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The application of secondary particle mass spectromelry to analyze the atomic bonding configuration
on a surface was investigated with computer calculations of particle sputtering from an Ar-bombarded sur-
face of Ag{111}. In contrast to the prediction from the present sputtering theory, better resolved structure
in the angular distribution was not observed for particles of high energy sputiered from the surface. These
particles ejected to a wide angle and their angular distribution may not reflect well the atomic bonding ge-
ometry on the surface. The analytical capability of secondary particle mass spectrometry to determine sur-
face structures can be significantly improved by selecting for detection only those particles that have pro-
longed collisions. The preferred directions of ejection and the relative sputtering intensity in the distribu-
tion of azimuthal angle between major open channels on the surface vary insignificantly with the duration
of collision in the regime of long collisions. The results provide the first evidence that at small energies of
sputtering the particles emitted from the surface may contain information about only the top two surface lay-
ers. Secondary particle mass spectrometry can thus be extremely surface sensitive for analysis of properties
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of solid surfaces.

INTRODUCTION

Interest in analysis of solid surfaces increased rapidly
during the past two decades at the demand of miniaturiza-
tion of optoelectronic devices."” The interest reflects that
knowledge of exact substrate composition and the capability
to conirol surface properties are prerequisite to furiher de-
velopment of nanotechnology. The role of the surface be-
comes more critical as the physical dimenston of the materi-
als approaches the nanometer scale. The continued devel-
opment of surface techniques to analyze precisely surface
propecties and to characterize accurately chemical reactions
occurring on surfaces is thus essential for production of
high-performance devices with desircd chemical stability.

Analysis of the geometry of atomic bonding at the sur-
face represents a ynique approach to understand chemical
reactions on surfaces. Among techniques’ used to analyze
this geomeltry, secondary particle mass spectmmetry‘"S is
particularly powerful because of its high detection sensitiv-
ity. Early work® showed that the angular anisotropy of at-
oms sputtered from single crystals reflected the atomic
bonding symmetry of the target crystal face. This observa-
tion was significantly extended in detailed investigation of
fundamental processes of sputiering, and theories to utilize
the technique to elucidate the reaction chemistry and the
geometric structure of clean and adsorbate-covered surfaces
were developed.”'? With a motecular dynamical model to

simulate sputiering, various Wehner-type spot paiterns were
reproduced in calculations of various crystal surfaces.
These spot patterns clearly showed that the ejection direc-
tion of the sputtered species was greatly influenced by the
atomic bonding geometry on the surface. Tracing individ-
ual atomic trajectories revealed that there was a surface
channeling mechanism that governed the behavior of the
ejecting species. According to this mechanism, the ejecting
particles moved preferentially along open crystallographic
directions on the surface. This surface channeling effect
was more influential {o the path of spuitered species that
gjecied with large Kinetic energies (> 20 ¢V) than that with
small energies. The latier species were believed to eject late
in the collision cascade when the initial surface order was
destroyed.” Further, in the case in which ionic sputtered
species were detected, the trajectory of highly energetic
ionic species was closer to that of neutral atoms than the tra-
jectory of weakly energetic species. The presence of the im-
age force caused the ions of 20 eV to deflect by less than 2°
closer to the surface.” Surface alomic bonding structures
may thus be deduced from the angular distribution of the
sputtered energetic species using secondary particle mass
spectrometry.g'“'”'”

This sputtering theory for analysis of atomic bonding
geometries on surfaces was developed mostly based on re-
sults of computer calculations made on small model crystal-
lites and with a tew hundred trajectories. The computations
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were profracted, as the events initiated in the surface by par-
ticles striking the sampie were complicated. However, we
found in early work'® exceptions to the present sputtering
theory about the dependence of the angular distribution on
the detection condition. A thorough examination of the ex-
isting theory is timely, as computational capability im-
proved greatly during the past decade.

