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Abstract

SIMS experiments using cluster ions show promising results in de-sorbing intact large molecules from the surface of

various materials. The optimum size, shape and energy of the clusters and the material surface has not been studied in

any detail. Presented here are the results of a comparative study of gold and carbon clusters of similar total mass and

energy, in particular Au4 and C60 clusters and Au5 and C100 clusters are compared and contrasted. The behaviour of the

graphite lattice, used as the target substrate material, during the impacts is studied in detail and di�erences in depth of

penetration, damage and energy propagation are reported. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

There is a growing interest in the interaction of
energetic clusters with solid surfaces due to the use
of cluster beams in ion implantation [1], in ion
beam analysis [2] and in deposition [3]. Conse-
quently there has been a lot of work in this area in
recent years, both experimentally [4] and compu-
tationally [5]. It well known that the interaction of
heavy ions with dense or frozen gas targets can
result in non-linear cascade formation, thermal
spikes and large sputtering events [6]. Low energy
cluster and molecular impacts on surfaces produce
cascades from each component of the cluster, these

will tend to overlap in space and time giving rise to
non-linear e�ects in the majority of target materi-
als. The e�ects of single particle impacts on sur-
faces are largely dominated by linear cascade
theory [7]. Cluster impacts will, on the other hand,
be dominated by non-linear e�ects. These e�ects
will lessen as the energy increases and the overlap
of the cascades caused by each constituent of the
cluster diminishes. There have been a number of
simulation studies looking at the ejection of or-
ganic materials from metal surfaces due to single
particle [8] and small cluster [9] irradiation. There
has been some work looking at the secondary ion
emission from surfaces due to di�erent size clusters
[10]. To date, however, there has been no study of
the e�ects of clusters with the same masses but
di�erent numbers of constituent particles.

The aim of this study is to look at the e�ects of
such clusters using computer simulation tech-
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niques. Previous simulation studies have looked at
the e�ects of bombardment of graphite targets with
di�erent mass fullerene molecules [11], in particular
C60 projectiles have been used [12]. Here we will
look at the e�ects of similar total mass clusters
containing di�erent mass constituents. We will
compare C60 and Au4 and C100 and Au6 clusters
impacting on a graphite surface. The details of the
component masses and properties are given in
Table 1, below. As can be seen, the mass of Au4 and
C60 are within 10% of each other as are C100 and
Au6. Energies of the projectiles are chosen so that
the velocities of the clusters are similar but the
energy per component atom is di�erent. The e�ects
of displacements and penetration depth are looked
at in each case. We use Molecular Dynamics
computer simulation to investigate the di�erences
between clusters with the same initial momenta.
The clusters contain di�erent numbers of atoms
and so will fragment into di�erent numbers of
cascades. The atoms in the clusters themselves have
di�erent atomic numbers and so will not interact
with the target in the same way either.

2. The simulation model

The Molecular Dynamics simulation model
used in this study has been described in detail in

other publications [13,14] and so only a brief de-
scription will be given here. The simulation solves
the equations of motion simultaneously for each
particle and stores information on position, ve-
locity and energy states at di�erent time steps. The
program uses the Brenner many-body potentials
[15] to model the C±C and C±H interactions. For
the dynamic systems used here these potentials are
known to give both stable graphite and diamond
lattices as well as a good description of the mul-
timer properties of carbon and the correct me-
chanical properties of graphite and diamond. The
properties of the Au±Au and the Au±C interac-
tions are given by pair-wise interaction potentials
given by the ZBL universal function [16]. These
interaction potentials do not describe the bonding
nature of the Au±Au and Au±C particles very well.
Hence they can not be used to describe the bond-
ing con®guration of the implanted Au ions.
However, they are know to give a very good de-
scription of the high energy interaction of such
particles. They describe the initiation of the energy
exchange with the surface atoms well enough to
allow the formation of the ensuing collision cas-
cade in the graphite target, which is well described
by a many body potential.

