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The angular distributions of Ag atoms ejected from a Ag{111} surface due to 2-keV Ar bombardment
have been calculated from molecular-dynamics simulations of the particle impact event. For atoms
ejected with kinetic energies of above 15 eV, the distributions are found to be sensitive to variations in
the ejection energy. The direction along which the maximum sputter intensity is detected alternates be-
tween two different (211) azimuths as the kinetic energy of the ejected atom is increased. A time-
exposure representation of the surface-collision cascade is introduced for examining the collision mecha-
nisms that cause atoms to eject along specific crystallographic directions. It shows that, in addition to
the presence of the open spacings between the first-layer surface atoms, there are subtle collision effects
that determine the preferred direction of ejection. Atomic ejection along those {211) azimuths which
have the non-close-packed row of atoms extending to the bulk is mainly induced by the up-down-, the
head-on-, and the sideswipe-collision processes. The up-down-collision process may result in ejection of
atoms at a distance of more than 20 A away from the point of the primary impact. Further, the low-
energy atoms are usually emitted from the surface due to sideswipe collisions by the moving surface
atoms. The dependence of the preferred direction of ejection on the collision time of the ejected atom is
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also discussed.

I. INTRODUCTION

The measurement of the angular distributions of sput-
tered particles has been a useful approach to characterize
solid surfaces.! " Rather than collect sputtered particles
over all angles and energies, one may selectively detect, as
a function of their takeoff angle, those particles at specific
ejection energies so that structure sensitive information
about the surface may be obtained. The resulting angular
distribution is found to be determined by the presence of
open spacings in the top surface layer.” Atoms around
these spacings may provide strong directional forces on
ejecting particles and render preferential ejection of the
particles along specific crystallographic directions. This
is particularly true for particles ejecting from a close-
packed surface such as the {111} face of the face-
centered-cubic crystal structure.” Determination of the
surface structure by measuring the angular distribution
of the particles sputtered from the surface forms the basis
for surface characterization using the techniques of
angle-resolved mass spectrometry.®~°

In the past, the angle-resolved mass spectrometric
measurement has been performed with a pass energy of
less than 50 eV and with a bandwidth of as small as 2
eV.!737712 Questions arise as to the angular distribution
of sputtered particles at any specific ejection energy. Re-
sults from the theoretical modeling of the collision pro-
cess in the surface have shown that particles emitted at
lower kinetic energies tend to eject late in the collision
cascade, i.e., at the time when the surface is much dis-
turbed by the incident beam.® The higher energy parti-
cles, on the other hand, tend to eject early in the trajecto-
ry when the surface order is still present.>”!* The result-
ing angular distribution of the high-energy particles is
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thus well defined, due to the channeling of the particles
through open spacings in the top surface layer, and better
reflects the structure of the sample surface than that of
the low-energy particles. Accordingly, one would expect
that the sputtered particles of any high ejection energies
may be collected for precisely determining the geometric
structure of the surface. It implies that the azimuthal
direction at which the maximum sputter intensity is ob-
served does not change with the ejection energy.

In this study, the determination of surface structures at
any high energies of ejection is investigated. Specifically,
molecular-dynamics calculations are performed (i) to ex-
amine the sensitivity of the angular distribution to varia-
tions of the ejection energy in the high kinetic-energy re-
gime of above 5 eV, and (ii) to understand the type of
mechanism through which atoms are ejected along par-
ticular crystallographic directions. We find that, as pre-
dicted by the theory, the angular distribution of ejected
particles does not change significantly with the kinetic
energy of ejection when the energy is less than 15 eV.
These particles are preferentially ejected along the (211)
azimuths which have close-packed rows of atoms extend-
ing to the bulk. However, as the kinetic energy of ejec-
tion is increased to more than 15 eV, the preferred direc-
tion of ejection alternates between two different (211)
azimuths, one along the close-packed (211) direction
and the other along the non-close-packed direction. In
order to better understand the variation of the angular
distribution with the ejection energy, we introduce a
time-exposure representation of the collision cascade in
the surface. This representation allows us to explore, in
the atomic level, the collision mechanisms that cause par-
ticles to take off from the surface with specific directions
and energies. Collision mechanisms which result in the
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alternation of the azimuth of the maximum sputter inten-
sity are found to be related to both the surface atomic ar-
rangement along the direction of ejection and the details
of the atomic scattering process in the surface. Atoms
which eject along the non-close-packed (211) azimuth
may result from either the up-down-, the head-on-, or the
sideswipe-collision processes with the moving neighbor-
ing atoms originally positioned as far as more than 5 A
away from the ejecting atoms. Finally, the dependence of
the angular distribution of ejected atoms on the collision
time is explored. Our results show that the angular dis-
tribution may also be affected by the time interval be-
tween the instant of the primary impact on the surface
and the moment when the emitting atom is out of the in-
teraction range with the surface.

