor). The 0.5
mm thick, 10X 13 mm rectangular samples were tension
mounted in a niobium holder. A chromel-alumel thermo-
couple was placed in a 0.8 mm hole drilled into the crystal
near the top and secured by high-temperature ceramic adhe-
sives (Aremco). Additional thermocouples were placed un-
derneath the crystal. The sample was resistively heated by
applying current directly to the crystal and cooled by liquid
nitrogen. A feedback circuit controlled the temperature.

The Si(111) and Si(100) samples were initially de-
greased in methanol and acetone then annealed at ~900 K
for 1248 h under vacuum. The Si( 100)-(2 1) surface was
prepared by flashing the sample to 1200 K to remove the
native oxide. After slowly cooling, the crystal exhibited a
sharp (2 1) LEED pattern, although generally some resid-
ual carbon contamination was detectable with AES.

Best results were obtained for the Si(111) surface by a
modified preparation. After being annealed at 900 K, the
sample was heated just enough to remove the native oxide
(1200 K), just as for the Si(100) sample. This procedure,
however, led to a sample that exhibited a (1x1) LEED
pattern. Following Jansson and Uram,® we proceeded to
grow Si onto this surface by applying a beam of disilane for
10 min while the surface was held at 900 K. The resulting
surface exhibited a sharp (7X7) LEED pattern. Some ex-
periments were also performed on Si(111) samples that
showed a (1:X 1) LEED pattern; no difference in the inter-
nal state distribution was observed.

Both the Si(100)-(2x 1) and Si(111)-(7 X 7) surfaces
were maintained by passivating the samples with an ad-
sorbed hydrogen layer between experiments. After disilane
experiments were run on a sample for several weeks, the
LEED pattern began to lose its sharpness, and the samples
were replaced. The Si(111)-(7 X 7) surface was observed by
LEED measurements to deteriorate more quickly than the
Si(100)-(2x 1) surface. A total of six Si(100) and four
Si(111) crystals were used in these experiments.

Disilane (Alphagaz, 99.8%) was used without addi-
tional purification. Neat disilane was used behind the pulsed
nozzle (2 ms/pulse at 10 Hz), which produced a high
enough flux to saturate the surface within 30 s. Both the
Si(100)-(2x 1) and Si(111)-(7x7) surfaces were dosed to
saturation before each temperature-programmed desorp-
tion. A few comparative studies were made using atomic
hydrogen as the dosant. The atomic hydrogen was produced
by a hot tungsten filament situated a few centimeters from
the surface in a background of H, gas.

B. H; detection scheme

Hydrogen is detected by (2 + 1) REMPI through the
E, F, 'S} state. The spectroscopy of this transition is well
characterized, and Rinnen et a/.>* have determined (v,J)-
dependent correction factors under saturation conditions
similar to ours, allowing reduction of ion signals into relative
populations.

Probing the ground and first vibrationally excited states
of H, requires tunable ultraviolet radiation in the wave-
length range of 200 to 215 nm. The laser system consists of a
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pulsed Nd:Y AG pumped dye laser (Quantel) and frequency
doubling and mixing stages (Inrad). With this setup, 80—
100 mJ of light at 600—645 nm is converted to 1-3 mJ of 200-
215 nm radiation, which is sufficient to saturate both the
excitation and ionization steps. This saturation is verified by
an experimentally measured power dependence of 1.5,
which agrees with the expected 3 power law for a saturated
multiphoton process.*® The beam is directed into the vacu-
um chamber by dichroic mirrors (Virgo Optics), which also
act to separate the tripled frequency from the residual funda-
mental and doubled frequencies. The light is focused into the
chamber through a quartz window by a 350 mm focal length
lens. The beam passes a few millimeters above the crystal
surface and is subsequently blocked by a beam stop inside the
chamber. A back reflection from the chamber window is sent
into a pyroelectric detector (Molectron) for power normali-
zation.

The REMPI-produced H," ions are mass-selectively
detected by a time-of-flight (TOF) mass spectrometer situ-
ated above the crystal, as illustrated in Fig. 2. Ions are ex-
tracted into the TOF tube and detected by a two-stage mi-
crochannel plate chevron detector (Galileo). The output of
the microchannel detector is collected by a CAMAC-crate-
mounted gated integrator (LeCroy) and sent to a minicom-
puter (DEC PDP-11/23) for analysis. The ion signal is cor-
rected for power variations on a shot-to-shot basis using the
experimentally observed power dependence of 1.5.