Here we report results of full molecular dynamical cal-
culations of Ar bombardment on the Ag{111} surface. The
incident energy in the calculation was chosen to be 2 keV,
which is an impinging energy commonly used in experi-
ments on static secondary particle surface analysis. This en-
ergy is greater than those used before to develop the present
sputtering theory. It is expected that the required duration
of computation is also increased accordingly, because the
momentum of more energetic incident particles tends to dis-
sipate within a larger crystal, The size of the model crystal-
lite used in the calculation was also increased significantly
80 as Lo include all sputtering events in the simulation, Fi-
nally, for improved statistical accuracy, the number of im-
pact points calculated in this work was also increased sub-
stantially.

THE CALCULATION

The mechanistic details of the sputtering process that
takes place due to particle bombardment were predicted us-
ing classical dynamics."” The basic computational scheme
is reported in detail elsewhere.'”™® In this scheme, the mo-
tion of all surface atoms plus the bombarding particte was
developed in time by integrating Hamilton’s equations of
motion. The interaction potential functions between the
colliding partners were assumed to be additive pairwise, To
describe the interaction between the incident Ar particle and
the surface Ag atom, the Moliere approximation to the
Thomas-Fermi potential was used with the screening length
calculated following the Firsov model.”® The interaction be-
tween the substrate -atoms was assumed to be a Morse-
Moliere splined potential %

To enhance the computation efficiency, a moving atom
approximation was employed in this work to simulate the
development of the collision cascade in solids. In (his ap-
proximation, a group of possible interaction partners in the
substrate is first determined for each moving patticle based
on the interaction potential between the moving particle and
its possible partner. A largest potential function ran ge about
1.2 times the lattice parameter was used in the calculation to
determine the number of interaction partners in the group.
The subsequent motion of the particle was then decided by
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considering the force exerted on it by its interaction part-
ners. Only the equations of motion for the moving particles
were integrated. The group of interaction partners of each
moving particle was updated every several timesteps.

The model crystallite of the sample target was con-
structed by placing the substrate atoms at the correspanding
lattice sites, The size of the crystallite used for the simula-
tion is about 5 nm by 5 nm, with a thickness of six atomic
layers. This sample size was sufficiently large to contain al-
most all sputtering processes for all impacts. The structure
of the microcrystallite was uncorrected for the surface sel-
vage effect.”!

The simulations were made on DEC Vax 8550 and
3400 computers, with the Ar atom impinging normal to the
surface. Impact points over a small irreducible area near the
center of the surface were selected for calculation. This
area, with an elementary symmetry corresponding to the in-
cident condition and the surface of the specified configura-
tion, was chosen to be a triangle with a size one sixth of the
primitive cell. In total 1840 impact points were then al-
lowed to be uniformly distributed within the chosen area.

For each collision sequence that resulted in sputtering
from the surface, the initial conditions as well as the colli-
sion durations, final energics, and final angles of the ejected
particies were stored for subsequent analysis. The collision
cascades that resufted in ¢jection to selected angles of inter-
est and with selected kinetic energies were recalculated in
order to examine in detail the refated sputtering process. To
perceive better the mechanistic details of the sputtering
process induced by collision, the ejection mechanisms that
resulted in maximum intensities in the angular distribution
were analyzed by sketching atom-motion pictures, The pic-
ture depicts in time the sequence of three-dimensional
atomic displacement for all substrate atoms around the tar-
oet.

RESULTS AND DISCUSSION

Fig. I shows the calcuiated sputtering yield for Ag par-
ticles ejected from the surface due to Ar atom bombardment.
The yield distribution shows that the size of the model crys-
taliite chosen for this test is adequate, as only about 2% of
the particles were sputiered froin the crystalline edges of a
thickness of two atomic layers. The sputiering yield de-
creased rapidly for a substrate atom located farther from the
impact zone (the dark triangle in Fig. 1). About half the sput-
tered particles originated from atoms initially residing
within two lattice spacings of the targetr atom. More than
three quarters of the sputtered species were from substrate
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atoms located within three lattice spacings from the target.
The ratio of the number of sputtered particles originating
from atoms located at distances more than four lattice spac-
ings from the target 10 the total number of the sputtered par-
ticles was less than 0.08. The spultering process is thus
quite localized and secondary particle mass specirometry
operated in the static mode can thus be used to analyze the
characteristics and the bonding geometries of solid surfaces.
The results also indicate that, for a rapid and qualitative de-
scription of the process of particle emission induced by a
collision, computer simulations with a model crystallite
smalles than that we vsed may be performed.