The target used in this study is a graphite lattice

of dimension 100 �A� 100 �A, consisting of 13
atomic layers. In the case of the Au cluster impacts

Table 1

Parameters used in the simulations

Mass

(amu)

Energy

(keV)

Velocity

(m/s)

Momentum

(amu km/s)

P/n (amu km/s/

atom)

Energy/n

(keV/atom)

C60 720 1000 16 370 11 787 17

4000 32 741 23 573 393 67

12 000 56 709 40 830 681 200

Au4 788 1000 15 648 12 331 3083 250

4000 31 296 24 662 6165 1000

12 000 54 207 42 715 10 679 3000

C100 1200 2000 17 933 21 520 215 20

5000 28 354 34 025 340 50

20 000 56 709 68 051 681 200

Au6 1182 1500 15 648 18 496 3083 250

6000 31 296 36 992 6165 1000

18 000 54 207 64 073 10 679 3000
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a target of 25 layers has been used. This contains
approximately 50 000±90 000 atoms. The initial
temperature of the lattice is 0 K. Free boundaries
are used in conjunction with a large lattice to avoid
re¯ection of energy back from the sides of the
simulated micro crystallite. This limits the total
time that can be simulated as the energy is con-
tained within the system and is not dissipated
through out the bulk. However, the main conclu-
sions of this work occur with in a safe time period
of the simulation (<1 ps), before much of the im-
planted energy has even reached the sides of the
simulated volume.

3. Results and discussion

Simulations of single particle impacts on solid
surfaces can readily be performed for amorphous
targets using the TRIM code [17]. Using TRIM we
can investigate the expected di�erences between
Au and C projectiles of the same velocity. From
Table 1 we wish to compare 17 eV carbon ions
with 250 eV gold ions, 67 eV carbon with 1 keV
gold and 200 eV C with 3 keV gold. In Fig. 1 we
summarise these TRIM simulations. First of all we
should note that even in the highest energy C60

impact the individual carbon particles have slightly
less kinetic energy than the individual gold parti-

cles in the lowest energy Au4 cluster. From Fig. 1 it
is clear that the Au atoms penetrate deeper into the
graphite target than do the C atoms for the same
velocity. Also the TRIM simulations show that the
damage due to the Au particles will tend to lie
between the implanted particles and the surface,
whereas the damage due to the carbon particles
will tend to surround the implanted species. TRIM
does not detect any sputtered particles for the
lowest energy impacts for either the Au or C ions.
The number of displacements scales with the initial
kinetic energy of the impacting particles. In a
previous study of carbon cluster impacts on
graphite it was shown [11] that this rule was up-
held in this case also, although there was some
departure from a direct scaling with single particle
irradiation.

In Fig. 2 we show pictures of the cascades
generated by a C60 impact and by a Au4 impact at
two di�erent times. The target atoms are coloured
according to the average velocity of the particles in
a 2.5 A radius of each site [18]. This gives an an-
alogue of temperature on an atomistic scale. The
target has been cut away so that we can ``see'' into
the cascade. The C60 impact shows a ring propa-
gating out from the initial impact site [18] with a
dense central region at the centre. The constituents
of the C60 cluster are well spread in this central
core. This behaviour is typical of carbon cluster

Fig. 1. TRIM simulations of 17, 67, 200 eV C ions and 250 eV, 1, 3 keV Au ions into amorphous carbon.
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impacts at all energies studied and for di�erent size
carbon clusters from C2H4 to C300 [19]. The surface
wave propagation from the cluster impact is very
much a property of the graphite and does not
appear after impact on a diamond surface [18].
The Au4 cluster shows a much smaller core and the

surface wave does not appear strong or to travel so
far across the target. In fact, it can be seen in Fig. 2
that the cascade is less symmetrical than the C60

initiated cascade, probably due to the lower
number of particles in the cluster, giving rise to
discreet behaviour. The Au particles can be seen at

Fig. 3. The Mean Depth to which displacements of target particles are found as a function of time. These results are taken from the

Molecular Dynamics calculations.

Fig. 2. Molecular Dynamics simulations of 4 keV C60 and Au4 cluster impacts on a graphite surface. The target has been section

through the centre of the cascade to allow us to ``see'' inside. Colours represent the mean square velocity of the particles around each

atom ± see text for description.
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the bottom of the cascade volume, not within the
cascade like the C60 case. This is similar to the
average behaviour demonstrated in the TRIM
simulations for single particle amorphous target
interactions.