We note that with the present experimental geometry,
we effectively integrate over a large range of desorption an-
gles, although the detection is slightly biased to desorption
flux in the direction normal to the surface. Furthermore, the
current detection scheme is insensitive to alignment effects
in the desorbed H,. Monopole (rank zero tensor) terms
dominate a two-photon Z-Z transition probed with linearly
polarized light.’” The domination of the monopole term is
the cause of the strong enhancement in Q-branch intensity
over S and O branches and of the insensitivity to alignment,
because a monopole is isotropic.>®

lil. RESULTS

Figure 3 displays a typical thermal desorption spectrum
of H,(v = 0,/ = 1). The data were obtained by desorption of
H, from Si(100)-(2 X% 1) following a saturation dose of disi-
lane. The crystal is heated at 10 K/s, and the power-correct-
ed ion signal is followed in time, which is related linearly to
surface temperature. We obtain similar desorption spectra
for each (v,/)-quantum level that is sufficiently populated
for detection.

To generate a population distribution, the power-cor-
rected ion signal for each rovibrational state is integrated as a
function of time, then corrected for the background contri-
bution, as described previously.** The background-subtract-
ed signals are converted to relative population by applying
the (v,J)-dependent correction factors determined by Rin-
nen et al.*

Figure 4 displays the resulting rotational distributions
in the form of a Boltzmann plot, in which the natural loga-
rithm of the population divided by the rotational degeneracy
(2J + 1) and the nuclear spin degeneracy (gy ) is plotted
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FIG. 3. Quantum-resolved thermal desorption spectrum for H,(v
= 0,J = 1) desorbed from Si( 100)-(2x 1) after a saturation dose of Si,H,.
The surface temperature during adsorption was 400 K, and the heating rate
was 10 K/s.

versus rotational energy (E,). The plot includes both
H,(v=0) and H,(v=1) desorbed from the Si(100)-
(2x1) and Si(111)-(7 X 7) surfaces. The relative positions
of the v = O and the v = 1 rotational distributions accurately
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FIG. 4. Boltzmann plot of H, thermally desorbed from the Si(100)-(2x 1)
and Si(111)-(7x7) surfaces. The rotational distributions are shown for
both the v =0 and v = 1 vibrational states. The relative positions of the
H,(v=0) and the H,(v = 1) rotational distributions accurately represent
the measured H,(v = 0) to H,(v = 1) population ratio. All data shown are
for disilane adsorption, except for the H,(v=1) data from Si(111)-
(7% 7), which, because of small signal levels, were collected after dosing the
sample with atomic hydrogen. As discussed in the text, the hydrogen distri-
butions are not affected by the source of surface hydrogen.
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represent the measured H, (v = 0) to H,(v = 1) population
ratio.

Some of the early experiments on the Si(111) surface
were performed on surfaces that did not clearly exhibit the
LEED spots of the (7 X 7) reconstruction, although the level
of carbon contamination measured by AES appeared similar
to that of other samples. The structural makeup of this sur-
face is unknown, but studies on laser-annealed (1< 1) sili-
con surfaces have indicated that the local structure may have
some similarities with the (7 X 7) surface.*>*° In any case, no
systematic difference in the rovibrational distribution was
observed between data taken on these crystals and data tak-
en on crystals that did exhibit sharp (7 7) LEED patterns.
We have used the combined data in our analysis.

Examination of Fig. 4 shows that the rovibrational dis-
tribution of desorbed H, is the same from both the Si(100)-
(2% 1) and Si(111)-(7x 7) surfaces within the experimen-
tal accuracy. Figure 5 shows the H,(v =0) and H,(v = 1)
distributions from the Si(100)-(2X 1) surface only, along
with a dashed line that corresponds to a normalized Boltz-
mann distribution at T, = T, = 800 K. Comparison of the
H,(v = 0)/8i1(100)-(2x 1) rotational distribution with the
800 K line reveals that the distributions are non-Boltzmann
and the average rotational energy is lower than £7T,. We can
quantify the rotational distribution by the average rotational
energy, (E, ), where

(Emt}(u) =ZNMEJ/ ZNM!
J J

H, Desorption from Si(100)-2x1

In {Relative Population/[g,(2J+1)}]}

4
T, = 800 K
----- v=1
24 0 Tt
0, — T = T
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Rotational Energy (cm ')

FIG. 5. Comparison of the measured rovibrational distribution of H, de-
sorbed from Si( 100)-(2 ¢ 1) with a thermal distribution at the surface tem-
perature, T, = 800 K, shown on a Boltzmann plot. The experimental data
are shown with markers; the solid curves through the data are provided to
aid the eye. The top dashed line represents an 800 K rotational distribution,
and the position of the bottom dashed line represents the relative population
inv=1at 800 K.

where N, is the relative population in the level (v,J) and E,
is the rotational energy of that level relative to J = 0. We find
that (E,.)(v=0)/k is 385 + 65 K and 345 + 80 X for
Si(111)-(7x7) and Si(100)-(23<1), respectively. For
v=1,({E,)/k is300 + 70K (Ref. 41) for Si(111)-(7X7)
and 350 4+ 95 K for Si(100)-(2x1). Within experimental
uncertainty, the average rotational energies for H,(v = 0)
and H,(v = 1) from the Si(111)-(7 X 7) surface are identi-
cal to those from the Si(100)-(2 X 1) surface. Furthermore,
they do not differ significantly between thev =0and v =1
states. Compared with the mean rotational energy of a Boltz-
mann distribution at 800 K ({E,,, )/k = 783 K for H,), the
average rotational energies for H, desorbed from Si are
much lower.

