Charge transfer at surfaces: A model for |onization in SIMS
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A microscopic model is presented to describe the probability of charge transfer for the desorption
of ions from surfaces. Results from this model study provide a theoretical basis for understanding
the ionization process in SIMS and ESD experiments, Predictions of the model that have a direct
bearing on the interpretation of experimental data are emphasized in this study. We examine the
effect of angle of ejection, both polar and azimuthal, and the nonconstant velocity during
desorption due to a surface binding energy on the i tomzatnon probablllty

PACS numbers: 79 20.Nc, 79.20.Hx

~ 1.INTRODUCTION

The desorption of energetic partlclw from -solids is a key
feature of many experimental techniques for analyzing sur-
face composition and structure. These techniques include
secondary ion mass spectrometry (SIMS), fast atom bom-
bardment mass spectrometry (FABMS), 2>Cf plasma de-
sorption mass spectrometry (PDMS), electron-stimulated
desorption (ESD), and ion scattering spectrometry (ISS).
One common feature of all these experimental procedures is
that ions are generally measured whereas the predominant
species that desorb are often neutral.'-* Unfortunately, the
ion fraction is very sensitive to the details of the electronic
structure of the surface. Thus, it is difficult to use these tech-
niques for quantitative measurements of the abundance of
surface species.

To make precise determinations, either of the quantitative
composition of elements on the surface or of exact bonding
" geometries, the mechanism of desorption, both for the nu-

clear and electronic motion, needs to be understood in detail. |

Although considerable effort has been expended in trying to
understand the nuclear motion of the desorbing particles,®
relatively little is understood about the basic processes in-
volved in the ionization or neutralization, particularly at the
microscopic level. Our goal is to develop a model for the
charge transfer processes which occur in the surface region
that takes into account the details of the local electronic
structure of the system at the time of desorption as well as the
nuclear motion of the atoms.

In this study a model is presented that incorporates the
electronic motion into a well-developed scheme of following
the nuclear motion of the atoms.”® The details of the elec-
tronic structure of the system are included through atomic
orbitals and a time dependent coupling matrix element or
hopping integral. The predictions of this model for the val-
ues of the ionization probability R * as a function of some of
the model parameters have been examined previously.” This
original study indicates that the model is a physically reason-
able one for examining the ionization process. In this study
we examine predictions of the model that have a direct bear-

ing on the interpretation of experimental results. We find

that the ionization process is more strongly coupled to the
perpendicular component of the velocity of the ejected atom
than the total velocity. The model predicts relatively little
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dependenceof R * on the azimuthal angle of desorption. For
velocities which correspond to kinetic energies that are com-
parable to surface binding energies, the value of R * corre-
lates better with the velocity of the particle as it first begins to
move rather than the final velocity which is measured.

il. MODEL

The ionization process for ejected adatoms is modeled us-
ing a classical path method. The Hamiltonian is separated
into a part for the motion of the atomic nuclei in the system
(adatom, metal substrate atoms); and a part for the electronic
motion. The nuclear motion is presumed to be correctly de-
scribed by classical mechanics. The details of the model for
the electronic motion are described in detail elsewhere’ and
will only be briefly summarized here. In this prescription the
electronic levels of the system are described explicitly. The
wave functions in the solid are expressed as a linear combina-
tion of atomic orbitals. First order differential equations can
be derived for the time dependent expansion coefficients.
These equations are then numerically integrated along with
Hamilton’s equations for the nuclear motion to determine
the final ionization probability. The hopping integral that
couples the atomic levels is assumed to be exponential in
form as :

Vire)] = Voe=t 0=,

where r(¢} is the time dependent distance between pairs of
atoms, ¥, is the coupling strength, A is the range of the inter-
action, and 7 is the equilibrium separation between atoms.

In this paper we investigate an ensemble of atoms consist-
ing of a single adatom adsorbed on a collection of metal
atoms. The desorption is induced by giving the adatom an
arbitrary velocity away from the surface. Both the adatom
and substrate atoms have atomic orbitals that electronically
interact. The arrangement of metal atoms and the adsorbate
atom is shown in Fig,. 1. The adsorbate atom is placed in a
fourfold-bridged site 1.0 A above the surface. The param-
eters used in the model for the nuclear motion are given in
Ref. 7. The coupling strength ¥, is set equal to 0.20 eV for
both the metal-metal and metal-adsorbate i interactions. The
coupling range A is fixed at a value of 2.3 A~". Each metal
atom that electronically interacts has two atomic levels of
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FIG. 1. Cu(001) face. The solid circles represent the first layer atoms and the
broken circles represent the second Iayer atoms. The hatched circies are the
metal atoms that constitute zone G of Ref, 7. The numbers from 1 to 8
designate atoms which are included in different zones used in this study.
The adsorbate atom is originally located in a fourfold bridge site 1 A above
the surface u!d is denoted by the cross-hatched circle. ’

energies — 5.0 and — 5.5 eV. The adsorbate atom has one
level of energy — 6.0 eV. .