Fig. 1 shows that most particles sputtered from the sur-
face originated from the top two atomic layers. Approxi-
mately 95% of the atoms ejected from the top layer of the
substrate, compared with ~91% for particles sputtered from
the Ag{100} surface™ and ~76% for those sputtered from
Ag{110}.” The other 5% of sputiered particles were almost
all from the second layer of Ag{111}, compared with ~8%
for particles spuitered from the second layer of the Ap{ 100}

Fig. 1. Percentage of time Ag ejects when averaged over
1840 impact points selected in the triangular zone
shown in the center of the crystallite. If two num-
bers are given, the upper one applies to the first-
layer atom and the lower one to the second-layer
atom. The number between two atoms aligned
horizontally is for an atom in the third layer. Par-
ticles are ejected due to bombardment of silver by
Ar atoms of energy 2 keV at normal incidence.
The horizonta] direction corresponds to the
<110> azimuth,.
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surface?® and ~21% for particles from Ag{110}.** The total
sputtering yield per incident atom, S, is a function of the
crystal orientation, with the yield ratio about 3 : 2 : 1 for
Sauy : Sqieer - Sgriey. The observed variation of the refative
sputtering yields of these three faces may be qualitatively
explained according to transparency theories™ of sputtering.
If the surface atomic density is large the momentum from
the incident atoms is retained near the surface. The struc-
tural damage at the surface created by bombardment of an
energetic particle is thus retained nearer the surface when
the {111} face of the face-centered cubic crystal is exposed
io the incident beam than when the {110} face is exposed.25
The open face allows incident atoms to penetrate through
holes in the surface and to move deeply into the substrate.
The energy of the incident particle is thus deposited in the
bulk of the solid and ejection of particles may occur from
deeper layers. The total yield per incident atom is thus
small for sputtering from the open surface and the structural
damage on surfaces of this type is small. The rapidly de-
creasing sputtering yield from all these surfaces for atoms
residing at increasing depth reveals that information ob-
tained from emission of atoms due to particle bombardment
is specific to the surface.

The development of sputtering theory generaily in-
volves also the characterization of the distribution of kinetic
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Fig. 2. Distribution of energy (in eV) of particles cjected
in directions along ¢ = 30" {dashed curve) and ¢ =
90° (solid curve), respectively, from the
Ag{111} surface under bombardment by nor-
mally incident Ar atoms with cnergy 2 keV.
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enetgy of sputtered particles.”” The calculated distribu-
tion of energy of particles spuitered from the Ag{111} sur-
face is shown in Fig. 2. This distribution has a maximum
about 2 eV for particles sputtered along the direction with
either ¢ = 30" or ¢ = 90°. The energetic tail extends to more
than 300 eV in both directions. The distribution in the en-
ergy regime of more than the most probable gjection energy
decays as

YO Ty
in which E is the ejection energy, Y the number of ejected
particles having kinetic energy E, E, the surface binding en-
ergy of the ejecting particles, and C a collection of con-
stants.”'*> The exponent n is ~1.8 for sputtering along the
direction with ¢ = 30° and ~2.2 for sputtering along that
with ¢ = 90°. The spacial distribution of species ejected
from an impulse of incident particles may thus be estimated
from their approximate kinetic energy distribution. The en-
ergy distributions shown in Fig. 2 are much different from
that expected for the process of thermal evaporation accord-
ing to a Maxwell-Boltzman distribution and the width is
considerably smaller. The sputtering of particles from this
system thus may not result from the thermal spike process.”
In the ejection regime of energy more than 6 eV the
yield of all particles sputtered along the direction with ¢ =
30° is about equal to that along the direction with ¢ = 90°.
According to the present sputtering theory,” the path of
ejecting particles is constrained by atoms nearby. The sput-
tered particles thus proceed along the open channel between
the nearby atoms on the surface and their angular distribu-
tion reflects well the atomic bonding geometry on the sur-
face. Because of the presence of the second-layer atom, the
channel in the direction with ¢ = 30" is less open than the
one in the direction with ¢ = 90°. Hence the sputtering yield
along the direction with ¢ = 30° is smaller than that along
the direction with ¢ = 90°. The difference of sputtering
yields along these two major channels is expected to be
large for energetic particles sputtered from the surface. Ac-
cording to the sputtering theory, these enerpetic particles
eject early in the cascade when much surface order is still re-
tained and when the open channel remains undisrupted.’
The theory thus predicts that the sputtering yield between
the one along the azimuth with ¢ = 90" relative to that along
¢ =130" is increased for particles ejected with greater kinetic
energy. The results shown in Fig. Z agree poorly with the
prediction based on this theory. The results shown in Fig. 2
mdicate that a direct analysis of the surface bonding geome-
try based on this theory may be inapplicable in some sys-
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lems.