In contrast, the vibrational distribution is superthermal.
The lower dashed line in Fig. 5 represents the population of
H, (v = 1) that would be expected for an 800 K distribution
relative to the actual H,(v=0) distribution, according
to N,_,/N,_,=exp(—[E(v=1)—Ew=0)1/kT,).
The H,(v=1) population for the desorbed hydrogen is
clearly higher. The population in H,(v = 1) is enhanced
over a thermal distribution by a factor of 25 4+ 10 for the
Si(100)-(2x 1) surface, and 20+ 10 for the Si(111)-
(7x7) surface, where the thermal N,_,/N,_, absolute
population ratio is 0.000 465 at 780 K. Attempts to detect H,
in v = 2 were unsuccessful.

In the aforementioned analysis, we have assumed the
measured quantity corresponds to desorption flux, which is
the correct parameter to describe surface desorption. Based
upon estimates of the focal parameters of the laser and the
velocity of desorbed H,, however, we calculate that our de-
tector is neither a pure flux nor a number density detector,
but rather a combination of both. Strictly speaking, the data
are related to flux by some function of the velocity, which
may be dependent on both v and J. Velocity information of
H, desorbed from Si is unknown; although the velocity is
likely to be independent of rotational state as observed for
H,/Pd,** it could be correlated with vibrational state.
Rough calculations indicate that even if the mean transla-
tional energies differ by one quantum of vibration (i.e., the
total energy is the same for v = 1 and v = 0), our results
would be unaffected within experimental error. Further-
more, the observed trends of low rotational energy, vibra-
tional excitation, and the same distribution for both surfaces
should be largely independent of such velocity effects.

Relating the measured product distribution to the dy-
namics of a specific reaction requires confirmation that the
experiment actually measures the direct product, i.e., sec-
ondary processes that might modify the nascent distribution
must be considered. We have addressed in detail the question
of rotational state changing events occurring after formation
of H, (Ref. 34), and conclude that such processes are unim-
portant.

Finally, to rule out any influence of the silicon adatoms
present on the surface after adsorption of disilane, we per-
formed some experiments with adsorption of atomic hydro-
gen. The potential effect of silicon adatoms is an important
consideration, because if the desorption process were domi-
nated by the deposited silicon, the influence of the innate
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structural differences of the Si(111)-(7Xx7) and Si(100)-
(2% 1) surfaces on the reaction might be obscured. The
structures and properties of H-atom- and disilane-dosed Si
surfaces have been the subject of extensive investiga-
tion,*# 892829314349 1y hrevious publications,****° we have
reviewed the pertinent details of this body of work and have
concluded that significant differences are not expected in the
temperature range of interest to this study. Furthermore, we
have explicitly tested this premise by measuring the rovibra-
tional state distributions of hydrogen desorbed from the
Si(100)-(2x1) (Ref. 32) and Si(111)-(7 < 7) surfaces. We
have observed no difference in the rovibrational state distri-
bution that can be correlated to the source of adsorbed hy-
drides.

IV. DISCUSSION

In the present study, we have determined the internal
state distribution of molecular hydrogen recombinatively
desorbed from two faces of single-crystal silicon. We observe
significant rotational cooling in the product H,, with an
average rotational energy less than half of that predicted for
a Boltzmann distribution at the surface temperature of ap-
proximately 780 K. In contrast, we find excess energy in the
vibrational degree of freedom; the population in H,(v = 1)
is enhanced by more than a factor of 20 over a 780 K thermal
distribution. Based on isotopic studies,** we believe that our
measured internal state distributions represent the nascent
energy distribution of the H, product, unperturbed by subse-
quent energy (rotational or vibrational) exchange. We are
then led to interpret the measured distributions.

Recombinative desorption on a covalent surface such as
silicon is perhaps best thought of in a local model. The inter-
action of hydrogen with the surface is strong and highly di-
rectional, and diffusion is not facile, in contrast to the behav-
ior of hydrogen on many metal surfaces. In the limit of very
little surface interaction, where the surface acts primarily as
a sink or source of energy and momentum, the surface reac-
tion is somewhat analogous to a gas-phase bimolecular re-
combination reaction with a *‘third body.” Such a model
may be appropriate for some recombination reactions on
metal surfaces. For the case of hydrogen on silicon, however,
the interaction with the surface is expected to be strongly
localized and the lowest energy process for recombinative
desorption probably involves a concerted breaking of H-Si
bonds and formation of a H-H bond. Such a mechanism is
more closely related to gas-phase molecular elimination,
which may be a useful starting point for a model.

