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Molecular dynamics computer simulations are employed to investigate, at the atomic scale, the process of
Ag(111) surface erosion stimulated by continuous bombardment by 20-keV Aus; and Cg clusters at 0° and
70° impact angles. The surface modification, the total sputtering yield, and the kinetic energy and angular
distributions of ejected species are calculated at fluences ranging from 0 up to ~3 x 10'* impacts/cm?. It is
shown that Auj irradiation leads to a more corrugated surface as compared to Cgy bombardment. The
development of the surface topography and aggregated alteration of the bulk have a significant influence on
the total sputtering yield and the angular spectra, whereas the shape of the kinetic energy distributions are not
sensitive to the modification of the sample morphology.

Introduction

Bombardment of solids by energetic clusters has drawn
significant attention since it has been found experimentally that
a nonlinear or nonadditive enhancement of the sputtering or
ejection yield occurs relative to bombardment by atomic
projectiles.!? Since then numerous studies using both analytical
approaches and computer modeling have been performed
investigating processes stimulated by cluster impacts.>™ In
general, it has been found that the presence of the nonlinear
yield enhancement is associated with the formation of a region
of a high density of deposited energy. In this region the
assumption of binary collisions (linearity or one particle hitting
another particle) is not fulfilled. This nonlinear behavior
stimulated by energetic cluster bombardment has also found
numerous practical applications. One of the most important
applications is 3-dimensional chemical imaging by secondary
ion mass spectrometry (SIMS).%~!° In SIMS, the application of
clusters such as SFs, Aus, Bis, and Cg, which has been shown
to stimulate a nonlinear enhancement of ion yield,'"'? reduced
chemical damage,'® and reduced damage depth, has opened the
door to a wide array of depth profiling capabilities, particularly
of organic materials (see refs 14—16 for a review).

Currently the most popular cluster projectiles used in SIMS
are Au,/Bi, (n = 2 or 3) and Cg. In the past several years,
there have been numerous computational studies that investi-
gated the dynamics of sputtering by these projectiles.>!7~3
However, almost all of these studies were performed on a flat
surface, in other words, the investigated impacts were indepen-
dent and reflect the experimental condition of zero fluence. In
fact, this approach is the one used over the years to model
sputtering effects.*> The results of computer simulations
performed on flat surfaces are often related to experimental
results, sometimes even those obtained at high fluence condi-
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tions. Surface topography does develop under high fluence
conditions resulting in a surface that is far from flat;*04!
therefore, it is relevant to verify to what extent such a
comparison is justifiable. Performing simulations of high fluence
experiments, however, is computationally challenging. Only a
few attempts have been done to date to trace accumulated effects
by multiple impacts of cluster projectiles or to probe processes
stimulated by single impacts at artificially modified surfaces.
Moseler at al. investigated the smoothing of thin film growth
due to an energetic cluster impact on “tilted” areas of the film.*?
Aoki at al. utilized a Si sample covered with artificially placed
geometrical blocks* or a sample with predefined, sine wave,
surface features** to examine the effects that the surface
roughness on a smoothing process by Ar clusters of hundreds
to thousands of atoms.

The main goal of this paper is, therefore, to discuss similarities
and differences that occur in development of surface topography
induced by impact of 20 keV Au; and Cg cluster projectiles
and to check if, and to what extent, the development of the
surface topography can influence such characteristics as the total
sputtering yield, the kinetic energy and angular distributions of
sputtered particles. The ability to perform such simulations is
made possible by a recently developed “divide and conquer”
scheme for performing sequential impacts.®

Model. Details of MD computer simulations used to model
cluster bombardment are described elsewhere.’ Briefly, the
motion of the particles is determined by integrating Hamilton’s
equations of motion. A “divide and conquer” scheme for
performing several impacts simultaneously, while preserving
the time dependence of the impact sequence has been devel-
oped.*® Briefly, the procedure consists of the following steps:
(1) Generate a large sample to be used for the depth profiling
study. (2) Using random numbers, generate a list of impact
coordinates. (3) Determine the size of a local sample that is
needed to contain a single bombardment event. (4) Choose
which impacts from the list of random points can be run at the
same time. The critical consideration is that the random order
should not be altered. The choice of simultaneous impacts is
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done by using a following criterion: the impact in question
cannot have its local sample overlap any of the impacts already
selected to be run concurrently. (5) Copy the coordinates of all
the particles within a local sample to a separate file, using
periodic boundary conditions around the main sample if
necessary. (6) Run a group of noninteracting impacts simulta-
neously as individual simulations. (7) After the simulations have
ended, replace the old coordinates with the new ones for each
particle that was active. Such reinsertion is possible because
samples used to calculate each impact do not overlap and the
outer region of each sample (with exception of the surface) is
composed from rigid atoms, which act as a sleeve (see below).
(8) Repeat the same procedure for the next round of impacts,
which will now take place on a modified surface.