II. CALCULATIONAL METHOD

The dynamics of the surface-collision process which is
initiated by the energetic incident particle is modeled us-
ing the computation scheme previously developed by
Harrison and co-workers.'* In this study, Ar atoms of 2-
keV kinetic energy are allowed to impinge at normal in-
cidence onto the Ag{111} surface. The interaction po-
tential of the system is assumed to be pairwise additive.
The force between the impinging particle and the surface
atom is determined by the Moliere approximation to the
Thomas-Fermi potential, with the screening radius being
adjusted according to a formula suggested by O’Connor
and McDonald.!* The development of the collision cas-
cade in the Ag substrate is governed by the Morse poten-
tial.'® Our test of the effect of the interaction potential
on the sputtering process of Ag atoms from the surface
show that the major collision mechanisms that contribute
to the sputter intensity do not change significantly as the
potential parameters are varied. In addition, a micro-
crystallite array of atoms with about 350 atoms per layer
is utilized to represent the substrate. These atoms are lo-
cated at the lattice sites corresponding to those for the
bulk Ag. As shown in Fig. 1, the azimuthal orientation ¢
of our model system is defined with the right horizontal
direction corresponding to the azimuth of ¢=0° The
nearest second-layer atoms of the target atom in the first
layer of the crystallite are located along the azimuths of
$=30°, 150°, and 270° (the (211) directions). The
nearest third-layer atoms of the target atom in the first
layer are positioned along the azimuths of ¢=—30°, 90°,
and 210° (the (211) directions). These two different
(211) directions are along the open spacings between the
first-layer atoms.

To obtain statistically reliable results on the angular
distribution of the particles sputtered from the surface re-
quires calculations with a large number of incident trajec-
tories. In our calculations, 1840 Ar incident particles are
allowed to impinge on the surface and the impacts are
uniformly distributed within a symmetry zone located
near the center of the microcrystallite that represents the
entire surface. Calculations with this large number of im-
pacts are necessary since they allow us to examine, with
some degree of statistical reliability, the sputtering dy-
namics in different regimes of the ejection energy. After
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FIG. 1. A portion of the Ag{111} crystal face. The open cir-
cles represent the atoms in the first layer, the dotted circles
those in the second layer, and the hatched circles those in the
third. The orientation of the azimuthal angle (¢) is defined
from the right horizontal direction.

the primary impact by the incident particle, the trajec-
tories of all the moving atoms in our model system are
followed until either their kinetic energies fall below a
cutoff value of 0.2 eV or they cross the boundary planes
of the microcrystallite. The final position and momen-
tum of the surface atom are used to determine if the atom
is ejected, and to calculate its energy and direction of
ejection.