The observation of a nonthermal energy distribution
suggests the importance of dynamical constraints in the de-
sorption process. From the low average rotational energy of
the desorbed H,, we conclude that little torque is applied to
molecular hydrogen during formation, i.e., the angular mo-
mentum associated with the reaction complex is small. Fol-
lowing concepts developed for molecular dynamics,®'~** we
propose that the reaction proceeds through a transition state
that is symmetrically constrained with respect to the corru-
gation in the potential-energy surface. Furthermore, we pro-
pose that the transition state is characterized by a H-H sepa-
ration larger than that of the free H, molecule, consistent

1525

with the production of a vibrationally excited product.

Our measured internal state distributions are in good
agreement with a very recent calculation by Sheng and
Zhang on the Si(100)-(2x 1) surface.® Using a simple
theoretical model in which desorption of H, results from a
bound-free transition from initially bound H-Si states to a
final continuum H, plus Si state, Sheng and Zhang have
predicted H, rotational and vibrational state distributions
very close to what we measure. Their model predicts that H,
will desorb rotationally cold; the calculated average rota-
tional energy agrees with the measured value for H,(v = 1)
within experimental error, and is in qualitative agreement
for H, (v = 0). Furthermore, the calculated vibrational en-
hancement over a thermal distribution at the surface tem-
perature is 33.5, compared to the experimental value of
25 4+ 100nSi(100)-(2 X 1). The model of Sheng and Zhang
predicts, however, that the internal state distribution will be
sensitive to surface structure, in contrast to the experimental
observation. In Sec. IV A, we draw upon the Si(100)-
(2x1)/Si(111)-(7X7) comparative study to develop a
more detailed model of recombinative hydrogen desorption.

A. Comparison of Si(100)-(2¢1) and Si(111)-(7x7):
Implications for a transition state localized at a single
silicon atom

The most striking result of this study is the observation
that the rotational and vibrational distribution of H, is, with-
in the accuracy of the experiment, the same for both the
Si(111)-(7x7) surface and the Si(100)-(2x 1) surface.
This similarity implies that the details of the recombinative
desorption process that affect the product state distribution
are remarkably insensitive to what appear to be significant
differences in surface structure.

The surface geometry varies significantly with the crys-
tallographic orientation of silicon, particularly when surface
reconstructions are considered. Recall the pictorial repre-
sentation of the Si(111)-(7X7) and Si(100)-(2X% 1) sur-
faces in Fig. 1. Although the exact surface structure and
binding sites of hydrogen after adsorption of disilane are not
known, we use the binding sites for atomic hydrogen adsorp-
tion as a guide for comparison. The silicon sites at which H
atoms are believed to bind at low coverage in the monohy-
dride form are indicated by shading. At higher doses of
atomic hydrogen on the Si(111)-(7X7) surface, the ada-
toms form islands resulting in monohydride species bound
primarily to the rest-layer atoms and to the island adatoms.?
Locally, the silicon structures within the (7 7) triangular
subunits in this configuration have roughly (13X 1) periodic-
ity,® like that of the ideal Si(111) surface [Fig. 1(c)]. The
H-H separation between adjacent sites (i.e., the smallest
separations) on Si(100)-(2X1) is smaller than that on
Si(111), whether we assume the (7 7) or the (1 1) struc-
ture.

The electronic structure also differs between the two
surfaces. On the clean Si(100)-(2 X 1) surface, there is a 7-
bondinglike interaction between the electrons of the dan-
gling bond orbitals on the dimer atoms.>” Estimates for the
strength of this interaction vary; reported values include 1-2
kcal/mol,**** 5-12 kcal/mol,'”*® and even up to 19
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kcal/mol.*’ The 7-bonding interaction is lost by adsorption
of a H atom onto one of the atoms of the dimer. Such an
effect is not known to exist on the Si(111)-(7x7) surface.
The presence of the 7 bond on the Si(100)-(2 1) surface
has been postulated to play an important role in the observed
first-order rate law for hydrogen recombinative desorption
on this surface.”**7°! Recall that the rate law for desorption
from Si(111)-(7x7) is, in contrast, second order at moder-
ate-to-high coverage.

The fact that different reaction orders are observed on
the two surfaces indicates that the surface structure measur-
ably affects the recombinative desorption of H,. In contrast
to the kinetic order and despite obvious structural differ-
ences, the product internal state distribution is the same
from the Si(111)-(7X7) and Si(100)-(2 X 1) surface. Both
the rotational- and vibrational-state distributions should re-
flect the dynamics of desorption and be sensitive to the tran-
sition-state geometry. Clearly, any model of recombinative
hydrogen desorption from silicon must include a mechanism
that is relatively insensitive to surface structure.

