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Observation and Mechanism of Collision-Induced Desorption: CH4 on Ni(111)

J. D. Beckerle, A. D. Johnson, and S. T. Ceyer '
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(Received 19 September 1988)

The desorption of CH4 physisorbed on Ni(111) is observed to be induced by collision with Ar atoms
incident with energies less than 2 eV. The absolute cross section for collision-induced desorption is mea-
sured as a function of the kinetic energy and incident angle of the Ar beam. The mechanism for desorp-
tion is shown to involve a direct and impulsive, bimolecular collision between Ar and CH4. Molecular-
dynamics simulations show that the energy and incident-angle dependence of the desorption cross section
are the consequence of two competing dynamical eA'ects.

PACS numbers: 82.65.Pa, 34.50.Bw

Desorption induced by an energetic beam of particles
is not a novel phenomenon. Argon-ion-sputtering,
secondary-ion, and fast-atom-bombardment mass spec-
troscopy employ this process as a means to vaporize
solids for the purpose of removing adsorbed contam-
inants, depth profiling, or producing a source of ions for
mass spectrometric analysis. However, the energies of
the incident particles are typically orders of magnitude
greater than the adsorbate binding energies, resulting not
only in desorption of the adsorbate but also in massive
substrate desorption via a collision cascade in the hot
spot induced by the incident particle. ' In contrast to
these invasive interactions, we report that the desorption
of the adsorbate only can be induced by a direct, bi-
molecular collision with an incident neutral atom whose

energy is equal to or slightly above the threshold energy
for desorption. Specifically, we have measured the ab-
solute cross section for desorption of CH4 physisorbed on
Ni(111) induced by collision with an incident Ar atom
as a function of the energy and incident angle of the Ar
atom. With the aid of classical molecular-dynamics
simulations, the mechanism for collision-induced desorp-
tion is established and the complicated dependence of the
cross section on the Ar kinetic energy and incident angle
is shown to be the result of two competing dynamical
effects.

The cross sections are measured in an apparatus previ-
ously described in detail. Briefly, the apparatus con-
sists of a supersonic molecular beam source precisely
coupled to a UHV main chamber equipped for surface
analysis. Monoenergetic Ar-atom beams with kinetic
energy up to 51.8 kcal mol ', as measured by a time-
of-flight technique, are generated by expanding a mix-
ture of 1% Ar seeded in He from a variable-temperature
nozzle. The Ni(111) single-crystal surface is mounted
on a liquid-He-cooled manipulator. The diameter of
the molecular beam at the crystal position is slightly
larger than the crystal so that the entire surface is ex-
posed to the beam for all incident angles. The pro-
cedures for cleaning the crystal and for analysis of its
composition are as described previously. '

The experimental procedure for the study of collision-
induced desorption is similar to that of a thermal-
desorption measurement. Molecular CH4 is physisorbed
onto the entire Ni(111) surface at 40 K. The surface is

subsequently exposed to a monoenergetic Ar beam of
known fiux, kinetic energy„and angle of incidence, while

the time-dependent partial pressure of CH4 evolving
from the surface as a result of collision-induced desorp-
tion is monitored using a quadrupole mass spectrometer.
Under the conditions of a desorption measurement, no
carbon resulting from collision-induced dissociative
chemisorption is observed on the surface.

As in thermal-desorption measurements, the partial-
pressure change is directly proportional to the instan-
taneous rate of collision-induced desorption of CH4 from
the surface, —d9cH, /dt. The cross section for collision-
induced desorption ZD is calculated from the relation

dBCH, /dt =Z—D(E;, 0;, OCH, )FsoCH, (t),

where E; and 0; are the kinetic energy and angle of in-
cidence of the Ar atoms and OgH, is the coverage of CH4.
The quantity F& is the number of Ar atoms that strike
the surface per unit surface area per unit time and is
equal to the absolute flux of the Ar-atom beam measured
perpendicular to the beam axis, FB, multiplied by a fac-
tor of coso;. With this definition for the incident beam
Aux, ZD is the surface area in which an Ar-atom impact
yields a desorption event per physisorbed CH4 molecule.

The results for ZD as a function of 0; are plotted in

Fig. 1 for a range of E;. The open symbols correspond to
measurements performed at very low CH4 coverage, less
than 0.01 monolayer, to avoid the presence of islands of
physisorbed CH4. ' Therefore, these desorption cross
sections correspond to an Ar atom interacting with an
isolated CH4. The filled symbols in Fig. 1 are XD mea-
sured at a saturation CH4 coverage of 0.33 monolayer as
established by LEED measurements' and shown at the
normal angle only. The absolute magnitudes of XD at
normal incidence for both the isolated CH4-molecule
limit and the saturated monolayer coverage are identical.
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FIG. 1. Absolute cross sections for collision-induced desorp-
tion ZD as a function of the Ar angle of incidence and kinetic
energy. The error bars are statistical 95%-confidence limits for
a series of three to four measurements for each data point.
The open points represent measurements made for OgH, ~0.01
monolayer. The filled points at 0; =0 represent measurements
made for OcH, =0.33 monolayer.

