Probing the dynamics of hydrogen recombination on Si(100)
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Relatively few state-selective studies have probed re-
combinative 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. In this Communication we
report the first state-selective study of recombinative ther-
mal desorption from a semiconductor surface. Qur results
indicate that the mechanism of recombinative desorption
of molecular hydrogen from Si(100) leads to rotational
distributions colder than the surface; we conclude that lit-
tle torque is applied to the molecule in the process of re-
combination. An accurate model of recombination must
include a dynamical constraint that causes an exaggerated
population of low rotational states.

The chemisorption and desorption of molecular hydro-
gen on silicon surfaces has been studied extensively using
traditional surface science techniques.”'? The sticking co-
efficient for molecular hydrogen is quite low ( <107%),
probably because adsorption is an activated process. Many
properties of this system, however, have yet to be deter-
mined unambiguously.

A series of experiments'>!* has shown that desorption
from the monohydride phase on the Si(100)-(2X 1) sur-
face follows a first-order rate law while confirming that
desorption from Si(111)-(7x7) follows a second-order
rate law.’ Recently, another experiment found that desorp-
tion from Si(111)-(7X7) at low coverage is described by
kinetics that are intermediate between first and second
order.'” First-order desorption of hydrogen has also been
observed from diamond,'® germanium,'” and tellurium'®
surfaces. Kinetics with an order less than two are incon-
sistent with conventional hopping models'® that appear to
describe accurately the recombinative desorption of hydro-
gen from the surfaces of metals. Sinniah et al.'® have pro-
posed a model in which the irreversible excitation of one
hydrogen atom into a freely translating state precedes re-
combination of this atom with a bound atom, while Reider
et al.'’ have proposed a more conventional diffusion-based
model that incorporates recombination via at least two dis-
tinguishable sites. Thus, we are led to consider alternative
mechanisms of recombinative desorption that must explain
not only why recombinative desorption differs on semicon-
ductors versus metals, but also why it is structure sensitive
for Si surfaces.

Internal-state distributions of molecular hydrogen are
determined using a (2 + 1) resonance-enhanced multipho-
ton ionization (REMPI) scheme utilizing the E, F IE;
state as an intermediate state.’” This scheme requires ul-
traviolet radiation in the wavelength range of 200-215 nm
to probe v=0 and 1. This light is generated by a
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Nd:YAG-pumped dye laser, the output of which is first
doubled in a potassium dihydrogen phosphate (KDP)
crystal, then mixed with residual dye fundamental in a
B-barium borate (BBO) crystal.?! The laser beam propa-
gates parallel to the crystal face and is focused a few mil-
limeters above the Si surface using a 350 mm lens. Ions
produced in the REMPI process are extracted into a time-
of-flight (TOF) tube wherein they are counted using a
chevron (two-stage multichannel plate) detector. The out-
put of the chevron detector is collected by a gated integra-
tor and stored by a minicomputer for subsequent analysis.
This method of state-selective detection has a sensitivity on
the order of 5 10° molecules per quantum state per cm?.

The ultra-high vacuum chamber is evacuated by a tur-
bomolecular pump to a base pressure of ~2x 10~ Torr.
Surface order and cleanliness are checked with low energy
electron diffraction (LEED) and Auger electron spectros-
copy (AES). Highly As-doped (0.005 Q cm) Si(100)
crystals facilitate direct resistive heating. The crystal and
manipulator are liquid-nitrogen cooled. Surface tempera-
ture is monitored by chromel-alumel thermocouples af-
fixed to the Si.

Experiments are performed by dosing the Si(100)-
(21) surface to saturation using a pulsed, skimmed, and
collimated molecular beam of disilane (Si,Hg). Disilane
decomposes to form adsorbed silicon hydride species. Dis-
ilane has a sticking coefficient of ~10~',?? making it a
much more practical source of surface hydrogen than H,.
In addition, we find disilane more convenient to use than
atomic hydrogen. Disilane adsorption and subsequent H,
desorption under our experimental conditions result in the
epitaxial growth of silicon. The surface is in the (2X1)
reconstruction at the start and end of an experiment, but
we cannot probe the surface structure at the time of H,
desorption. Recent STM studies,”> however, have shown
that ordered (2<1) islands of monohydride-capped Si re-
sult from disilane adsorption after heating the surface to
670 K, i.e., ordering occurs at a surface temperature far
below the desorption temperature of the monohydride. A
crystal temperature of =400 K is typically used during
adsorption. Such elevated temperatures ensure that the Si
surface is predominantly covered by the monohydride. We
note that at saturation coverage all of the surface dangling
bonds are capped with adsorbed hydrogen, Hm.”'”
Therefore, if we assume complete dissociation of Si,Hg, § of
the surface is covered with newly deposited Si, and the
ratio of H,, on ‘original’ sites to H,, on newly deposited
Si is 2:1.