One possibility is the limiting case of a delocalized reac-
tion that occurs far from the plane of the surface, whereby
the reactants do not feel the surface corrugation. Such a
model was proposed by Kubiak er al.%? to explain their mea-
surement of the same rotational distribution (albeit different
vibrational distributions) of H, desorbed from Cu(111) and
Cu(110). We do not believe such a delocalized process is
likely on the covalently bonded silicon surface. As discussed
earlier, the interaction of hydrogen with the surface is local-
ized, and there is a large diffusion barrier, in contrast to the
behavior of hydrogen on copper. We are led then to the other
possible extreme, namely, that the reaction is highly local-
ized.

Because of the localized nature of bonding on the Si
surface, the desorption mechanism probably involves very
few silicon atoms. Furthermore, whatever the specific active
site is, it must be present on both the Si(111)-(7X7) and
Si(100)-(2 X 1) surfaces. One possibility is a defect site. Re-
cent scanning tunneling microscopy studies indicate that
even on carefully prepared silicon surfaces, the defect den-
sity is quite large.®%* A defect model would have to include
different concentrations of the defect site on the two surfaces
and/or different binding energies to account for the different
kinetic order observed.® If desorption occurred only at de-
fects, the quality of the surface (i.e., defect density) should
influence the desorption rate. For a reaction limited by avail-
ability of defect sites, a variation in defect density would be
expected to appear in the rate expression as a change in
preexponential factor. Calculations using the reported kinet-
ic parameters'*'® indicate that a factor of 10 reduction in the
preexponential factor would cause an increase in the tem-
perature-programmed desorption peak temperature of as
high as 80 K.°® Such an effect has not been reported, how-
ever; in fact, studies on porous silicon®” showed similar hy-
drogen desorption rates to that of the 8i(100)-(2X 1) and
Si(111)-(7x7) single-crystal surfaces. Furthermore, H,
desorption rates during epitaxial growth of Si (via adsorp-
tion of disilane), a process that may introduce defects, are
also the same. We consider the defect mechanism implausi-

ble, although the possibility cannot be excluded.

The silicon dimer may play an important role in the
recombinative desorption of hydrogen from the Si(100)-
(2 1) surface.!>***76! A mechanism has been proposed in
which reaction occurs from hydrogen atoms that are paired
on the dimer prior to desorption, leading to a first-order rate
law consistent with experimental measurements. The inter-
action between dangling bond orbital electrons (7 bond) of
the dimer pair has been identified as the driving force for
pairing.*’ The silicon dimer, however, is not part of the
Si(111)-(7x7) structure, and if some feature unique to the
dimer were responsible for the observed rovibrational distri-
bution on this surface, we would not expect the same distri-
bution from the Si(111)-(7 X 7) surface.

We are thus led to a model in which the transition state
for recombinative desorption is localized over a single silicon
atom. The idea is as follows. If the reaction complex is
strongly associated with one Si atom and interacts only
weakly with adjacent surface atoms, then the largest contri-
bution to the rovibrational distribution will be caused by
potentials near a single silicon atom. As a result, the dynam-
ics and resulting product state distribution might be largely
insensitive to surface structure.

The idea of a reaction occurring at a single surface atom,
which we propose here to explain the structure insensitivity
in recombinative desorption dynamics, was put forth years
ago as an explanation for structure insensitivity in catalysis.
The role of surface structure in heterogeneous chemical re-
actions has been of interest for many years, with reactions
often categorized as “structure sensitive” or “structure in-
sensitive.”*'® A structure-insensitive reaction is one that is
insensitive to details of the catalyst such as particle size or
crystallographic plane of a single crystal. A structure-sensi-
tive reaction, on the other hand, has a reactivity that can be
strongly dependent upon catalyst preparation and structure.
The degree of sensitivity of a catalytic reaction to surface
structure has been interpreted in terms of the number of
surface sites necessary in the rate-determining step (RDS)
of the reaction, also referred to as ensemble size.®® In 1976,
Boudart®® proposed that if the rate-determining step of a
reaction requires only one surface atom, the reaction may
change very little with surface geometry, whereas if the RDS
requires several adjacent surface atoms, the reaction may be
strongly surface sensitive.