Further calculations were made to understand the sput-
tering behavior of particles ejected along these two azi-
muths. Results from calculations of the distributions of az-
imuthal angle at various kinetic energies, in the range 0 - 16
eV, appear in Fig. 3. Only those Ag atoms sputtered with a
polar angle of ¢jection 45° from the surface are exhibited in
the figure. A polar angle 45" was selected because many
static secondary particle mass spectrometric measurements
are made at this angle. This figure shows that the distribu-
tion is sensitive to variations in the kinetic energy of ejec-
tion. At small energies (0 - 1 ¢V), the sputtering intensily
peaks in the directions with ¢ = 90°, -30°, and -150" (the
<211> azimuths). Minimum sputtering intensities were ob-
served about the directions with 6 = 150", 30°, and -90° (the
<211> azimuths) for particles sputtered in this energy re-
gime. The large variation of sputtering intensities along the
two <21 1> aziinuths indicates that the ejection behavior at
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Fig. 3. Calculated distributions of azimuthal angie (in
degree) at the polar angle of detection 45+ 7" for
particles sputtered from a Ag{111} surface bom-
barded by Ar atoms of energy 2 keV at normal in-
cidence. The solid curve represents the distribu-
tion of particles with ejection energies between 0
and 1 ¢V, the dashed curve (---) for energies be-
tween 2.5 and 3.5 £V, the dotted curve {-----) the
one with energies between 5.0 and 7.0 eV, the
dot-dashed curve (----) the one with energies be-
tween 7.0 and 9.0 eV, the two-dot-dashed curve
(:-----) the one with energies between 10.0 and
13.0 eV, and the three-dot-dashed curve (-~ )
the one with encrgies between 13.0 and 16.0 eV,
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small particle energies (0 - 1 ¢V) is governed by the atomic
arrangement of only the top two surface layers. Angle-re-
solved secondary particle mass spectrometry can thus be ex-
tremely sensitive to the surface for analysis of material
properties when it is operated at small energies.

As the ejection energy was increased, the sputiering
intensity in the <21 1> direction increased to a maximum.
The ratio of the sputiering intensity in the <211> direction
1o that in <211> varied with the ejection energy, although
the intensity at <211> was consistently greater than that at
<2T1>. The observed equal intensities along the directions
with ¢ = 30" and ¢ = 90° in Fig. 2 may thus result from the
contribution to the intensity from other polar angles of ejec-
tion, The sputtering intensity at <2 11> is related to the ejec-
tion of atoms in the direction of the close-packed row of at-
oms e¢xtending in the bulk along the <211> azimuth,
whereas the intensity at <2115 is related to that in the direc-
tion of the non-close-packed row of atoms.

The effect of the ejection energy on the angular distri-
bution was further examined for particles sputtered with
large kinetic energies. Predictions based on the present
sputtering theory failed in analysis of surface bonding struc-