After dosing the crystal, temperature programmed de-
sorption (TPD) is performed. We use the REMPI/TOF
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FIG. 1. Thermal desorption spectrum for Hy(v=0,J=1) desorbed
from Si(100) after a saturation dose of Si;H,. The surface temperature
during adsorption =~400 K. The temperature was linearly ramped from
300 to 1000 K at a heating rate of 10 K s™'. The time of the peak
maximum corresponds to a surface temperature near 800 K.

scheme to collect the desorption spectrum one rovibra-
tional quantum state at a time. In this procedure, the laser
is tuned to a transition corresponding to a (v =0, J) level.
Ions created in the REMPI process are then collected as a
function of crystal temperature. The heating rate is 10
K s~! and 20 laser shots are averaged into one bin. The
maximum in the thermal desorption flux occurs in the
range 780-800 K.?® The thermal desorption spectra are
then integrated and reduced to rotational populations. The
reduction of spectral data obtained by (2 + 1) REMPI
through the E, F state to accurate populations has been
well established.?’

Using this method, we have obtained data for the ther-
mal desorption from Si(100) of both H, (by dosing Si,Hg)
and D, (dosing Si,Dg). A typical thermal desorption spec-
trum of H,(v =0, J = 1) is shown in Fig. 1. This raw data
must be corrected for two distinct background contribu-
tions, ambient hydrogen present in the vacuum chamber
and 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 sim-
ply setting the baseline for integration at an appropriately
offset value. The second type of background signal requires
a more elaborate subtraction technique in which indepen-
dent experiments are performed to determine the temper-
ature of the background gas and the fraction of the signal
caused by background. We have determined that the back-
ground gases are equilibrated to room temperature. Fur-
thermore, we have determined that nascent H, (D;) con-
stitutes 70% of our signal, i.e., 30% of our signal is from
collisionally relaxed H, (D,).

The rotational populations for H, and D, after back-
ground subtraction are presented as Boltzmann plots in
Fig. 2. Because of curvature in the high-J region, we prefer
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FIG. 2. Boltzmann plot (natural logarithm of the degeneracy weighted
population vs rotational energy) of H, and D, thermally desorbed from
Si(100). The data have been corrected for background contributions as
explained in the text. T,~780-800 K.

to characterize the distributions using an average rota-
tional energy, (E,,), rather than a rotational temperature,
The observed average rotational energies are
(E,o(Hy)) = 368467 K and (E(D,)) =348%65 K.
Note that (1) both H, and D, exhibit significant rotational
cooling in desorption (compared to T,~780-800 K, (2)
(E.(H,)) and (E,,(D,)) are essentially the same, (3)
deviations from a Boltzmann distribution are manifested
by curvature in the high-J region, and (4) ortho and para
states are populated statistically.

Rotational cooling in desorption has been observed for
molecular hydrogen desorption from Cu (Ref. 1) and
Pd.?"? In the case of Cu, rotational cooling was slight
({E,) =0.8-0.9 of kT,) and Kubiak et al.! concluded that
the rotational degree of freedom did not play a major role
in the recombinative process. On S-covered poly-Pd sur-
faces, T, remained fairly constant at =490 K over the
range 500 K<7,<1050 K. Rotational-to-translational en-
ergy transfer as in the case of NO desorption (see, for
example, Ref. 29, and references therein) was offered by
Zacharias et al?’®® as a possible mechanism. In neither
system has any isotopic effect been observed in the rota-
tional distribution.

It is unlikely that rotational-to-translational energy
transfer is responsible for the rotational cooling observed
here. The hydrogen molecule has almost no interaction
with a Si surface, experiencing only an extremely weak van
der Waals attraction. Momentum transfer is further hin-
dered by the large mass mismatch between molecular hy-
drogen and Si, the large rotational energy spacing of mo-
lecular hydrogen, and the AJ = even selection rule that
rotational-state-changing collisions of H, and D, must
obey. Little energy transfer’®*! is to be expected between
the surface and a newly formed hydrogen molecule; thus, it
is unlikely that the energy distribution of the hydrogen
molecule is significantly perturbed by the Si surface once
the molecule has formed. Therefore, we regard the rota-
tional distribution as reflecting the dynamics of the recom-
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binative event rather than an exit channel effect.