We illustrate the single-site model for desorption occur-
ring at a silicon dimer on the Si(100)-(2 % 1) surface in Fig.
6(a). The reactants are a pair of hydrogen atoms on a single
dimer, as discussed earlier, although reaction proceeds via a
three-center transition state near only one of the Si atoms.
This reaction could occur by H-atom migration across the
dimer followed by H, formation and desorption occurring
near a single Si atom. The possibility of a 1,2-hydrogen shift
followed by 1,1-elimination, using molecular terminology,
was also raised by Nachtigall e a/.%° based on their theoreti-
cal results. An illustration of the single-site desorption
mechanism on the Si(111)-(7X7) surface is given in Fig.
6(b). Here the reaction is shown occurring between hydro-
gen atoms from uncorrelated sites, consistent with second-
order kinetics. Again, the transition state for recombinative

J. Chem. Phys., Vol. 97, No. 2, 15 July 1992

Downloaded 23 Feb 2012 to 171.64.124.19. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



Shane, Kolasinski, and Zare: Recombinative desorption of H, on Si ' 1527

(a) (100
H-H
H H H H o
\sn-—s( \5'{--t:3'5' “sa sqﬂ
4 N 7 S = N
(b) (1)
H-H
H H )
| w 7 0
AN | I u 2N gu
Si - i
™A N ™

FIG. 6. Pictorial model of reaction pathway involved in the recombinative
desorption of hydrogen from (a) Si(100)-(2x 1) and (b) Si(111)-(7x 7).

desorption is three center. We show the migrated H atom as
forming a partial bond with the new silicon atom while re-
taining some interaction with its original silicon atom site.
Based on the present results, we cannot distinguish whether
the H-atom transfer involves complete scission of a Si-Si
bond (i.e., with the formation of an actual dihydride spe-
cies) or, at the other extreme, a completely pentavalent tran-
sition state. However, recent measurements of internal state
distributions for hydrogen desorbed from the dihydride spe-
cies®® suggest that hydrogen desorption from the monohy-
dride state occurs via a dihydride formed in a preequilibrium
reaction,

Further support outside that of our present study exists
for the proposed transition state configuration. The Si-Si
spacing on the Si(100)-(2 X 1) surface dimer is large (2.4
A), and delocalized bonding over the entire structure, as
would exist for a symmetric, four-center transition state,
might have a large energetic barrier. On the Si(111)-(7X7)
surface, the Si-Si spacing is even larger (3.9 A forthe*1x1”
rearrangement ), and a four-center transition state physical-
ly seems even less likely to be energetically favorable on this
surface. Furthermore, a symmetric, four-center transition
state is symmetry forbidden for the analogous molecular re-
action of H, addition to silylene (Si,H,).”® Although the
Woodward-Hoffmann rules may not be strictly applicable
to surface reactions, a large barrier for the symmetric path-
way might be expected.

Calculations performed on the 1,2-elimination reaction
of disilane,

Si,H, — H,Si = SiH, + H,, (1)

also support this mechanism. Reaction (1) is the molecular
analog to the recombinative desorption of H, from the dimer
site on the Si(100)-(2X< 1) surface. Gordon, Truong, and
Bonderson’' and Ho ef al.”? have performed ab initio calcu-
lations on this system and found that although less endother-
mic, the 1,2-elimination has a much higher activation barrier
than the alternate 1,1-elimination (which is somewhat anal-
ogous to dihydride desorption). Upon further investigation
of the 1,2-elimination reaction pathway, Gordon, Truong,
and Bonderson’' found that at the transition state, both

reacting hydrogens are closer to one of the silicon atoms,
resembling a silane-silylene complex, H,Si-SiH,, following
migration of one hydrogen atom. Agrawal, Thompson, and
Raff” applied classical trajectory methods to study this sys-
tem; they also concluded that the 1,2-elimination reaction
proceeds by rupture of one Si-H bond and transfer of this
atom to the other hydrogen, followed by a reaction resem-
bling hydrogen-atom abstraction. The d orbitals of silicon
appear to play an important role in stabilizing the silane-
silylene intermediate; Gordon et al.”! note that without the
addition of d orbitals to silicon, the reacting hydrogens are
predicted to be between the two silicon atoms.

B. Comparison of kinetics and dynamics

At first it might seem anomalous that we observe the
same rovibrational distribution for desorbed H, on both the
Si(100)-(2x 1) and Si(111)-(7x7) surfaces, despite the
fact that the kinetics are characterized by different reaction
orders. This prompts us to consider how surface structure
might influence either kinetics or dynamics. In general, a
state-resolved experiment might be expected to yield more
detailed information than a kinetics experiment, which mea-
sures an average phenomenon and, therefore, the dynamical
study would reveal even greater differences between the two
surfaces. Such a prediction, however, is based on the notion
that both experiments involve the same quantities, which is
in fact not the case. Both types of studies measure different
features of the recombinative desorption process.