The main sample used in this investigation consists of a
Ag(111) crystal measuring 53 nm x 53 nm x 27 nm. Two
different shapes of the local samples were used for a single
impact depending on the symmetry of a developing cascade.
The sample used to simulate 20-keV Aus; impacts at normal
incidence was cylindrical in shape with a radius of 8§ nm and a
height of 17 nm measured from the bottom of the deepest valley
present in the local sample. All other impacts were calculated
on samples that were a combination of a cylinder with a radius
of 9 nm and a height of 10 nm measured from the bottom of
the deepest valley, capped at the bottom with a hemisphere of
the same radius. This hemispherical modification is done to
reduce the total number of atoms being simulated, and thus
reducing the computation time needed. The size of the samples
was chosen based on visual observations of the size of collision
cascades stimulated by impacts of 20-keV Au; and Cg
projectiles on Ag(111) respectively. Rigid and stochastic regions
measuring 0.7 and 2.0 nm, respectively, were used on the bottom
as well as cylindrically around the sides to simulate the thermal
bath that keeps the sample at required temperature, to prevent
pressure waves, and to maintain the shape of the sample.’?!
These outer layers also act as a sleeve that allows for the
reinsertion of the modified coordinates back into the main
sample without causing particles to overlap at the edges. 20-
keV Cgo and Aus projectiles were directed onto each sample at
0° and 70° with respect to the normal to the original surface.
Atoms in the projectile had zero velocity relative to the center
of mass of the cluster. A molecular dynamics/Monte Carlo-
corrected effective medium (MD/MC-CEM) potential was used
to describe the Ag—Ag interactions during C¢y bombardment.*’
However, as this potential has known problems when describing
interactions in metal alloys,> the embedded atom potential
(EAM) was used to represent Ag—Ag, Ag—Au, and Au—Au
interactions during Aus impacts.*® The interaction between C
atoms in the projectile were described by the adaptive inter-
molecular potential, AIREBO.*’ Finally, the interactions between
C and Ag atoms were described by a weak Lennard-Jones
potential®® splined at small distances with a purely repulsive
Moliere potential to better describe high energy collisions. A
total of 800 impacts were performed per (53 nm)> which
corresponds to a fluence of ~2.9 x 10" impacts/cm®. Each
individual impact was followed for 20 ps. This amount of time
was sufficient to allow the roughly 10 ps collision process to
occur and then allow the sample to equilibrate. Each 20 ps
simulation required approximately two and six hours of CPU
time on a 3.0 GHz Intel Xeon 3160 (Woodcrest) Dual-Core
Processors for 20 keV Ausz and Cg, respectively. We have used
a flat surface and a surface previously modified by 800
consecutive impacts of clusters in order to calculate and compare
kinetic energy and angular distributions of ejected species. These
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surfaces were irradiated at various points by 150 projectiles to
increase statistical accuracy. Also in this case, individual impacts
were simulated for 20 ps. Although this time is sufficient to
contain sputtering phenomena taking place at the surface, it is
much smaller than the time needed for sputtered particles to
reach the detector in the experiment. Consequently, ejected
clusters at the end of the simulation may have sufficient internal
energy to unimolecularly decay.*®* To minimize the influence
of this phenomenon on our spectra and to maintain a tractable
computer time, we have divided the simulation into two time
regimes. In the first time regime, the movements of all particles
in the system were traced until 20 ps. In the subsequent regime,
only the movements of sputtered particles were followed up to
500 ps. The calculations performed by Wucher and Garrison
show that most of the ejected unstable silver clusters decompose
into stable fragments on a time scale of several tens of
picoseconds.*®** Therefore, we believe that the adopted time
limit is sufficient to take into account the significant portion of
these events. All kinetic energy and angular spectra presented
in this paper were calculated from the corrected data.

