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As we have shown previously, F, reacts with
Si(100) with very close to unity probability
( ~ 0.95) up to one monolayer of coverage, con-
trary to popular belief. We have now also shown
that the sites for fluorine adsorption under these
conditions are the dangling bonds and that the
adsorbed fluorine does not lift the reconstruction.
This was accomplished using a new technique of
He atom diffraction that we have recently imple-
mented in our molecular beam-ultrahigh vacuum
surface scattering apparatus. The experiment is
carried out by directing a well-characterized,
monoenergetic beam of He atoms at the surface
and monitoring the angular distribution of the
diffracted atoms. This arrangement adds a pow-
erful new structural probe to our experimental
capabilities. While the binding of fluorine to the
dangling bonds along with the maintenance of the
surface dimer bond is not surprising, our results
show the first experimental evidence for it. No
experimental information about this system had
been available previously because the common
structural probes, electron diffraction techniques,
are not sensitive to halogens.
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We have previously shown that the reaction prob-
ability of F, with a clean Si(100) surface decays
from near unity to zero as the fluorine coverage
increases to one monolayer. This lack of reactivity
with the fluorinated Si surface is the source of the
misconception that F, does not react with Si. The
lack of reactivity with the fluorinated surface pre-
cludes the build up of a sufficient layer of fluorine
to produce the volatile etch product, SiF,.
However, we have also previously shown that if
the kinetic energy of the incident F, molecule is
increased above a threshold value of 6 kcal/mol
(~ 0.25eV), the dissociation probability of F;
with a fluorinated Si surface increases linearly with
the normal component of kinetic energy. This is a
result of a barrier to dissociation that is overcome
by translational energy of the incident molecule.
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The enhancement in the dissociation probability
allows enough fluorine to be deposited to form the
etch product, SiF4. This result establishes that Si
can be etched with low energies using molecular
beam techniques and without the use of plasmas.
The low energies afforded by molecular beam
techniques prevent the introduction of radiation
damage or defects into the Si lattice, which are
typical results of plasma etching.

We have begun a new project aimed at deter-
mining the origin of the barrier to dissociation of
F, on the fluorinated surface. The hypothesis is
that the barrier to F, dissociation is largely associ-
ated with breaking the Si surface dimer bond. To
test this hypothesis, we are using He atom diffrac-
tion as a probe of the surface structure after expo-
sure to the energetic F,. Preliminary measurements
indicate that the disappearance of the dimer bond,
as measured by the half order diffraction feature,
correlates well with the increase in the dissociation
probability as a function of the F, incident
translational energy in the normal direction. This
result may be the first determination of the phys-
ical origin of a reaction barrier in any semicon-
ductor system.
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We report the first detection and identification of
vibrational modes of buried species by high resol-
ution electron energy loss spectroscopy (HREELS)
and the observation of a new mechanism for
absorption of adsorbates, collision-induced
absorption, as applied to the interaction of
hydrogen with Ni(111).

Subsurface or bulk sites of a Ni single crystal are
populated with atomic hydrogen by exposure of
the (111) face of the Ni crystal at 130 K to atomic
hydrogen.  Atomic hydrogen is generated by
thermal dissociation of H, over a hot tungsten fila-
ment positioned 0.25 inches from the crystal
surface. This results in a flux of both atomic and
molecular hydrogen to the front surface of the
crystal. The H* ions and electrons generated by the
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filament are shown to play no role in the following
observations. Both atomic H and H; result in pop-
ulation of the threefold hollow surface sites up to
a surface saturation coverage of 1 ML. The
HREEL spectrum at 1 ML is characterized by the
Ni-H asymmetric stretch at 955 cm~" and the Ni-H
symmetric stretch at 1170 cm-', and the thermal
desorption spectrum exhibits two maxima at 340
and 380 K. Further exposure to atomic H results
in the appearance of a new feature in the HREEL
spectrum at 800 cm-' and in the thermal
desorption spectrum at 180-220 K. The loss
feature at 800 cm~', for which an impact scat-
tering mechanism is operable, is identified as a
Ni-H vibration of bulk H by the similarity of the
dependence of its intensity on electron impact
energy to the dependence of the electron inelastic
mean free path on electron energy. At 3 eV impact
energy, the intensity of the 800 cm~" loss feature
is large but decreases monotonically to almost zero
as the impact energy is increased beyond 15 eV.
This kind of dependence of the intensity of a loss
feature associated with a bulk vibrational mode is
expected because the inelastic mean free path of
an electron, which is 80 A at 3 eV, rapidly drops to
1 A as the energy is increased above the plasmon
frequency of the metal (15 eV), where plasmon
creation is the predominant energy loss mechanism
which shortens the mean free path. In contrast,
the intensity of the two loss features associated
with surface chemisorbed H exhibits almost no
dependence on electron energy with the exception
of a resonance at 7 eV. As much as an equivalent
of 8 monolayers of hydrogen have been absorbed
into the bulk.

Subsurface or bulk sites of Ni can also be popu-
lated via a newly observed mechanism, collision-
induced absorption. A beam of monoenergetic Kr
or Xe atoms, produced by the supersonic expan-
sion of Kr or Xe seeded in He, is directed at a
monolayer of atomic hydrogen chemisorbed on
Ni(111). The impacts of the incident inert gas
atoms are observed to induce the absorption of the
chemisorbed hydrogen. The hydrogen thus
absorbed is identified by the appearance of (1) a
loss feature at 800 cm~' and (2) a feature at
180-220 K in the thermal desorption spectrum,
consistent with the study of atomic hydrogen
absorption. The absorption probability scales line-
arly with the energy of the incident Xe atom above
a threshold energy of 2.5 eV. Collision-induced
absorption may play a significant role in the mech-
anism for hydrogen absorption in the high pressure
environments of a hydrogen storage cell where the
hydrogen saturated surface is continually subject
to bombardment by a large flux of energetic parti-
cles.
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