Il. RESULTS AND DISCUSSION

The values of the ionization probability R * have been ex-
amined for velocities of the desorbing adatom between 10
and 10° cm/s. Shown in Fig. 2 is a typical dependence of the
values of R * on velocity v of the ejected adatom for desorp-
tion normal to the surface (@ = 0°). For high velocities the
value of R * approaches the initial charge of the adsorbate
atom (sudden limit). For velocities of interest for the SIMS
process R * is approximately proportional to v where n is
between 2 and 4. A velocity of 10° cm/s corresponds to a
kinetic energy of 8 eV for a particle of mass 16 amu (oxygen).
The minimum in the curve at v~ 10%* cm/s results from a

-
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resonance effect due to the discrete nature of the energy spec-
trum.” The effect of altering both the polar angle 6 and azi-
muthal angle ¢ on the predicted values of R * is examined
below. Finally, we discuss the effect of a nonconstant veloc-
ity caused by a surface binding energy on the predicted val-
uesof R *.

A. Convergence of R *

In our previous studies we found that for the adatom de-
sorbed in a direction normal to the surface that 9-17 metal
atoms, each with two electronic levels, were needed so that
the infinite system was reasonably approximated. For mo-
tion of the adatom that is not perpendicular to the surface we
must redetermine the number of atoms that are necessary to
include in the caiculation. For the normal desorption case
0 = 0" we have included 17 metal atoms shown in Fig. 1 in
the calculation. This group of atoms is referred to as zone G
in Ref. 7. For a polar angle of 45° we have tested the effect of
including additional atoms in the electronic zone in the azi-
muthal direction that the adatom desorbs on the predicted
valuesof R *, , ~ ’

The convergence of the values of R * as a function of num-
ber of atoms in the electronic zone is shown in Fig. 3(a) for
desorption angles of @ = 45° and ¢ = 45°. Inclusion of atoms
3 and 4 with the atoms in zone G is sufficient to converge the
predicted values of R *. Additional testing that included
atoms 1 and 2 did not result in further changes in the values

- of R ™. For exit angles of = 45° and ¢ = 0°, inclusion of

atoms 4 and 6 [Fig. 3(b)] is sufficient to converge the predict-
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F1G. 3. Log R * vslog v for various groups (a) @ = 45", = 45° -@- zone G;-
X-zone Gplus atoms 3 and 4 of Fig. 1; -0- zone G plus atoms 3, 4, and 5 of

- Fig. 1.(b) 0 = 45,4 = 0", - A- zone G; -@- zone G plusatoms 4 and 6 of Fig.

1;-0- zone G plus atoms 4, 6, and 7 of Fig, 1.
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ed values of R *. No testing was performed to see if atoms

away from the direction of desorption could be omitted.

B.R*vsv,

Since the model presented here is three dimensional we
are in a position to test whether the assumption in most ana-

lytic models that the ionization probability depends only on .

the perpendicular component of velocity is valid.” Shown in
Fig. 2 are the calculated values of R * for desorption of the
adatom normal to the surface and at a polar angle of 45° in
the ¢ = 45° azimuthal direction. The values of R * for
6 = 45° are plotted as a function of both the total velocity v
and the perpendicular component v, . If the two points due to
the resonance at 1052 and 10%° cm/s in the @ = 0° curve are
ignored, then for velocities less than ~ 10%° cm/s the values

of R * vsv, for 8 = 45° agree well with those for 8'= 0°. As.

stated above, for high velocities the sudden limit is applica-
ble and the value of R * is the initial charge on the atom. In
this regime the parallel component of velocity is important
for determining the time period in which the adatom inter-
acts with the substrate. In this case the shorter the time peri-
od the higher the ionization probability. Thus, for velocities
greater than ~ 10°° cm/s the value of R * as a function of v,
for @ = 45° is larger than the @ = 0° value. The resonance
effect does not appear in the & = 45° results indicating that
more than just the magnitude of the velocity is important in
the ionization process. Recent SIMS experiments by Yu'®
where O~ is desorbed from niobium and vanadium surfaces
have shown that the O~ intensity correlates well with v, for

— velocities between 1 10° and 3 X 10° cm/s in qualitative
agreement with the results presented here.