III. RESULTS AND DISCUSSION

Presented in Fig. 2 are the angular distributions of Ag
atoms that eject from the Ag {111} surface with kinetic
energies of some selected values. The distributions are
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FIG. 2. Spot patterns of ejected Ag atoms from Ag{111}.
Each spot represents an ejected atom. The kinetic energy of
ejection at which the sputtered atoms are detected is specified at
the top of each pattern. The orientation of the pattern is the
same as that in Fig. 1.
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depicted by the density of spots at which the ejecting Ag
atoms intercept an imaginary flat-plate detector located
above the sample surface. The angle from the right hor-
izontal direction in the plane of the flat-plate detector
corresponds to the azimuthal angle of ejection. The radi-
al distance represents the polar deflection of ejecting par-
ticles. As already found both experimentally and theoret-
ically,>!” strong azimuthal anisotropies of the threefold
symmetry are observed in Fig. 2 at all ejection energies
for bombardment on the {111} surface. High densities of
spots are found to occur along the open crystallographic
directions in the top surface layer where the ejection path
is expected to be least obstructed. These directions are
along the azimuths of (211) and (211) for sputtering
from the surface of Ag{111}. The reasons that the
sputter intensities are higher for ejection along the direc-
tions of the open spacings between the first-layer atoms
have been discussed before, and were based on the focus-
ing of the moving atoms by the surface atoms along these
directions.!”

Although the high intensities of sputtering in all angu-
lar distributions of different ejection energies are always
observed along the directions of the open spacings in the
top surface layer, significant differences in the sputter in-
tensity are found for ejection along two different (211)
azimuths. The intensity at (211) is related to the ejec-
tion of atoms in the direction of the close-packed row of
atoms extending to the bulk along the (211) azimuth,
whereas the intensity at (211) is related to that in the
direction of the non-close-packed row of atoms. We find
that at low ejection energies of less than about 15 eV the
sputter intensity at (211) is always higher than the one
at (211). It is believed that the higher intensity at
(211) is associated with the original lattice position of
the moving second-layer atom in the crystal with respect
to that of the ejected first-layer atom.!” When a second-
layer atom moves up toward the first layer, it has a better
chance to collide with a nearest first-layer atom to result
in ejection of this first-layer atom along a (211) direction
than to collide with a second-nearest first-layer atom to
cause ejection along (211).

It is striking, however, that in the high ejection energy
regime the angular distribution is quite dependent upon
the ejection energy. The relative sputter intensity be-
tween (211) and (211) azimuths varies as the ejection
energy is increased. Presented in Fig. 3(a) is a direct
comparison of the (211) and (211) sputter intensities
obtained at a polar angle of 45°. As shown in the figure,
the intensity at (211) (solid curve) is not always higher
than the one at (211) (dashed curve) for ejection with
kinetic energies of higher than 15 eV. In fact, the two in-
tensities are about the same in the ejection energy regime
of between 15 and 45 eV, except at ~20 eV, where the
(211) intensity is slightly higher than the (211 ) intensi-
ty and at ~30 eV, where the intensity at (211) is higher.
Similar variations with the ejection energy of the relative
sputter intensity between (21 1) and (211) azimuths can
also be observed to a certain extent in the global angular
distributions shown in Fig. 2.

Variations in the relative sputter intensity between
(211) and (211) azimuths are much larger at very high
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FIG. 3. Calculated ejection energy distributions of Ag atoms
emitted from Ag{111} at a polar angle of 45°+10° along ¢=30°
(dashed curve) and ¢=—30° (solid curve). The intensity is in
the unit of the number of atoms. The bandwidth of the pass en-
ergy is assumed in the calculation to be +2.5 eV for atoms with
kinetic energies of less than 50 eV and £5.0 eV for those with
energies of more than 50 eV.

ejection energies. Figure 3(b) shows the sputter intensi-
ties at these two azimuths between 50 and 250 eV. As
shown in the figure, the intensities along these two {211)
crystallographic directions vary relative to each other in
an irregular fashion as the kinetic energy of ejection is in-
creased. At ejection energies of between 48 and 55 eV,
the sputter intensity is significantly higher at (211) than
at (211). The intensities along these two azimuths be-
come about equal at ejection energies of between 55 and
85 eV. Further increase of the ejection energy to between
85 and 95 eV results in the occurrence of the maximum
intensity of ejection along the (211) azimuth. As the
ejection energy is increased to between 102 and 112 eV,
the relative intensity reverses and the intensity along
(211) becomes higher than the one along (211). The
azimuthal direction of the maximum intensity alternates
again, with the intensity at (21 1) being higher than that
at (211) for ejection with kinetic energies of more than
120 eV. The observed changes in the relative sputter in-
tensity along different (211) azimuths indicate that there
are distinct sputter mechanisms associated with each in-
dividual impact that causes surface atoms to eject.'®