Finally, there are disparate time scales between successive
impacts in the simulations and experiment. The time between
successive hits at overlapping impact areas in the simulation
can be as short as tens of picoseconds whereas in the experiment
the time is on the order of microseconds to milliseconds
depending on the ion current. On this microsecond to mil-
lisecond time scale, thermal diffusion of material subsequent
to the bombardment event is possible. The current MD simula-
tions include all atomic motion to ~20 ps at which time the
material is equilibrated and thus provides a starting point for
possible thermal motion to occur. However, the thermal
diffusion coefficient for Ag at ~560 K is 3 x 1078 ¢cm?/s.>°
This small value indicates that diffusion would be at most a
small contributor to interlayer mixing in this system at room
temperature and is meaningless in experiments performed at
liquid-nitrogen temperatures.

Results and Discussion

Morphology. Typical craters created by an impact of 20 keV
Au; and Cg projectiles at a flat surface are shown in Figure 1
for normal and oblique impact angles. The presented craters
were created during impacts that result in a sputtering yield close
to the average value. It is evident that the size of the craters
depends both on the type of the projectile and on the impact
angle. The crater formed by an impact of a 20-keV Aujs cluster
at normal incidence is elongated in the vertical direction with
a relatively small opening. Although, the crater extends deep
into the sample a large fraction of the primary kinetic energy is
deposited below the crater depth and cannot contribute to
sputtering. While not contributing to ejection, this energy leads
to a significant interlayer mixing.?* The crater is surrounded by
whiskers of melted and resolidified material that extend into
the vacuum. These structures are particularly visible for 70°
impact angle and indicate that during Aus impact a volume of
very large density of primary energy is formed and that this
energy is not redistributed isotropically. The crater formed by
a normal impact of 20-keV Cg) has a larger opening diameter
and is shallower than the corresponding crater formed by 20-
keV Auj; impact. The crater is also more azimuthally isotropic
and the overhanging features are not present. The increase of
the impact angle results in a decrease of the crater depth for
both Auz and Cg,. However, this is where the similarity ends.
While the lateral dimensions of the crater are significantly
increased for Auj projectile bombarding Ag surface at 70°, the
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Figure 1. Top and cross sectional side views of typical craters created
by impact of 20 keV: (a) Au; and (b) Cg at normal incidence and (c)
Aus and (d) Cg at 70° impact angle at a flat Ag(111) surface at time
of 20 ps. Colors scheme depicts final elevation of atoms spanning from
—5 nm (blue) to +5 nm (red) relatively to the original surface plane.
The cross sectional view is 1.5 nm wide (as indicated be dashed lines
in panel d) and is centered along the projectile impact point. The arrow
in panel d indicates azimuthal direction of the projectile impact for
oblique incidence.

opposite trend is visible for Cg. The crater created by oblique
Auj; impact becomes ellipsoidal in shape with a longer axis
almost parallel to the impact azimuth. Although, some lateral
anisotropy is also present for 20-keV Cg at 70°, the eccentricity
of the crater opening is small and the shape of the crater rim is
rather insensitive to the impact angle. A similar behavior has
been reported in Cq angle of incidence dependence study
performed on organic systems.>!?

The difference of shapes of the craters formed by Au; and
Ceo projectiles is a consequence of a different initial history of
the penetrating clusters. Due to its large size Cgy projectile
interacts strongly with the sample atoms. The process is almost
mesoscopic in that the interaction of a Cg projectile with the
rest of the system is a many body collision in which several
projectile atoms simultaneously hit the same target atom.'%-3!-33
The individual atoms in the cluster are not initiating their own
collision cascades; rather they are working cooperatively to
move the target atoms. One of the consequences of such activity
is the generation of pressure waves that propagate in the
sample.'>?! After impact of the Cg, projectile on the Ag surface,
the spatial correlation of C atom movements is lost almost
immediately. Due to the heavier mass of the Ag atoms, most
of the C atoms originating from the projectile are reflected
toward the vacuum. Consequently, the energy of the cluster
projectile is deposited in a shallow volume of the sample in a
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short time, leading to the ejection of many particles. As a result,
a large but relatively shallow and azimuthally isotropic crater
is formed. The energy dependence studies show that the size
of the crater, and consequently, the total sputtering yield
decreases with a decrease of the initial kinetic energy.?>?%3* The
diameter of the crater is predominantly affected while its depth
is much less reduced.?