This is an important observation because it indicates that
indirect, surface-mediated processes which would result
in desorption of multiple CH4 mo1ecules from a single
Ar-atom impact at saturation coverage do not contribute
significantly to the desorption mechanism. It is therefore
concluded that the dominant mechanism of collision-
induced desorption at low CH4 coverage involves the
direct, bimolecular collision of the incident Ar with the
physisorbed CH4. This conclusion is further supported
by the small magnitude of XD at normal incidence, 11.4
A, compared to the Ar-CH4 hard-sphere collision cross
section of approximately 30 A .

As shown in Fig. 1, X~ measured at low coverage ex-
hibits a complex dependence on 0;. At E; =51.8 kcal
mol ', the XD doubles as 0; is increased from 0 to 70,
while at 23.3 kcal mol, it is almost independent of 0;.
With the intent of uncovering the physical origin of these
trends, we have performed three-dimensional, classical
trajectory calculations on a simple model. The details of
the calculation are described elsewhere. ' In the model,
Ar and CH4 are treated as hard spheres with diameters
of 2.8 and 3.2 A, respectively. The surface is approxi-
mated by a smooth hard wall at 0 K. The CH4-surface
interaction potential is assumed to be a square well with
a binding energy of 2.9 kcal mol ' as experimentally
determined. ' The attractive part of the Ar-surface in-
teraction potential is neglected. The CH4 is initially sta-
tionary at a position 1.2 A beyond the distance of hard-
sphere-hard-wall surface contact. Energy accommoda-
tion upon the CH4-surface collision is modeled within
the hard cube model, '' assuming a surface effective mass
of 88. 1 amu. ' Ar-surface collisions are taken to be
completely elastic. Except for impulsive collisions with
the surface and between each other, no additional exter-
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FIG. 2. Schematic diagram of collision of Ar with phy-
sisorbed CH4 showing relative contributions of direct collisions
and mirror collisions to collision cross section Zc(8;) at a
glancing angle of incidence. The dashed line represents the
closest approach of the Ar center of mass to the surface or to
the physisorbed CH4 for all glancing-angle trajectories that re-
sult in a collision. The dotted line separates trajectories at a
glancing angle that lead to direct collisions from those that
lead to no collisions or lead to mirror collisions. The collision
cross section at normal incidence Zc(0, =0') and an Ar atom
incident at the normal angle but outside of the collision area is
also shown.

nal force inAuences the normal and tangential motion of
the Ar or the CH4. Although extremely simple, this
model incorporates the essential physics of collision-
induced desorption as will now be seen. The results of
these calculations show the dependence of XD on E; and
0; to be the consequence of two competing eAects.

First, for desorption to occur, the physisorbed CH4
must be hit by the incident Ar atom. The probability of
collision is given by the geometric collision cross section,
Zc, which is defined as the surface area per CH4 inside
of which an Ar atom cannot strike without colliding with
CH4. Two types of collisions, direct and mirror col-
lisions, contribute to X~ as depicted in Fig. 2. In a direct
collision, the Ar hits the CH4 on its incoming trajectory.
Mirror collisions take place on the outgoing Ar trajecto-
ry after the Ar has suA'ered a collision with the surface.
Consider the possibility of a CH4-Ar collision as 0; is in-
creased for Ar aimed at a position & on the surface
shown in Fig. 2. At 0; =0, a collision between the Ar
and CH4 cannot occur because position x is farther from
the CH4 molecule than a hard-sphere collision diameter.
However, some larger 0; will support a direct collision
with CH4, thereby resulting in a larger Z~. Likewise,
mirror collisions are not possible at 0; =0 but become
more likely as 0; is increased. Therefore, X~ is a strong-
ly increasing function of 0;, a conclusion supported by
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FIG. 3. Results of classical trajectory calculations as de-
scribed in text. (a) Collision cross section Zc vs angle of in-
cidence of Ar; fraction of collisions which yield sufhcient nor-
mal energy for desorption ()2.9 kcal mol '), ND/Nc, vs angle
of incidence of Ar for total kinetic energies of 51.8 and 23.3
kcal mol '. (b) Desorption cross section ZD as a function of
angle of incidence for several total Ar kinetic energies. The XD

is the product of Xg and the fraction of collisions which lead to
desorption as shown in (a).

