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Abstract

The effect of noble gas cluster species on the cluster interaction with solid surfaces
was investigated. Processes of Ar, Kr and Xe clusters interaction with Cu and Mo
surfaces were studied using molecular dynamics simulations. It is shown that lighter
cluster front atoms undergo more backscattering from surface atoms, causing more
intense multiple collisions between cluster atoms. This affects cluster penetration, energy
exchange between the cluster and surface atoms, and cluster thermalization. The

influence of energy per cluster atom on these effects is discussed.
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1. Introduction

Noble gas cluster ion beams (GCIB) is a widely used instrument for surface
treatment. Up till now GCIB have demonstrated outstanding polishing and planarization
quality by for optics and electronics [1-6]. They can be also used for surface structures
fabrication [7-9]. Cluster beams are also used for surface cleaning [10,11] and treatment
of biomedical materials [12,13]. Another application of GCIB is material analysis by
secondary ion mass spectrometry (SIMS), mostly for organic materials [14-16]. The
applicability of GCIB in the mentioned fields is associated with its specific features such
as low energy per cluster atom, high energy deposition in a small surface area, high
sputtering yield, specific sputtering yield dependence on the impact angle and the angular

distributions of sputtered atoms [17-19].

The most used noble gas for GCIB is argon [4,5,8-11,15] due to its easy availability
and affordability. However, using different cluster species can affect the cluster — surface
interaction process and therefore change the results of the surface treatment. Moreover,
the cluster size distribution in the beam differs significantly for different noble gas
species [3], so this can be another option to change irradiation parameters.

Studies of the cluster species dependencies may be the key to the optimization of
technological processes. Several such studies have been made so far. In Ref. [20] the
results of molecular dynamics (MD) simulations of Ar, Ne and Xe cluster impact on Si
surface were reported.[20][20] It was shown that the cluster of the same size but
consisting of heavier atoms provide higher amount of displacements. The authors explain
this effect with the larger momentum of the cluster. The MD simulations have also
shown that increasing the mass of the cluster atoms leads to higher transmission of
energy to target atoms [21]. Experimental studies [22] have demonstrated that the angular
distributions of atoms, sputtered from Cu and W surface, drastically differ for Xe and Ar
clusters. Sputtering by Xe clusters demonstrates higher sputtering yields in the direction
of the surface normal than Ar clusters. Moreover, it was shown in [23] that for small size
clusters (several atoms to several tens of atoms), the cluster atom species also affects the
formation of craters and hillocks on the irradiated surface. For SIMS analysis using

different noble gases can also affect the fragmentation of sputtered molecules. For



an insulin film on a silicon substrate results in different spectra in low mass region.

However, the intact ion intensities stay mostly the same.

The mentioned above works represent some aspects of cluster species effect on the
cluster-surface interaction that are known. However, fundamental studies of cluster
species effects are still necessary to thoroughly describe how cluster species affect the
gas cluster impact on the solid surface. Such studies can lead to improvement of

experimental methods that are used in practical applications of GCIB.

In the current paper, we study the energy exchange between the cluster and surface
atoms and the influence of cluster species on this process. The penetration of cluster into
the target is considered as well. The simulations of Ar, Kr.and Xe clusters impacts on the
Cu and Mo surfaces are performed. The common noble gas cluster beam parameters for
the applications described above are the following. The cluster size varies from several
atoms to thousands and tens of thousands atoms, however, small clusters are often
excluded from the beam [1,15,23,25-27]. The beam consisting of clusters with certain
size distribution in a wide range of cluster sizes is usually used for practical purposes,
however studies with size-selected cluster beams are performed as well [26,28]. The
energies per cluster atom vary from several eV to several keV for the mentioned above
cases. In current paper we focus on the clusters sizes and energies from this range that is
used for practical applications, however some other effects may occur in other size and

energy ranges [29,30].

2. Methods

The simulation of GCIB impacts on the Mo and Cu solid surface were simulated
with MD method. The PARCAS MD code [31] was used for the simulations. Ar, Kr and
Xe cluster ions with the size from 50 to 5000 atoms and the energy of 20 keV were used
as projectiles. First, the lattices with the parameters of solid noble gases were generated
and then the clusters of required size were cut from these lattices. Such method does not
represent the real cluster shape and structure. The shape and structure of noble gas

clusters is found to be more complicated, and other complex approach is necessary in
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structure can be found in [32-35]. However, at the initial stage of impact, the cluster
structure is destroyed, and it does not significantly affect the further cluster-surface

Interaction process.