One of the problems of using a graphite target
in these simulations is that the layers tend to bend
and vibrate about a mean position for a consid-
erable time after the real displacement cascade has
®nished propagating. To avoid unnecessarily long
calculation times, we show in Fig. 3 how the
displacement depth changes as a function of time
from the start of the calculation. The number of

displacements continues to rise during this time as
the bending of the layers propagates across the
layers. But after about 500 fs, the depth to which
the displacements propagate does not increase any
further. We can be quite con®dent then that by
taking a time of 800 fs to measure this depth it will
have stabilised.

As might be expected the penetration depths
of the damage are the same for the same mo-
mentum per atom clusters. So that the Au4 and
Au6 of the same velocity penetrate to the same
depth and the C60 and C100 of the same velocity
do likewise.

Fig. 4. Displacements versus depth for di�erent cluster impacts on graphite from Molecular Dynamics simulation at 800 fs: (a) for

carbon clusters; (b) for gold clusters.
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In Figs. 4(a) and (b) the number of ``displace-
ments'' as a function of depth is plotted for the
carbon clusters and gold clusters, respectively. By
displacement we mean a particle which has been
moved from its initial site by more than 2 �A. In
graphite this does not necessarily mean that the
particle is actually out of its lattice site. The layers
can bend without breaking at least an inter-planar
spacing. This makes it very di�cult to determine
the permanent displacement depth. But the depth
to which layers are set in motion will give a useful
comparison for the penetration depth. Again the
behaviour of the penetration depth for di�erent
velocity particles and di�erent mass particles is as
expected. The depth of penetration is the same for
clusters with similar momentum per atom. The 20
keV C100 simulation was performed on a crystallite
which was too thin and much material has been
lost from the back surface of the target. This gives
rise to the increase in displacements at the deeper
layers seen in this simulation. This almost certainly
would not happen if the target had been of su�-
cient thickness.

In Fig. 5 the number of displacements as a
function of time is shown for each of the simula-
tions. Interestingly, the number of displacements
increases linearly as a function of time on the time

scale up to 1.5 ps. Also this slope of these dis-
placement versus time curves is dependent only
upon the initial energy of the incoming cluster. So
that in Fig. 5 there are three separate gradients, for
5, 10 and 18 km/s incident clusters. These are
shown more clearly as a function of velocity in
Fig. 6. These ®gures can be interpreted by travel-
ling wave passing through the graphite target. Due
to the nature of graphite it will propagate mainly
two dimensionally, along the planes. The wave
causes displacement of particles as it passes them.
In previous work [18] it has been seen that similar
displacement waves travel across the surface of
graphite with constant velocity dependent upon
the target material. If this wave propagates with
constant velocity the number of displacements will
be dependant upon the area of the circle of radius
given by the distance travelled by the wave. If these
particles all remained ``displaced'' then the number
of displacements with time should showed a
squared power dependence. Fig. 5 shows that the
number of displacements increases only linearly
with time. This indicates that particles are
``recovering''. If one considers the wave as causing
displacements in a ring (i.e. that the particles inside
the ring ``recover'') of ®xed width, dr, then the
number of displacements as a function of time will

Fig. 5. Number of displaced target atoms as a function of time for all the cluster impacts on graphite.
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indeed show a linear dependence, as is observed in
Fig. 5. The displacement rate shown in Fig. 6 will
then be a function of this width, dr. One way of
interpreting Fig. 6 then, is to say that the width, dr,
of the displacement increases with increasing ve-
locity of impact of the clusters.

4. Conclusions

In general then, we can conclude that the be-
haviour of cluster impacts is very similar to that of
single particle impacts. The ratio of damage depth
to implantation depth is similarly to that from
single atom impacts. The formation of displaced
particles is dependent upon the kinetic energy of
the clusters. So that the total number of defects is
the same for the same kinetic energy.

Thus it is quite easy to use clusters to tailor the
defect density from each impact by adjusting the
size and mass of a cluster to suit the users re-
quirements. Further we have indications that the
impact of clusters on graphite causes a displace-
ment wave to propagate outward from the impact

site, and that the magnitude of the disturbance is
dependant upon the velocity of the impacting
cluster.
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