- C.R 7 vs the azimuthal angle ¢

The analysis of the angular distributions of particles eject- |

ed from single crystals has been shown to be useful for pro-
viding direct information of the bonding site of atoms and
small molecules on surfaces. Anisotropic angular distribu-
tions are observed in SIMS,*!' ESD,* and ISS'? experi-
ments. Often it is not obvious whether the electronic pro-
cesses or the preferred channeling of the nuclei in certain
directions is responsible for the anisotropy. Generally, in the
interpretation of SIMS and ESD experiments, it is assumed
that the ionization probability is independent of azimuthal
angle. Madey and Yates have observed isotropic azimuthal
H™ distributions in ESD experiments of H,O adsorbed on
Ru(001).* In this case it appears that the reneutralization
process is independent of the azimuthal angle. ISS experi-
ments by several workers, however, indicate that the neu-
tralization process operative for ion scattering is dependent
on the azimuthal angle. Woodruff and Godfrey have pro-
posed a structure dependent neutralization probability for
this process.'? As shown in Fig. 4 we find from our model
that the ionization probability is mostly independent of the
_azimuthal angle for the two symmetry directions ¢ =0"and
¢ 45°. There is a divergence of values, however, at v =~ 10%*
cm/s. We do not believe that this difference is due to incom-
plete convergence of the values of R * with respect to the
number of atoms in the model, since the lack of convergence
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FIG. 4. Log R * vs log v for different azimuthal angles and 0=45 -O-
=0 -A\-9=45"

should most significantly affect the slowest particles. It is
possible that a resonance effect is operative for desorption in
one azimuthal direction and not the other.

D. The effect of binding energy on R *

All atoms that are part of a solid experience attractive
forces. The kinetic energy of an atom in the solid during the
process of desorption must be greater than the final kinetic
energy as it leaves the surface, because some energy is trans-
ferred to overcome the binding energy E, . This means that
the atom has a nonconstant velocity as it interact$ with other
atoms during the desorption process. The final experimen-
tally measured velocity is less than the maximum velocity
that the particle had at some point during its motion. For
particles whose final energy is of the same order of magni-
tude as the binding energy this nonconstant velocity should
have an effect. In the results presented in Figs. 2—4 we have
used a’ pil__ading energy of 0.8 eV. For a particle of mass 16
amu, this corresponds to a velocity of 10°° cm/s.

The influence of binding energy or nonconstant velocity
on the interpretation of the velocity dependence of R * is
shown in Fig. 5. In the upper two panels R * is plotted versus
the initial velocity v;, of the adatom for binding energies of
0.0, 0.8, and 1.6 eV and for desorption at 8 = 0° [Fig. 5(a)]
and 6 = 45°, ¢ = 45°[Fig. 5(c)]. The lower two panels display
R ™ vsuy where v, is the final measurable velocity. Especially
for & = 0 the value of the ionization probability correlates-
value much better with the initial velccity [Fig. 5(a)] than the
final velocity [Fig. 5(b)]. For very low final velocities, the
initial velocity is almost totally that needed to escape the
binding potential, Since R * correlates with v,, , the values of
R should be relatively constant as the velocity of the de-
sorbed species decreases [Fig. 5(b)]. This is in qualitative
agreement with the results of experiments by Yu where the
(0 mtens1ty was relatively independent of the final velocity
in the low velocity regime. '°

The correlation of R * to v,, for 8 = 45° is less obvious.
One possible reason for the lack of agreement between the
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curves in Fig. 5(c) is that the binding energy affects most
strongly the perpendicular velocity component and not the
parallel component. Thus, as v, changes so does the polar
angle. The final measurable polar angle, 45° in this case, is
more grazing than the angle at the start of the atom’s motion.
This ambiguity in determining the appropriate velocity and
angle for correlating with the ionization phenomena will be
present for all species desorbed at low velocities.

IV. SUMMARY

We have presented a microscopic model that describes the
charge transfer process that occurs as atoms desorb from a
surface. The model is especially attractive for application to
ion bombardment experiments since the local electronic
structure at the time of desorption rather than the original
band structure of the quiescent surface is taken into account.
We find for velocities of the desorbed atom that are appro-
priate for SIMS and ESD experiments that the ionization
probability R * is more dependent on the perpendicular
component of velocity than on the parallel component. The
results show that the velocity of the atom during the desorp-
tion process is more important in controlling the ionization
process than the final measurable velocity. For the very low
final velocities, the velocity during the desorption is that
needed to overcome the surface binding energy. In this re-
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gime R * is almost independent of the final velocity. These
results are in qualitative agreement with recent SIMS experi-
ments by Yu.'®

Note added in proof. Dr. A. R. Krauss kindly pointed out
at the AVS Meeting two references where there is experi-
mental evidence for a power law dependence of R * on veloc-
ity. In A. R. Krauss and D. M. Gruen, Surface Science 92, 14
(1980), the authors find for beryllium ions ejected that R * is
proportional to v", where n = 2-3. They also observe a bind-
ing energy effect at low velocities. T. R. Lundquist [Surface
Science 90, 548 (1979)] measured ion and neutral atom ener-
gy distributions of Cu and Ni and found that R * is approxi-
mately linear in velocity. Both of these works are in qualita-
tive agreement with the conclusions presented here.
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