As discussed before, the intensity along (211) az-
imuths is expected to be higher than that along {(211)
because of the arrangement of atoms in the substrate.!’
The higher intensity observed in this study along (211)
at some selected ejection energies is quite interesting.
The sputter mechanisms which result in high intensity
along the (211) azimuth are thus investigated. In the
previous studies,'*!° 722 these mechanisms were usually
obtained by numerically following the movement of
specific substrate atoms of interest or by analyzing a se-
quence of snapshots of the bombarded surface. Here, we
introduce a time-exposure representation of the collision
cascade in the surface. In this representation, the three-
dimensional atomic motion in the substrate as well as the
atomic movement in the collision-time scale are integrally
depicted schematically. It provides a full perception of
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the complex tout ensemble of energetic particle bombard-
ment on the surface. Shown in Figs. 4, 5, and 6 are the
time-exposure representations of the collision cascades in
the Ag{111} surface which are induced by bombardment
of individual 2-keV Ar particles of normal incidence at
specific impact points. The trajectory of each surface
atom is portrayed by a string of circles and the time inter-
val between two successive circles is arbitrarily chosen to
be ten calculation time steps. The open circle represents
the first-layer atom and the size of the circle depicts the
vertical displacement of the atom in the substrate. The
smaller the circle is, the deeper the atom is displaced into
the bulk. In addition, the heaviness of the circle is used
to indicate the sequence of the atomic movement in time,
with the lighter ones representing the atom in the earlier
time steps of the collision cascade. Those atoms which
acquire sufficiently large kinetic energies to overcome the
surface binding energy and eject into the vacuum are la-
beled with their final kinetic energies. Finally, the trajec-
tory of the primary particle is marked by a series of sym-
bols, with the plus (+) representing the particle move-
ment above the surface, the cross ( X ) the movement be-
tween the first and the second substrate layers, the
upright triangle (A) the movement between the second
and the third layers, the inverted triangle (V) the move-
ment between the third and the fourth layers, and the
square ([J) the movement underneath the fourth layer.
The size of the symbol also depicts the vertical height of
the primary particle within the designated space in the
substrate.

Studies using this integrated schematic representation

of the surface collision cascade show that there are

several important collision mechanisms which may result
in ejection of the surface atoms along {211) azimuths.
One mechanism involves the emission of a first-layer
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FIG. 5. Time-exposure representation of the energetic
particle-induced atomic-collision sequence in the surface. Only
the atomic displacement close to the point of the primary im-
pact in the top two atomic layers of the surface is shown.

atom which is pushed up above the surface by a neigh-
boring first-layer atom moving along a {211) direction.
As shown in Fig. 4, the primary particle strikes the target
atom in the surface and then moves down into the bulk of
the crystal. The target atom is thus driven to move along
a (211) direction, with ¢ ~150°, and into the space be-
tween the first and the second layers of the crystal. It in
turn forces one of its second-nearest neighbors in the first

FIG. 4. Time-exposure representation of the energetic
particle-induced atomic-collision sequence in the surface. Only
the atomic displacement close to the point of the primary im-
pact in the first layer of the surface is shown.

FIG. 6.