Fig. 4. Spotpattern of particles ejected with kinetic ener-
gies of 45 - 55 eV (lower left), 60 - 75 eV (lower
right), 115 - 125 (upper left), and 250 - 500 eV
(upper right) from the Ag{111) surface under
bombardment by normally incident Ar atoms
with energy 2 keV. Each spot represents an
ejected atom and is plotted at a radius of tan8, 8
being the polar angle of ejection, as for a flat plate
collector. The numbers on the abscissa refer to
the polar deflection angle given in degrees. The
horizontal direction corresponds to the <110>
azimuth of the {111} face and the vertical one the
<211> azimuth.
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tures when particles of energy more than 30 eV were de-
tected. Details of the azimuthal angle distributions at vari-
ous polar angles of ejection are presented in the form of the
spot pattern. The pattern shown in Fig. 4 was made by plac-
ing an imaginary flat-plate detector at an arbitrary distance
above the crystat surface. Each spot represents the intercept
position in the plate detector of the momentum vector of an
individuat ejecting particle. The center of the plot corre-
sponds to ejection of a particle along a direction normal to
the surface, The radial distance of the spot is proportional to
tan®, 0 being the polar angle of ejection measured from the
surface normal. The vertical direction is related to the
<211> azimuth of the fcc {111} face, with the positive di-
rection corresponding 10 <211> and the negative direction
<211>. The horizontal direction corresponds to the <110>
azimuth. The azimuthal angle distribution is extremely sen-
sitive to variations in the ejection energy in the regime of
large energy. Although large densities of spots in all plots in
Fig. 4 were invariably observed along the 211> and 211>
azimuths, significant variation of the sputtering intensity
were found for ¢jection along these two directions. The
relative sputtering intensity between <211> and <211> azi-
muths altered greatly as the ejection energy increased. At
energies between 45 and 55 eV the sputier intensity at
<211> exceeded that at <211>. However, the intensity in-
creased more along <211> than along <21 1> for particles
cjected with energies between 60 and 75 e¢V. Further in-
creased detection energy between 250 and 500 eV resulted
in the relative sputtering intensity between the two <211>
arimuths becoming reversed again. This feature of alternat-
ing relative sputtering intensities at increasing energies
would not be readily observable if calculations of only a few
hundred trajectories were performed.

The alternating relative sputtering intensity (Fig. 4)
cannot be readily explained based on the present theoretical
model, which indicates that energetic particles are sputtered
along open channels at the surface. To understand belter
this alternation of sputtering intensities along two major
open channels on the surface requires closer examination of
the ejection process. Detailed mechanistic information
about the collision-induced particle sputtering process may
then be extracted by tracing individual collision cascades in-
itiated by incident particles. Results of mechanistic studies
of the sputtering process that leads to particle ejection from
the surface are presented in Figs. 5, 6, and 7. These figures
were selected from more than a hundred similar calculations
1o present best the points to be mentioned below. A Gme-ex-
posure atom-motion representation of the collision cascade
is used in these figures to exhibit in detail the development
in time of the atomic displacement sequence in three dimen-
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stons in the solid surface. Cascade analysis of the ejection
mechanism according to this pictoriat approach reveals that
ejection of particles with varied energies and to various an-
gles is due to diverse individual sputtering processes. The
most common mechanism is associated with a skip hit of the
sputtered atom by its nearest neighbor, shown in Fig, 5.
Here the trajectory of the primary particle is depicted by a
series of symbols, with the plus (+) representing the particle
motion above the top surface layer, the cross (x) the motion
between the first and second atomic layers, the upright trian-
gle (A) the motion between the second and third layers, the
downward triangle (V) the motion between the third and
fourth layers, and the square ([3) the motion below the
fourth layer. The size of the symbol represents the vertical
height of the primary particic within the designated space.
The smaller is the symbol, the more deeply the particle
moves into the crystal. Furthermore, the scattering path of
each subsizate atom is portrayed by a string of circles and
the interval between two successive circles was arbitrarily
chosen to be ten calculation timesteps. The first-layer at-
oms are marked by open circles. The size of the circle de-
picts the vertical displacement of the atom in the substrate,
with the smaller one representing an atomn being displaced
more deeply into the substrate. The heaviness of the circle
is used to indicate the sequence of the atomic movement in
time, with lighter ones representing the atom in earlier time-
steps of the collision cascade.

As shown in Fig. 5, the primary particle struck the tar-
get atom and then moved down into the bulk of the crystal.