Let us consider the kinetic rate expression in the Arr-
henius form:

Reaction rate = 4 X e ~5/RT) s 1 4 "B Y%

where A is the preexponential, or frequency, factor for the
reaction, E,, is the activation energy, R is the gas constant,
T'is the absolute temperature, and m and 7 are the reaction
order with respect to reactants 4 and B, respectively. Almost
all rate laws can be written in this empirical form. A look at
the origin of these terms as described by collision theory is
instructive. In collision theory, the rate of a chemical reac-
tion is proportional to the probability of collision, Z, be-
tween reactants (Zo« [4 ]™ X [B ]"); the fraction that has

sufficient energy to react (e~ Fa/RT') - and a steric or entro-
pic term that indicates the orientational restrictions on reac-
tion (A — eas'm )_74

The reaction order is a measure of the concentration
dependence of the frequency with which the reactants will
collide. This is a transport property’ that does not describe
what occurs beyond the collision. Let us consider the reac-
tion order measured for the H,/Si system. The observation
of a first-order rate for recombinative desorption on the
Si(100)-(2x 1) surface indicates that the probability of col-
lision is proportional to the concentration of only one of the
reactant atoms. Sinniah er al.'® first proposed a two-step
model for the process, in which an irreversible excitation of
one hydrogen atom into a freely translating state is followed
by a faster recombination step with a normally bound hydro-
gen atom. The probability of reaction is then proportional to
the probability of the first excitation step occurring, or [H].
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A second model was proposed'® (and appears to be
gaining wider acceptance'’***"3%¢!) "in which reaction oc-
curs between two H atoms that have previously paired at
some site. Several groups have suggested that the hydrogen
atoms are paired on the same silicon dimer on the Si(100)-
(2% 1) surface, as illustrated in Fig. 6(a).'*!"***7* Wy and
Carter®® have proposed a prepairing of two H atoms on adja-
cent silicon dimers in the same row. The kinetics of a pairing
mechanism are first order,

rate = k X [H-H_,;, ] = k' X [H],

since [H-H,,;, ] = [H] X} in the limit of complete pairing.
In actuality, the pairing must be treated as an equilibrium
process under some driving force.'”' The driving force for
pairing on a single dimer has been identified as the 7-bond-
ing interaction between the dangling bond orbitals, which is
lost each time an H atom adsorbs onto an unoccupied dimer.
On the Si(111)-(7x7) surface, upon which the reac-
tion is second order at higher coverages and intermediate
between first and second order at lower coverages, Reider et
al.?® have proposed a model that involves at least two dis-
tinct adsorption sites, each with a different binding energy
and propensity for reaction. Their model can reproduce the
observed variation of kinetic order with coverage on the
Si(111)-(7x7) surface.
All of these models address the probability of encounter.
A dynamics measurement, however, is sensitive not to how
the reactants find each other on the surface, but rather to
how they traverse the transition-state region once they have
entered into a reactive encounter. It is not the reaction order,
but the preexponential factor and the activation energy that
are sensitive to details about the transition state. Thus we
might expect that a comparison of these values measured on
the two surfaces would be more revealing as to the dynamics.
Several groups have reported activation energies and
preexponential factors for desorption of H, from the Si( 100)
and Si(111) surfaces. Unfortunately, despite close agree-
ment between actual desorption rate, most of the published
kinetic parameters on a given surface vary significantly, and
thus comparisons between the two surfaces are difficult to
make. Reported activation energies range from as low as 45
kecal/mol (Refs. 16 and 25) to ~ 60 kcal/mol, (Refs. 5, 13,
15, 17, and 20) and preexponential factors from ~ 10'' s !
(Ref. 16) to 10'7 s~ ' (Ref. 13) on the (100) surface and
0.05¢cm?s ™' to ~200cm?s ~ 'onthe (111) surface (Refs. 5,
13, 15, 20, and 25). Only two groups have measured kinetic
data from both surfaces with the same apparatus. Wise et
al.'”® report E,, =58+2 kcal/mol and 4= (5.5
+0.5) % 10" s~ ! for first-order desorption from Si(100)-
(2x1) and E,, =62+ 4 kcal/mol and 4 =914 10
cm’ ~ ! for second-order desorption from Si(111)-(7x7)
by laser-induced thermal desorption measurements. These
values are notably similar (considering that the pseudo-first-
order prefactor is 7.2X10'® on Si(111), using
B, = 7.93x 10" cm ~?)°, Heinz and co-workers'"?® also
measure E,,, = 56-58 kcal/mol on both surfaces.
Although agreement is not complete, most of the mea-
sured values for activation energy are close to 60 kcal/mol
on both surfaces.™'*'** The same activation barrier would

indicate that the energetic expense necessary to reach the
transition state is similar on both surfaces, and suggests a
relationship between the reaction complex on the (111) and
(100) surfaces. As discussed in Sec. IV A, we have pro-
posed, based on the similarities in the product rovibrational
distribution, that the transition state is related on the two
surfaces. This relation does not in itself imply that the energy
required to reach the transition state is the same, because
although the local environment of the hydrogen atoms at the
transition state (to which our measurement is sensitive)
might be similar, the remaining Si surface structure is not, as
evident in Fig. 6. We find the apparent agreement in activa-
tion energy between the (100) and (111) surfaces signifi-
cant.