Because we can neglect the possibility of rotational-
state-changing events after molecular formation, low rota-
tional excitation demands that little torque is applied to the
molecules during recombination. Thus, we can rule out
recombination from a highly asymmetric transition state or
recombination from collisions with large impact parame-
ters. The low rotational excitation must result from some
dynamical constraint on the recombination of molecular
hydrogen. It is unlikely that this constraint arises from the
interatomic interaction potential of hydrogen. Theoretical
calculations®®3 on the three-body, gas-phase recombina-
tion of H, do not support the idea that only collisions with
low impact parameters lead to molecular formation. A
more likely explanation is that the recombination occurs
on a potential energy surface that does not resemble the
gas-phase H-H interaction potential because of the pres-
ence of the Si surface. Rotational distributions colder than
the surface will result if the surface is able to bias reactive
trajectories toward low-torque pathways. These pathways
would be characterized by low impact parameters (engen-
dered either by constraining diffusion to certain crystallo-
graphic directions or by favoring recombination across or
between dimer pairs) and/or by high symmetry between
the H-H bond axis and the potential energy surface (i.e.,
both ends of the molecule are in regions of roughly equal
potential energy during formation).

Recall that Sinniah et al. proposed a mechanism in-
volving the collision of one diffusing hydrogen atom with
one bound atom to explain the first-order rate law for
recombination.'® Based on the present result, their model
must be modified. If the diffusing atom is unaffected by the
surface corrugation, this model can only be consistent with
low rotational temperatures if we demand that the H-H
interaction potential itself strongly favors recombination
through low-impact-parameter collisions. As we have
stated above, this is unlikely. In addition, the Sinniah
model gives us no apparent reason to expect desorption
from the (100) surface to behave differently than desorp-
tion from the (111) surface, yet the kinetics are clearly
different.'* For the model of Sinniah et al. to be consistent
with our results, we must assert that diffusing hydrogen
atoms experience some of the surface corrugation because
the surface can then force the diffusing atoms into the
head-on collisions that are required for low rotational ex-
citation.

Alternatively, we might consider a model involving a
concerted reaction, in which the recombination takes place
between hydrogen atoms that are bound to two adjacent Si
atoms. Our data may then be interpreted as resulting from
a transition complex which is characterized by a high de-
gree of symmetry with respect to the potential felt by both
H atoms. A unique feature of the reconstructed Si(100)-
(2 1) surface is the presence of rows of dimers. Dimer
rows and first-order kinetics are also present on the Ge
surface noted above, but are absent on the Si(111)-(7X7)
surface. It is suggestive to consider the presence of dimer
rows, and the geometric and energetic corrugation intro-
duced by them, as a possible influence on the recombina-

tion dynamics. This influence may stem either from diffu-
sion along the rows of dimers or from recombination
across a dimer or between adjacent dimer pairs.**

A comparison with the kinetic model proposed by Rei-
der et al," to describe desorption of H, from Si(111)-
(7 7), while making no specific predictions about the re-
combination dynamics, cannot be made until
rovibrational-state distributions have been obtained from
this surface.

Experiments are now underway in our laboratory to
obtain vibrational-state distributions for hydrogen des-
orbed from Si(100)-(2x 1) as well as rovibrational-state
distributions for hydrogen desorbed from Si(111)-(7x7)
surfaces which may, as suggested by the results of the ki-
netic measurements, involve a different mechanism of re-
combination. Preliminary results indicate that vibrational-
state distributions for hydrogen desorbed from Si(100)-
(2> 1) exhibit superthermal excitation.

In conclusion, we have obtained rotational distribu-
tions for H, and D, thermally desorbed from Si(100) sur-
faces. The average rotational energies (expressed in tem-
perature units) are significantly lower than the surface
temperature and exhibit no isotopic dependence. The ob-
served low rotational excitation requires some dynamical
constraint in the recombinative process which demands an
exaggerated preference for low-torque trajectories during
recombination and desorption of molecular hydrogen from
Si(100).
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