A different scenario takes place during Au; bombardment.
While the Cg, shatters and the direction of motion of the
individual carbon atoms quickly randomizes due to multiple
collisions, the downward movement of gold atoms in most cases
remain coordinated for a long time.”®% This difference in
behavior is primarily due to two main factors: energy per
projectile particle and projectile atom mass versus substrate atom
mass. Each carbon atom composing the 20-keV Cg cluster, has
333 eV of kinetic energy and a mass of 12 amu, and is traveling
with a momentum 18 times smaller than that of a gold atom
from 20-keV Auj; projectile, which has a kinetic energy of 6667
eV and a mass of 197 amu. Thus, the carbon atoms are more
easily deflected by the 107 amu Ag atoms. As a consequence,
at the end of the first picosecond, all of the downward
momentum of the fullerene molecule is appreciably reduced and
each carbon atom is confined to the evacuated crater region of
3 nm deep or less. Conversely, the gold atoms are heavier than
the silver atoms. Some of them, therefore, travel deep into the
sample depositing their kinetic energy over a significant depth.
For instance, for the trajectory shown in Figure la, the crater
extends up to 3.5 nm while the three Au atoms are implanted
at a depth of 2.3, 6.7, and 16.3 nm, respectively. One
consequence of such behavior has already been mentioned; that
is, an elongated shape of the crater and a lower sputtering yield
as compared to corresponding Cg impact. Another consequence
is a much larger effect of the increasing impact angle observed
for the Au; projectile as compared to the Cg cluster. The average
penetration depth of the 20-keV Auj projectile is significantly
altered when the impact angle changes from 0° to 70°. As a
result, the energy deposition profile shifts closer to the surface
and a larger portion of the primary kinetic energy can be
deposited in the volume that actually can contribute to
sputtering.’'*%%7 For a wide range of impact angles, the energy
reflection process has only a modest role on the sputtering yield
for heavy Au atoms. As a result, the total sputtering yield
increases when the impact angle is increased. Only at large
impact angles does the energy reflection begin to dominate and
the efficiency of erosion decreases.’” We have found that the
calculated sputtering yield is almost constant up to 30°. At larger
angles it begins to rise significantly, reaching a pronounced
maximum around 65°. Contrary to Auz bombardment, the
primary kinetic energy is already deposited in a shallow volume
for the fullerene projectile at normal incidence. Therefore, an
increase of the impact angle will not supply any additional
energy in the active region. On the other hand, the effect of an
increased reflection of the primary kinetic energy is more severe
for light projectile atoms. As a result, the total sputtering yield
of Ag due to Cg bombardment has a wide and flat maximum
around 30° and the signal begins to decrease at larger impact
angles.?

If the general trends observed during individual impacts on
a flat surface were preserved during continuous irradiation, one
would expect to see a significant difference in the topography
of the irradiated surface. The resulting surface topography
obtained after 800 impacts (fluence 2.9 x 10'* impacts/cm?) of
20-keV Auj; and Cg at 0° and 70° impact angles are shown in
Figure 2. Indeed, there are significant differences between
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Figure 2. Top view at the surface topography created after 800 impacts
(fluence of ~2.9 x 10" impacts/cm?) of 20 keV: (a) Auz and (b) Cgy
at normal incidence and (c) Auz and (d) Cg at 70° impact angle. Colors
scheme depicts final elevation of atoms spanning from —5 nm (blue)
to 5 nm (red) relatively to the original surface plane. The arrow in
panel 2d indicates azimuthal direction of the projectile impact for
oblique incidence.

surfaces sputtered by Au; and Cg projectiles. There is also a
quite pronounced effect of the impact direction. As expected
from the data shown in Figure 1, the most corrugated surfaces
are formed after irradiation with Aus clusters at normal
incidence. The created structures are narrower than analogous
structures formed after C¢p bombardment and have a larger
difference between the lowest and the highest elevations (~20
nm for Auz and ~14 nm for Cg at normal impact angle). The
oblique irradiation leads, in general, to a less corrugated surface
as compared to the normal bombardment. The least corrugated
surface is achieved during 20-keV Cg irradiation at 70° impact
angle. However, even in this case, surface modification is still
significant. After the impact of 800 clusters, there are only small
parts of the crystals that remain flat. The surface is composed
of a network of monoatomically high atomic terraces that form
valleys and mound-like structures. A closer inspection of the
data presented in Figure 2 shows that silver atoms retain their
original arrangement in these areas. The spatial orientation of
the surface valleys is correlated with the azimuthal direction of
clusters impinging at 70°.