Time-exposure representation of the energetic
particle-induced atomic-collision sequence in the surface. Only
the atomic displacement close to the point of the primary im-
pact in the top three atomic layers of the surface is shown.
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layer to move upward and to eject from the surface with
a kinetic energy of 7.2 eV along the azimuth of ¢~ 150°.
This type of the ejection process bears some resemblance
to the up-down-collision mechanism reported previously
by Harrison and Delaplain for momentum being
transmitted through the close-packed string of atoms in
the first layer.?® In our case, the momentum is transmit-
ted through the non-close-packed string of atoms in the
first layer along the (211) azimuth. Further studies
show that the up-down-collision sequence may travel
quite a distance along (211) directions and cause ejec-
tion of the surface atoms which are originally located at
more than 20 A away from the point of the primary im-
pact.

The second scattering mechanism which results in
atomic emission along (211) directions is associated
with the alignment of the atomic motion in these direc-
tions of ejection. This mechanism is illustrated in Fig. 5,
in which the second-layer atoms are represented by dot-
ted circles. As shown in the figure, the 2.5-eV atom ejects
from the surface along the azimuth of ¢ ~30° because of a
head-on collision by one of its second-nearest neighbors
in the second layer. This second-layer neighboring atom
is originally pushed up by one of its own neighbors in the
same layer, which in turn is originally knocked down-
ward by the primary particle to move into the space be-
tween the second and the third layers of the crystal. This
ejection process is somewhat similar to the focuson-type
collision mechanism,?* although in our case the ejection
occurs along the direction of the non-close-packed row of
atoms which extends from the bulk with a polar angle of
54.7°. Our studies of the successive head-on collisions for
atomic emission along (211) directions show that this
collision sequence may be initiated from as deep as the
third atomic layer.

The most important collision mechanism which causes
atoms to eject along (211) azimuths is, however, associ-
ated with the sideswipe of the surface atom by a moving
atom in the crystal. With this mechanism, the ejection of
a first-layer atom is usually induced by collision of one of
its nearest neighbors in the same layer or one of its
nearest or third-nearest neighbors in the second layer.
For example, the 0.8-eV atom in Fig. 6 is forced to move
upward along the azimuth of ¢ ~270° by a skip hit of its
nearest neighbor in the first layer. This first-layer neigh-
bor is originally knocked away from its lattice position by
the primary particle to travel along the azimuth of
¢ ~330°. The sideswipe collision process usually results
in ejection of atoms with low kinetic energies.

Ejection along (211) azimuths may also be caused
directly by the collision of the primary particle. In this
case, atoms may be pushed out of the surface by the pri-
mary particle which is either moving down into the crys-
tal, traveling within the space between surface layers, or
returning from the bulk. The mechanistic details of the
ejection process due to the collision by the primary parti-
cle are similar to that of the three processes (the up-
down-, the head-on-, and the sideswipe-collision se-
quences) discussed above. For example, as shown in Fig.
6, the incident particle drives a second-layer atom down
into the bulk upon the primary impact on the surface. It
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then moves into the space between the first and the
second layers of the crystal. When traveling in this
space, it sideswipes an atom in the first layer and causes it
to take off with a kinetic energy of 44.1 eV along the az-
imuth of ¢~150°. The primary particle then emerges
from the surface at a distance of about 2.9 A away from
the point of the primary impact. We note that Fig. 6 also
shows the ejection of a first-layer atom which takes off
with a kinetic energy of 18.6 eV along the azimuth of
¢~ 150°. This ejection is due to a sequence of successive
head-on collisions which is initiated from the third sur-
face layer. (The third-layer atoms are represented in Fig.
6 by hatched circles).

Variations with the ejection energy of the angular dis-
tribution of sputtered atoms may pose some limitations in
the experimental determination of surface structures us-
ing angle-resolved mass spectrometry. As we have dis-
cussed before, the existing ejection theory>® predicts that
the desorption of particles from the surface due to the en-
ergetic incident collision is strongly influenced by the
presence of the open spacings between the first-layer
atoms and by the atomic arrangement in the crystal.
Thus, the angular distribution of ejected particles should
reflect the geometric structure of the surface if the high-
energy particles are detected. Results from our present
study, however, indicate that this simple approach to
determine the structure of solid surfaces may be applied
only if the ejection energy dependence of the angular dis-
tribution is also known.