Fig. 5. Atom-motion picture of the collision cascade in
three dimensions in time. Shown here are only
atomic displacement sequences near the point of
primary impact in the first layer of the Ag{111}
surface under bombardment by normally incident
Ar atoms of energy 2 keV.
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The target atom was thus driven to move in the direction
with ¢ ~ 150° and into the space between the first and sec-
ond layers of the substrate. On its way moving down into
the crystal, the target atom hit on the side its nearest neigh-
bors in the first layer and caused one neighboring atom to
move upward and {o eject from the surface along the direc-
tion with ¢ ~ 90° and with a kinetic energy 0.8 ¢V. Another
first-layer neighbor was also caused to eject along the direc-
tion with ¢ ~ 210° and with a kinetic energy 12.5 V. In gen-
eral, an ejection process of this type occurred when a first-
layer atom collided with a nearest neighbor in the same
layer or a nearest or third-nearest neighbor in the second
atomic layer. The ejected atoms from the skip-hit process
generally had small kinetic energies.

Altomic ¢jection from the {111] face of the face-cen-
tered-cubic crystal may also be caused by collisions be-
tween atoms that are aligned near the direction of ejection.
An ¢jection process of this type is illustrated in Fig. 6, in
which the second-layer atoms are represented by dotted cir-
cles, The primary atom impinged on the surface and pene-
trated rapidly into the space between the second and third
atomic layers before reflecting upwards. Upon reflecting
from the third atomic layer, it forced an atom in the second
layer to move upwards along the direction of a non-close-
packed row of atoms in the substrate. The atom from the
second layer then traveled along the atomic row and pushed
from behind an atom in the first layer. The latter atom thus
moved upwards and ejected from the surface with a kinetic
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Fig. 6. Atom-motion picture of the collision cascade in
three dimensions in time. Shown here are only
atomic displacement sequences near the point of
primary impact in the top two layers of the

Ag{111} surface under bombardment by nor-
mally incident Ar atoms of energy 2 keV.
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energy 56.5 eV, A similar ejection mechanism caused an-
other atom of the first Jayer to emit from the surface with a
kinetic energy 0.7 eV. Also shown in the figure are atoms
ejected by means of the skip-hit mechanism with the pri-
maty particle that was backscattered from the third atomic
layer of the crystal. As the primary particle was scattered to
the space between the first and second layers, it forced an
atom of the first layer to eject with a kinetic energy 149.3
eV. Another two atoms of the first layer along the scattering
trajectory of the primary particle were struck glancing
blows and caused to eject with kinetic energies 4.4 eV and
3.1 eV, respectively.

The momenium transferred from the incident particle
may also be retained in an atomic plane perpendicular (o the
surface for a large distance before resulting in emission of
substrate atoms. Presented in Fig. 7 is a cascade developed
with the momentum retained in a plane perpendicular to the
surface along a <211> direction. The primary particle
struck the surface and moved rapidly to the space between
the second and third layers before being backscattered. As
it feft the surface with a kinetic energy 80.6 eV, it knocked
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Fig. 7. Atom-motion picture of the collision cascade in
three dimensions in time. Shown here are only
atomic displacement sequences near the point of
primary impact in the top three layers of the
Ag{111} surface under bombardment by nor-
mally incident Ar atoms of energy 2 keV.
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the first-layer atom K downwards. The atom X in turn
pushed its neighboring atom in the first layer in the perpen-
dicular plane along the <211> direction to eject with a ki-
netic energy 11.7 eV. The momentum of the primary particle
was also retained in the plane and caused ejection of parti-
cles with kinetic energies 53.5 eV and 0.3 eV, respectively.
This ejection process bears some resemblance to the alter-
nating mechanism reported for momentum being transmit-
ted through the close-packed string of atoms in the first
layer.” Our results show that the momentum is retained in
the plane perpendicular to the surface and can be transmitted
through both close-packed and non-close-packed rows of at-
oms in the plane. The transmission distance may be even
more than 2 nan from the point of primary impact.