At the fluence of 2.9 x 10" impacts/cm?, the average level
of the bombarded surface has shifted by 1.95 and 1.06 nm
downward for 20-keV Cgy at 0° and 70° incidence and 1.34
and 1.29 nm for 20-keV Aus at 0° and 70° incidence,
respectively. At low fluencies, however, we observe that the
average surface level is actually increased. Such surface swelling
was observed experimentally and is attributed to projectile atom
implantation and/or amorphization/randomization of the irradi-
ated structure.’® ' The second process is more probable in our
case particularly for Cg where atom implantation is low?* and
carbon atoms are also smaller than Ag atoms. It is also very
interesting to note that, apart from the average surface retraction
observed at 2.9 x 10'* impacts/cm?, there are many areas that
actually extend way above the original surface level. The effect
is particularly strong for Auj at normal incidence where many
narrow, stalagmite-like structures rise up to 5 nm above the
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Figure 3. Root-mean-square roughness in nanometers of the entire
sample versus the number of projectile impacts and the ion beam
fluence. Dash-dotted, solid, dashed, and dotted lines represent 20 keV
Aus Cg at normal incidence and Auj and Cgy at 70° impact angle,
respectively.

original surface level. The structures created by 20-keV Cg
impact at normal incidence are wider and lower than the ones
obtained during Auj irradiation. Nevertheless, some of these
structures also protrude into the vacuum above the original
surface level.

To compare more quantitatively the evolution of the irradiated
surface, the root-mean-square (rms) roughness of the investi-
gated systems is calculated. The variation of the rms as a
function of the number of impacts or a fluence is shown in
Figure 3. To calculate the rms roughness, the sample was
discretized into 0.42 nm by 0.42 nm columns, with each column
giving a surface height value. This size was chosen in order to
be as small as possible for accuracy but large enough so as not
to obtain measurements of zero between crystal lattice rows.
Two trends can be identified in the development of surface
roughness. First, at the beginning, the value of the rms increases
fast. This fast increase is followed by a slow increase that finally
goes into saturation. We attribute the initial fast increase to the
fact that the roughness of the sample is rapidly changing due
to the (artificially) flat surface starting conditions. This phase
then moves into the more natural, slow decay caused by multiple
bombardments. With this trendline, the estimated final roughness
value is 2.5 and 1.3 nm for 20-keV Cg at 0° and 70°, and 3.2
and 1.6 nm for 20-keV Auj; projectile at 0° and 70° impact
angles, respectively. Not surprisingly, the largest rms is achieved
by 20-keV Auj; projectiles at normal incidence. The modification
of the impact angle has a larger influence on the rms evolution
for 20-keV Cg than for Auj projectiles.

While the rms can give some valuable hints about the
evolution of irradiated surface, its applicability is limited because
it gives information about the whole surface and is not sensitive
to a local topography. One of very important factors for many
ion-beam applications is the height distribution and/or the lateral
size distribution of the created structures as they will be sputtered
in different ways. In our previous publication, we have
investigated how sputtering of various structures influences the
local roughness conditions.** Several various possibilities were
identified. The defining topographical feature that produces an
increase in the roughness is an impact that occurs within a
depression or preexisting crater. In this case, the crater is
becoming deeper and the majority of the ejected material is
redeposited at the surrounding walls. Conversely, an impact at
the convex structures produces a decrease in roughness. In this
case, there are two processes that will reduce local roughness.
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Figure 4. Dependence of the total sputtering yield on the number of
impacts and the ion beam fluence for 20 keV: (a) Au; and (b) Cg at
normal incidence and (c) Auj and (d) Ce at 70° impact angle at
Ag(111). Dashed line represents the total sputtering yield calculated
as an accumulated mass removal per single projectile. Open circles
represent the total sputtering yields calculated from 150 impacts at a
flat surface and a surface preirradiated with 800 projectiles.