Xp calculated from the classical trajectories and shown
in Fig. 3(a). The large increase in Zc at glancing 9; is a
direct result of the projection of the Ar-CH4 interaction
above the surface plane. ' This important trend is gen-
eral to the cross section for collision of an incident parti-
cle with any isolated adsorbate on a smooth surface. The
exact dependence of X,~ on 0; is an intrinsic function of
the shape of the Ar-CH4 interaction potential. Within
the hard-sphere approximation, X~ is independent of E;.

Upon the Ar-CH4 collision, the e%ciency of kinetic
energy transfer to CH4 motion normal to the surface
determines the subsequent fate of the CH4 with respect
to desorption. The impact parameter of the Ar-CH4 col-
lision defines the fraction of the Ar kinetic energy
transferred to CH4. The energy transfer is maximum

when the kinetic energy along the line of centers is max-
imum at small-impact-parameter collisions and de-
creases steadily with increasing impact parameter. As
E; is increased, larger-impact-parameter collisions with
smaller fractional energy transfers begin to contribute to
desorption so that ZD increases with E;. However, for
desorption to occur, the normal kinetic energy of the
CH4 after the collision must be greater than the CH4-
surface binding energy of 2.9 kcal mol '. Energy
transferred to CH4 in the tangential direction is not
eff'ective in overcoming the CH4-surface attractive in-
teraction normal to the surface because the CH4 -surface
interaction potential is not sufficiently corrugated to cou-
ple tangential energy to normal energy. The fraction of
Ar kinetic energy that can be transferred to CH4 normal
kinetic energy decreases as 0; increases, thereby decreas-
ing the fraction of collisions which result in CH4 having
sufficient kinetic energy in the normal direction to
desorb. The calculated fraction of collisions which result
in desorption, ND/Nr-, is plotted in Fig. 3(a) as a func-
tion of 0; for a high (51.8 kcal mol ') and low (23.3
kcal mol ') total energy. For the small-impact-
parameter collisions which are most eA'ective at transfer-
ring energy, the smaller magnitude of the normal energy
available for transfer at low energy is primarily responsi-
ble for the smaller fraction of desorbing collisions.

The decrease in the fraction of collisions with suf-
ficient normal energy to desorb counters the increase in

Zg and is the source of the complex dependence of X~ on

E; and 0;. The desorption cross section is the product of
the fraction of desorbing collisions and Xg and is shown
in Fig. 3(b). At 51.8 kcal mol ', the angular depen-
dence of ZD is similar to that of X~ as can be seen from
the data shown in Fig. 1 and from the calculations shown
in Fig. 3. At 23.3 kcal mol ', the very small fraction of
desorbing collisions at glancing 0; moderates the increase
in X~, resulting in the approximate independence of ZD

on 0;. Therefore, the competition between the increase
in Z~ and the decrease in the energy transferred to CH4
motion in the normal direction with increasing 0; is re-
sponsible for the major trends in XD. The good qualita-
tive agreement between the behavior of the desorption
cross section determined experimentally and that calcu-
lated from the classical trajectories provides further sup-
port for the conclusion that desorption results mainly
from a direct and impulsive, bimolecular collision.

We have also investigated the roles of CH4-surface
and Ar-surface energy accommodation, quenching of the
transferred energy by multiple Ar-CH4 collisions, the in-
itial distance of CH4 from the surface, and the attractive
part of the Ar-surface interaction potential on the col-
lision-induced desorption process. ' However, these
physically real eA'ects modify only the magnitudes of the
calculated XL) and not the essential principles established
here for collision-induced desorption. In particular, mul-

tiple collisions do not play a significant role because the
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barrier to motion of physisorbed CH4 tangential to the
smooth surface is very small. A detailed quantitative
comparison of the calculated and experimental cross sec-
tions and analysis of these additional effects follows in a
full manuscript. '

In summary, we have shown that collision-induced
desorption near the threshold energy for desorption
occurs as a result of a direct and impulsive, bimolecular

collision of the incident particle with the adsorbate. The
collision cross section and normal energy transfer upon a
single collision are the two sole important components in

determining the dependences of the cross section for
collision-induced desorption on energy and incident an-
gle. The knowledge that desorption of an adsorbate can

be induced by collision with a low-energy, incident atom
now makes it necessary to assess the importance of col-
lision-induced desorption along with collision-induced

dissociation as a potential major step in the mechanism
of any surface process, such as heterogeneous catalysis,
chemical vapor deposition, and etching, occurring under
significant pressure of ambient gas.
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