It is theoretically interesting to see if other detection
parameters exist which may provide angular distributions
with little variations in the relative sputter intensity be-
tween (211) and {(211) directions. Results of our stud-
ies show that the selection for detection of the ejected
atoms based on the collision time, instead of the ejection
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FIG. 7. Calculated collision-time distributions of Ag atoms
ejected from Ag{111} at a polar angle of 45°+10° along ¢=30°
(dashed curve) and ¢ = —30° (solid curve).
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energy, may be utilized for obtaining angular distribu-
tions with fewer alternations in the maximum sputter in-
tensity between these two directions. Here, the collision
time is defined as the time interval between the instant of
the primary impact on the surface and the moment when
an emitting surface atom passes the cutoff boundary of
the interaction potential, which in this study is chosen to
be at a distance of 5 A from the surface. In Fig. 7, the
dependences on the collision time of the sputter intensi-
ties along (211) and {(211) directions are shown. On
the whole, the intensity along the (211) direction (solid
curve) is greater than the one along the (211) direction
(dashed curve), although the relative intensity between
the two directions changes as the ‘collision-time win-
dow” is tuned for ejected atoms. In particular, at the col-
lision time of above ~50 fsec the sputter intensity along
(211) is almost always higher than the one along (211).
It suggests that the collection of the sputtered atoms of
all energies and long collision times may be applied for
providing significant information about the geometric
structure of the surface.

IV. CONCLUSIONS

The angular distributions of ejected atoms from a
Ag{111} surface are calculated from classical dynamics
simulations of the particle surface collision process. At
low ejection energies, the distributions are well predicted
by the existing ejection theory. However, as the kinetic
energy of ejection is increased to about 15 eV, the pre-
ferred direction of ejection alternates between two
different (211) azimuths. To explore the genetics of the
ejection process which results in atoms taking off from
the surface along particular crystallographic directions,
an integrated schematic representation of the collision
cascade is introduced. In this representation, the three-
dimensional atomic displacement sequences in the surface
are depicted in a collision-time scale. It shows that the
peak azimuth of ejection may be decided by the presence
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of the open spacing in the top surface layer, the atomic
arrangement in the crystal, and the details of the atomic
collision process in the substrate. Collision mechanisms
such as the up-down, the head-on, and the sideswipe pro-
cesses may all contribute to the sputter intensity obtained
along the non-close-packed (211) direction. In particu-
lar, the sideswipe-collision mechanism, in which the sur-
face atom is ejected due to a skip hit by a moving particle
in the crystal, contributes most to the sputter intensity.
Except being hit by the energetic primary particle, atoms
desorbed through this mechanism generally have low ki-
netic energies of ejection.

The alternation of the maximum intensity of sputtering
in the angular distribution of ejected atoms may pose
some difficulties in the experimental determination of the
surface structure using angle-resolved mass spectrometry.
However, with the aid of the computer simulation of the
collision process in the surface, the dependence of the an-
gular distribution on the ejection energy may be fully uti-
lized to explore some complex surface structures. For ex-
ample, chemisorption of Ag on Si{ll1l Y2728 causes
significant structural changes in the Si surface. There has
been no consensus as to the exact structure formed at low
Ag dosages and to the vertical distance of the Ag atom
relative to the Si atomic layer. Depending on the height
and the location of Ag relative to that of Si the variation
of the Ag and Si angular distributions with the ejection
energy is expected to be different for the different
structural models proposed.

Studies using our time-exposure schematic representa-
tion of the collision cascade also reveals interesting sur-
face phenomena related to the collision of energetic parti-
cles on the surface. Although there are incidences which
develop collision cascades of considerable complexity,?
some of them induce very simple collision sequences in
the surface. On the whole, this representation shows that
under static keV particle bombardment, the crystal struc-
ture near the target atom of the surface may not be
severely damaged. Confirmation of this observation will,
however, require further study.
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