First, the elevation or mound is usually destroyed. Because there
is no bulk material surrounding it, the mound particles are
ejected outward from the impact in all directions where the
vacuum is present. Some of this material is sputtered; however,
the majority of the particles contact the surface and the adjacent
crater wall, effectively filling in the crater. Within this inter-
pretation, the final effect will depend on the relative contribution
of hills and valleys. It would be important, therefore, to have
some metrology that could not only estimate the global vertical
corrugation of altered surfaces but also give some information
about local dimensions of the created structures. For instance,
the set of data that was used to calculate the rms could be used
to draw a histogram of the discretized surface elevations or the
histogram of the lateral size of created structures. Making such
analysis lies, however, outside the main scope of this paper and
will be discussed more thoroughly in another publication.
Sputtering Yield. Dependence of the sputtering yields on
the projectile fluence for 20-keV Auz and Cg at 0° and 70° is
shown in Figure 4. Each point in the figure represents the
averaged value of 30 consecutive impacts (a running average)
to reduce statistical uncertainty. The dashed line represents the
total sputtering yield calculated from the accumulated material
removal. This quantity is usually measured in experiments with
a graphite collector, a microbalance, or STM/AFM probes.>’
The open circles indicate the sputtering yields calculated as an
average of 150 impacts at a flat surface and at a preirradiated
surface. It is evident that the evolution of the sputtering yield
depends on the projectile type and the impact angle. For 20-
keV Auj irradiation at 0° and 70° impact angles and for 20-
keV Cg impacts at normal incidence, the total sputtering yield
obtained from the accumulated material removal, indicated by
a dashed line in Figure 4, decreases with the fluence in the low
fluence regime. A comparison with the data shown in Figures
3 and 4 indicates that there is a similarity in the rate of rms
change and the rate of decrease of the sputtering yield calculated
from accumulated mass deficit. In both cases, a fast and slow
component can be identified, with the transition point from fast
to slow occurring roughly at the same fluence (~5 x 10'? /cm?).
It is justifiable, therefore, to conclude that the yield depends on
the surface topography. While the average values of the total
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TABLE 1: Total Sputtering Yields Calculated at Ag(111)
Bombarded with 20 keV Au; and Cg4, at 0° and 70° Impact
Angles, and with 6.67 keV Au Projectiles at Normal
Incidence*

projectile Y (flat surface) Y (preirradiated surface)
20 keV Cgg 482 £ 8 342 + 17
20 keV Cgy 70° 46+ 1.4 258 + 14
20 keV Aus 143 + 13 (141) 142 £+ 20
20 keV Auj 70° 300 £ 16 145 + 13
6.67 keV Au 16 +2 1541

“The values are an average of 150 impacts at a flat Ag(111)
surface and a surface that was preirradiated by consecutive 800
impacts, which corresponds to a fluence of 2.3 x 10'* impacts/cm?.

sputtering yield changes monotonically, there is a significant
variation of the instantaneous values of this quantity which has
a form of almost periodic oscillations. Although, there is a
correlation between the increase of the rms and a decrease of
the total sputtering yield calculated by a mass deficit, there is
no evident relation between the rms curve and the total yield
oscillations. However, as was previously discussed, the rms
represents global modifications, while the instantaneous value
of the total sputtering yield will be sensitive mostly to the local
environment. At this time, we are not certain what the reason
is of such large yield oscillations.

It is also interesting to note that the total sputtering yield
calculated on a flat surface for 20-keV Auj projectiles at 70° is
larger than for normal impact which is opposite to the trend
calculated for Cg. The calculation performed at a flat surface
for 20-keV Au; impacts shows that the maximum of the
sputtering yield occurs around 65° impact angle. Such a behavior
was observed in many experiments with atomic projectiles. It
is a consequence of the fact that the deposited energy profile is
elongated and a substantial fraction of the primary kinetic energy
is deposited too deep to contribute to sputtering.”’%> Because
most of the primary kinetic energy is already deposited in an
active volume that contributes to sputtering for Cgy at normal
incidence, an increase of the impact angle will result only in a
modest signal enhancement. The signal enhancement will soon
be reduced due to a decrease of the density of the deposited
energy caused by an efficient reflection of C atoms arriving at
the surface at larger impact angles. The average amount of
reflected kinetic energy changes from 2.6-keV (20-keV Cg) and
almost 0-keV (20-keV Aus) at normal incidence to 13.7-keV
(20-keV Cgp) and 3.2-keV (20-keV Auj) for 70° impact angle.
The impact-angle dependence of the total sputtering yield
indicates that the Aus clusters behave more like atomic
projectiles, regardless of the fact that the nonlinear enhancement
of the total sputtering yield is present as shown in Table 1. The
accumulated effect of three separate impacts of 6.67-keV Au
atoms composing a 20-keV Auj; cluster results in 45 sputtered
Ag atoms. The total sputtering yield of a single 20-keV Aus
impact is ~143, which is three times larger. The effect is smaller
than for 20-keV Cgo impact at normal incidence where a 5-fold
yield enhancement was reported.?* Recently it has been reported
that the sputtering yield induced by collimated Ar" beam
irradiating stepped surface at oblique incidence can increase
significantly due to planar channeling.®*** However, we do not
expect that a similar process can be efficient in our case due to
a larger size of the impinging projectiles.