The presence of unique sputtering processes for parti-
cles ejected at varied angles and with various energies thus
resulted in variation with the ejection energy of the angular
distribution of particles sputtered from the surface. The
variation of the angular distribution with gjection energy
may somewhat limit the analytical application of secondary
particle mass spectrometry. Without the aid of computer
simulations, the technigue in its present form may not be
employed to determine precisely surface bonding struc-
tures, especially when energetic particles are selected for
detection. Further tests of the dependence of the angular
distribution upon the duration of collision reveal that by col-
lecting particles of selected durations of collision the ana-
lytical capability of the technique to characterize atomic
bonding geometries on the surface may be significanty im-
proved. In the calculation, the duration of collision is deter-
mined as the time (in fs) required for a certain substrate
atom to pass the boundary of the interaction potential and to
eject from the surface after primary impact. The longer is
the collision, the more the ejecting substrate atom is re-
tained in the surface. Shown in Fig. § are spot patterns of
particles ejected from the surface with varied durations of
collision, By selecting only those particles in relatively pro-
longed collisions the fraction of particles ejecting along pre-
ferred crystallographic directions is enhanced considerably.
The preferred directions of gjection and the relative sputter-
ing intensity between major open channels vary insignifi-
cantly with the duration of collision in the regime 150 - 300
fs. Particles of prolonged collisions leave the surface late in
the collision cascade. As mentioned, the surface channel is
retained to some extent during sputtering, because the struc-
tural damage introduced by the incident particle is localized.
Thus, instead of ejecting to a wide angle as in the case of en-
ergetic particles, the particles of prolonged collisions are
well confined along the open channel between the surface
atoms. Their angular distribution thus reflects well the
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bonding geometry of the surface.

CONCLUSION

The present sputtering theory was closely examined
for precise analysis of the atomic bonding geometry on the
surface using secondary particle mass spectrometry, The
sputtering process is localized near the point of primary im-
pact in the surface. More than 0% of particles are ejected
within four lattice spacings from the target whena Ag{111}
surface is bombarded by Ar atoms of energy 2 keV. The ra-
tio of the number of particles sputtered from the top surface
layer to the total number of the sputtered particles is about
95%. Atsmall ejection energies (0 - 1 eV), a large variation
in the sputter intensities along two major open channels in
the surface was observed. Hence in this energy regime the
ejection behavior of the sputtered particles is governed by
the atomic arrangement of only the top two surface layers.
The high sputtering yield from the top surface layers and the
unique gjection behavior at small energies render secondary
particle mass spectrometry an analysis technique highly
sensitive to the surface. As the technique can be sensitive to
only the top two surface layers, it may be utilized to explore
chemical processes of underlayer adsorption, such as oxy-
gen on metal surfaces,” " and subsurface growth, such as
the initial growth of metat silicides in silicon,” in great de-
tail.

The ratio of the sputtering intensity along the direction
<211> to that along <2T1> varies si gnificantly with the gjec-
tion energy in the regime of large encrgy. Ejection of parti-
cles at varied angles and with varied energies resulted from
varied individual collision cascades. The energetic particles
ejected at a wide angle and their paths may not be confined
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Fig. 8. Angular distribution of particles ejected with ki-
netic energies 7 - 9 eV and with all collision dura-
tions (left), with collision durations greater than
150 fs (middle), or with collision durations
greater than 200 fs (right) from the Ag {111} sur-
face under bombardment by normally incident Ar
atoms of energy 2keV. See Fig. 4 and the text for
other details.
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along directions of open spacings between surface atoms.
However, the preferred directions of ejection and the rela-
tive sputtering intensity between major open channels vary
insignificantly with the duration of collision for prolonged
collisions. More angle-resolved structure in the angular dis-
tribution may thus be obtained for better analysis of bonding
geometries on surfaces when particles from prolonged colli-
sions, rather than particles with large energies, are detected,

The energy distribution of ejected particles in the en-
ergy regime beyond the maximum energy decayed as 1/E",
E 1s the ejection energy and n about 0.8 for particles sput-
tered along the direction with ¢ = 30° and about 1.2 for those
along the direction with ¢ = 90°. It is also desirable to char-
acterize the energy distributions at specific angles of ejec-
tion so as to characterize better the sputtering process.
Knowledge of the energy distribution of the sputtered spe-
cies is also important for the development of the quantitative
secondary particle mass spectrometric method,” for the de-
termination of variation of work function,” for the analysis
of the chemical state of surface atoms,*” and for the im-
provement of the device performance.** Further investi-
gation of the energy distribution is in progress.
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