A relationship might be expected between the preexpon-
ential factor and the rotational distribution, because both
observables are controlled by similar dynamical features of
the reaction. The preexponential factor is an entropic term
that indicates the steric requirements for reaction, including
details about orientation and how close the reactants must
approach one another (i.e., the impact parameter).”* The
product rotational distribution is influenced by the same fac-
tors. In reaction dynamics, the rotational distribution of the
products may even be directly related, in certain cases, to the
impact parameter of collision or to the specific orientation of
reactants at the transition state.”

In these studies of H, desorption from Si, we find that
the average rotational energy of the desorbed H, is low, indi-
cating that recombination occurs through a transition state
that is oriented symmetrically relative to the hypersurface
corrugation. A highly constrained geometry in the transition
state, such as the one described here, is usually associated
with a low value of the Arrhenius preexponential factor.
Normal preexponential factors for a recombinative desorp-
tion reaction fall into the range of 10''-10'%s ~',7® wherein
the low values are usually associated with an immobile acti-
vated complex and the high values with an activated com-
plex having rotational and translational degrees of freedom.
However, of all the reported values for this reaction, only
Sinniah er al.'® have measured a low preexponential factor.
As discussed earlier, it might be appropriate to compare the
recombinative desorption of hydrogen from silicon with in-
tramolecular gas-phase elimination reactions. These reac-
tions generally have preexponential factors near 103 s~'.77
In any case, an accurate interpretation of the preexponential
factor for H, desorption from Si will be difficult until a defin-
itive value is agreed upon in the literature.

In summary, we believe that the similarity of rovibra-
tional distributions is not in contradiction with the different
kinetic order on the (100)-(2x 1) and (111)-(7x7) sur-
faces of silicon. Understanding which features of the reac-
tion are probed by each type of measurement is important.
Whereas the kinetic order is related to the probability of
getting the reactants together, the dynamics describe what
happens as the reactions occurs.

C. Implications for other covalent systems

Recently, kinetic measurements of H, desorption have
been reported for S-silicon carbide,”® diamond,” germani-
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um,**' gallium arsenide,®” and tellurium®? surfaces. These

other covalent materials are interesting to compare with the
H,/Si system. In these systems, as for silicon, molecular hy-
drogen does not react with the surface, whereas atomic hy-
drogen reacts readily. This property is in contrast with most
metallic surfaces, upon which molecular hydrogen will dis-
sociatively adsorb (exceptions are the coinage metals—Au,
Ag, and Cu).

One interesting similarity is that on the (100) crystallo-
graphic face of the Si, Ge, and diamond surfaces, the recom-
binative desorption of hydrogen follows a first-order rate
law. A general feature on each of these surfaces is the pres-
ence of dimers, suggesting that the dimers play an important
role in the overall desorption mechanism.®’ First-order ki-
netics were also observed for desorption of H, from poly-
crystalline Te and from polycrystalline 5-SiC. Unusual ki-
netic rate orders appear characteristic of covalent solids, and
conventional models of recombinative desorption that accu-
rately predict behavior on metal surfaces are not adequate on

these covalent surfaces.
The influence of surface structure on the dynamics of

hydrogen recombinative desorption from silicon surfaces
contrasts with that from metal surfaces. Although the pres-
ent state-specific study reveals no significant difference in
rovibrational distribution between the Si(100) and Si(111)
surfaces, structural effects on recombination dynamics have
been observed for the H,/metal systems. In their state-spe-
cific studies of H, recombinative desorption from both the
Cu(110) and Cu(111) surfaces, Kubiak et al.%* observed
that the amount of vibrational excitation differed by a factor
of 2 between the two surfaces, whereas the rotational distri-
bution was unchanged. Studies of the recombinative desorp-
tion of H, from Cu (Ref. 62) [and also of N, from Fe (Ref.
84) ] have shown that modification of the surface electronic
structure by coadsorption of sulfur dramatically affects the
vibrational distribution.

Although state-specific studies of hydrogen desorption
have not been performed to date on any other covalent sys-
tems, the internal state distribution of hydrogen desorbed
from such surfaces might, by analogy to the silicon surface,
exhibit little structure sensitivity. We suggest that the de-
tailed dynamical description presented here should be appli-
cable to other covalent systems. In each of these systems, the
interaction of hydrogen with the surface is strong and highly
directional. Allendorf and Outka™ have suggested from
their work on S-SiC that hydrogen desorption from that
surface involves loss of molecular hydrogen from a single
surface silicon atom. Outka® has proposed that hydrogen
desorption from tellurium has a special site requirement.
These interpretations are in agreement with the picture pre-
sented here—that of a local model for recombinative desorp-
tion of hydrogen that involves a transition state localized at a
single silicon atom.
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