A quite different variation of the sputtering yield with the
fluence occurs for Cg projectiles bombarding the surface at 70°
impact angle. As shown in Figure 4d, the sputtering yield
strongly increases with the fluence. As shown in Table 1, the
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yield calculated on a flat surface is almost six times smaller
than the average yield obtained at a preirradiated sample. Also
in this case, the comparison of the data presented in Figures 3
and 4d shows that the modification of the total sputtering yield
occurs in the fluence region of the fastest rms variation, but
now there is a direct correspondence. Such different behavior
is once again a consequence of a specific energy deposition
profile of the Cg cluster. Due to a mass difference between
carbon and silver atoms and a very large impact angle most of
the primary kinetic energy is reflected into the vacuum when
bombarding the flat surface. In fact, more than 15 keV of the
primary kinetic energy is reflected under these conditions. As
a result, for 20-keV Cgp at 70°, only a small fraction of the
primary kinetic energy can be used to stimulate ejection and
the sputtering yield is small. As the surface is getting rougher,
the local impact angle is reduced. As a consequence, the
reflection process is reduced, more primary kinetic energy can
be deposited in the subsurface volume, and the sputtering yield
increases. We see that only around 6.7 keV of the primary
energy is reflected from preirradiated surface. It should be
pointed out, however, that the variation of an average local
impact angle is only one parameter that influences sputtering
efficiency. As was already discussed, development of the
complicated surface morphology composed of hills and valleys
also plays a profound role. For instance, clusters impinging at
a large off-normal angle can shear protruded structures leading
to ejection of large chunks of material.

The results presented in Figure 4 allow us to draw the
following predictions. The experimentally determined total
sputtering yields, which usually involves measurements on a
system irradiated with more than 10'* impacts/cm?, will not
depend on the fluence. However, the yields calculated on flat
surfaces are rather poor estimates of the yields measured in
experiments done in dynamic conditions. The calculations
performed on flat surfaces at normal incidence will overestimate
the experimental values. The amount of this overestimation will
increase with the projectile size at normal incidence. A
particularly large error can be made if one attempts to extend
the results of flat surface yield calculations to the experimental
results obtained for oblique incidence of medium or large
clusters.

Kinetic Energy Distributions. The kinetic energy distribu-
tions of sputtered Ag atoms and Ag, dimers calculated for 20-
keV Aus and Cg projectiles at 0° are shown in Figure 5. The
results for 70° impact exhibit similar trends as the kinetic energy
spectra obtained for normal impact. Therefore, they are not
shown here. It is evident from Figure 5 that the shape of the
kinetic energy spectra is insensitive to the variation of surface
topography. In general, the Ag atoms are ejected with higher
kinetic energies during Auj irradiation than for Cg. The most
interesting difference however, is the behavior of Ag and Ag,
spectra stimulated by irradiation of Auz and Cg projectiles. The
maximum in the kinetic energy distribution of Ag, is shifted to
lower kinetic energy for 20-keV Aus, whereas the opposite trend
is observed for 20-keV Cgy. The shift observed for fullerene
clusters has already been reported both in simulations’ and in
experiment.?>?%% It is attributed to the mesoscopic character
of ejection processes which cause that the sputtering mechanism
resembles a hydrodynamic gas flow of excited material.%*%7 In
such process, all particles are ejected with similar velocities
which results in a larger kinetic energy of the heavier compo-
nents. In contrary to the behavior observed during Cg irradia-
tion, the kinetic energy distributions of Ag, ejected by 20-keV
Auj impacts are shifted to lower kinetic energy as compared to
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Figure 5. Kinetic energy distributions of Ag atoms sputtered with 20
keV (a) Auj and (b) Cg, and Ag, dimers sputtered with 20 keV (c)