The targets were Mo and Cu single crystals at room temperature. The incident
direction was normal to Mo (100) surface and Cu (111) surface. The lattice preparation

and relaxation procedure is described in our previous papers [22].

The simulation cell size is 321x321x107 A for Mo target and 334x334x113 A for
Cu target and it contains 707,522 and 1,053,100, atoms respectively. Such simulation cell
sizes were chosen to be large enough for the energy to dissipate from the interaction area
and to avoid any undesired influence from the borders. Periodic boundary conditions
were applied in the x and y lateral directions to simulate bulk target. Three bottom atomic
layers in the z direction were fixed to prevent the simulation cell motion. Berendsen
thermal bath [36] was applied at the borders to let the heat leave the simulation cell. The

simulated time varied from 10 to 20 ps depending on the cluster size and species.

The Lennard—Jones potentials were used to describe the interaction between noble
gas atoms [37,38]. For the Mo-Mo and Cu-Cu interactions, embedded atom method
(EAM) potentials were used [39,40]. Such potentials have shown good reliability
describing the properties of metals [37,39,41]. The Ziegler—Biersack—Littmark (ZBL)
[42] universal repulsive potential is used to describe the Ar—-Mo, Ar—Cu, Kr—Mo, Kr—Cu,
Xe—Mo and Xe-Cu interactions. These potentials are often used for simulations of
atomic collisions [20,38,43-46]. The use of these kind of potentials will be discussed

below.

The simulations were carried out using “Lomonosov-2" supercomputer facility at
Moscow State University [47]. The OVITO software [48] was used to visualize the

simulation results.
3. Results and discussion

The snapshots of 20 keV Arsy, Krse and Xesqo cluster impacts on Mo surface are
presented in Fig.1. The arrows represent the velocities of cluster atoms. The velocities are

shown only for atoms with V, < 0 (directed against the target surface). To show this
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clearly seen that for Xe atoms most of the momenta are directed into the target, however
for Ar atoms most of the atoms have momentum turned to the direction from the target
surface. This effect can be easily understood from simple kinematics. It is well known
that heavier atoms cannot scatter back from the lighter ones, and there is a maximum

scattering angle that depends on the target and projectile atom mass ratio [49].

When the front atoms of the Ar cluster hit the surface, a large amount of these atoms are
scattered back. This initiates numerous collisions of cluster atoms with each other from
the very beginning of the impact. In case of Xe atoms that are heavier than target atoms,
the front atoms are scattered at smaller angles, so cluster atoms keep their initial direction
during the longer path, the stopping of incoming atoms is lower — the so-called clearing-
the-way effect [50,51]. Thus, the mass ratio of cluster and target atoms affect how cluster
atoms can reach target surface and penetrate inside it. The projected ranges distributions
for the atoms of the mentioned above clusters are presented in Fig.2. The zero coordinate
marked with a vertical line on the plots corresponds to the target surface. The positive
direction is directed into the target. It is noticeable that for Ar cluster a much larger
amount (41%) of atoms does not even reach the target surface in comparison to Kr and
Xe clusters (26% and 25% respectively).

One could expect that for the cluster, consisting of Kr atoms, that are lighter than the
target Mo atoms, the results should be closer to the case of Ar than of Xe, however the
opposite is observed. The analysis of the scattering cross-sections is necessary to explain
this inconsistency. The differential cross sections for 40 eV Ar, Kr and Xe atoms
scattering on Mo atoms for used ZBL potentials are presented in Fig.3. The energy of 40
eV per atom corresponds to 20 keV cluster of 500 atoms. Calculated from these cross
sections, the probability of scattering at angles higher than 90 degrees for Kr is almost 10
times lower than for Ar. Thus, Kr cluster atoms remain closer to their initial direction in

the first phase of the impact and the clearing-the-way effect is more pronounced.