Auj and (d) Cg at 0° impact angle at a flat (solid line) Ag(111) surface,
and a surface preirradiated with 800 projectiles (dashed line).

the spectra of Ag. Such behavior is typically observed during
atomic bombardment, where the density of deposited energy is
not large enough to create excited volume with a sufficient
density to stimulate gas flow. In this case, the main role is played
by a decay of internally excited dimers which leads to a
depletion of the kinetic energy spectrum of the high energy
molecules, shifting it to lower kinetic energies.?>#34%63 It seems
that while a nonlinear enhancement is visible for Aus, a strong
binding energy of Ag may prevent the creation of a volume
with energy density high enough to stimulate hydrodynamic
ejection. This supposition could explain why Samartsev and
Wucher® have actually observed similar velocity distributions
of In and In, dimers ejected from polycrystalline In foil
bombarded with 10-keV Au and Au, projectiles. The material
binding energy is much lower for In which means that a larger
number of atoms will be set in motion.

Nevertheless, apart from this interesting difference, the main
conclusion that can be drawn from the data shown in this
paragraph is that the shape of the kinetic energy distributions
does not depend on the surface topography. As a result, the
kinetic energy spectra calculated on a flat surface can be directly
compared to the experimental spectra obtained even under
dynamic conditions.

Angular Distributions. The polar angle distributions of Ag
atoms sputtered by 20-keV Au; and Cg projectiles at 0° and
70° are shown in Figure 6. Contrary to the kinetic energy
distributions, angular spectra are strongly influenced by the
development of surface topography. It is interesting to note that
the angular distribution of Ag atoms sputtered by 20-keV Aus
from a flat surface shows azimuthal and polar anisotropy that
is again characteristic to sputtering of single crystals by atomic
projectiles.”’ The anisotropy disappears, however, after extensive
bombardment as the irradiated surface resembles more a surface
of a polycrystalline target than a surface of a single crystal (see
Figure 2).

The polar angle distributions of Ag atoms sputtered from a
flat surface by 20-keV Cg at normal incidence do not show a
structure characteristic for a single crystal sputtering. This is a
consequence of the previously discussed mesoscopic character
of the ejection process induced by medium size clusters. As
shown by numerous studies, arrangement of atoms in the
irradiated volume of the single crystal is destroyed almost
immediately after the cluster impact and the particles are ejected
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Figure 6. Polar angle distributions of Ag atoms sputtered with 20
keV (a) Au; and (b) Cg at normal incidence and (c¢) Aus and (d) Cg
at 70° impact angles. The data are shown for three different azimuths
as indicated at the top of the figure. Black and blue circles depict first
and second layer atoms, respectively. Black lines represent results of
calculations performed on a flat surface, while red curves represent
results of studies done at a surface preirradiated with 800 projectiles.

from a randomized volume.'%?327! As a result, the ejection is
azimuthally isotropic and concentrated along the normal to the
surface as seen in Figure 6b. Modification of the surface
structure by extensive irradiation results in more versatile
ejection possibilities and, consequently, in a less concentrated
emission. The ejection occurs at larger angles for both Au; and
Cgo. The angular distributions of particles ejected from flat
surfaces by an oblique impact of both Cgy and Auj projectiles
exhibits a memory of the initial impact direction. Most of the
particles are sputtered toward the direction that is almost
specular to the original impact angle. In this case, an extended
irradiation leads to a significant reduction of this memory effect
and the angular spectra resemble more distributions obtained
during sputtering of preirradiated surface at 0° impact angle.

Conclusions

We have examined the effect of the continuous irradiation
by 20-keV Aus and Cg projectiles on the development of surface
topography, and the sputtering ejection characteristics usually
measured in experiments. There are several predictions that
result from our studies. First, the Aus cluster behaves in some
aspects like an atomic projectile when bombarding the Ag
sample. This indicates that both the experimental and theoretical
results obtained with these clusters should be used with caution
when discussing properties of the sputtering processes initiated
by medium and large size clusters. Second, both the sputtering
yield and the angular spectra are sensitive to the ion fluence.
Therefore, it is not justifiable to project results of calculations
of these quantities obtained at flat surfaces to the experiments
performed in dynamic conditions. Finally, the kinetic energy
distributions are not sensitive to the development of the surface
topography. Therefore, the kinetic energy distributions calculated
at a flat surface are a good representation of the results obtained
in experiments performed even in dynamic conditions.
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