It is known, that as a result of the impact the cluster gets thermalized [52], and the
extent of the thermalization depends on the energy per atom. To study the cluster
thermalization dependence on the cluster atom species the velocity distributions of

cluster atoms at the end of the impact are analyzed. These distributions are presented in



each case are plotted with the calculated distributions.
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As seen from the distributions, the Ar clusters are more thermalized than Xe clusters
with the same energy and cluster size, especially for lower energy per atom. This effect
also could be explained by the backscattering of lighter Ar atoms from heavy Mo target
atoms what results in more intense cluster atoms collisions with each other. These
collisions for their part lead to the thermalization of the cluster. We should point out that
clusters with low energy per atom demonstrate very incomplete thermalization. Such
cluster atoms do not penetrate the target due to insufficient energy. In this case the cluster
Is being strongly compressed on the surface (Fig. 5). As a result of this compression, the
cluster collapses and most atoms get lateral momentum. The amount of collisions
between cluster atoms is low that leads to incomplete thermalization of cluster atoms.
However, better thermalization of argon cluster is observed even for a cluster consisting

of 5000 atoms, what corresponds to 4 eV per atom.

The other characteristic that is influenced by the cluster species is the energy
transferred from cluster to target atoms. Fig. 6 represents the time dependence of the total
energy of cluster atoms during the impact for 20 keV Arsy, Krsgo and Xesqo clusters
impacting Mo and Cu surfaces. The first points on the curves correspond to the moment,
when the cluster reaches the surface, then the total cluster energy starts to decrease due to
the energy transfer to target atoms. At large times the energy transfer process is finished

and the total energy of the scattered cluster atoms becomes constant.

The first thing to point out is that the energy transfer rate is lower for the heavier
cluster atoms. This is because heavier atoms are slower and when the front atoms have
already hit the surface it takes more time for the following atoms to reach the interaction
area. Moreover, due to clearing-the-way effect, the atoms from the heavier cluster can

penetrate deeper into the target without losing energy.

The amount of transferred energy also depends on the cluster species. It is seen from
Fig.6 that Xe transfers the largest amount of energy and Ar the smallest amount of energy
for both cases of Mo and Cu targets. We should note that the maximum amount of energy
transferred in the individual collision (Table 1) is higher for Ar than for Xe in case of Cu

target and the opposite in case of Mo target, however it does not affect the ratio of the



the single collisions of cluster and target atoms is not responsible for the difference in the

transmitted energy.

This difference is caused by the backscattering of lighter atoms from heavier target
atoms that lead to multiple collisions in the lighter cluster that makes cluster atoms to
carry away more energy. The heavier cluster atoms scatter mostly in forward direction

and let the incoming atoms transfer more energy.

The ratio of energy transferred to the target atoms for different cluster sizes is
presented in Fig. 7. The transferred energy ratio is plotted over the energy per cluster
atom as it was shown that this parameter can be universal for both changing the cluster
size and energy [21]. The difference in transferred energy mentioned above for different
cluster species is observed in a certain range of E/n (E — initial energy of cluster and n —
the number of atoms that make up the cluster). The cluster with high energy per atom
fully penetrates the target. The cluster atoms in this case collide with a number of target
atoms and transmit most of their energy in these collisions. Hence, the collisions between

cluster atoms do not affect the energy transfer in this case.

The atoms of clusters with the E/n in the medium range partly penetrate the target
and the collisions between cluster atoms start to play a considerable role. For this case,

the effect of the cluster species described above is significant.

On the other hand, the cluster with low energy per atom does not penetrate the
target just causing a slight deformation of the surface that would be relaxed after the
impact. In this case the cluster compression described above takes place (Fig.5). During
this compression, many atoms on the outer part of the cluster change their direction along
the surface almost without losing energy, so these atoms do not take part in energy
transmission to the surface. Moreover, the compression process for the atoms from the
center of the cluster is not that much affected by the front atoms scattered from the target
atoms. So the influence mass ratio of cluster and target atom has low influence on the

energy transmission in this case.

We should note that all presented results are obtained in simulations with ZBL
potentials used for the interactions between the cluster and target atoms. These are
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collisions [20,38,43-46]. The ZBL potentials are repulsive with no attractive part. In the
current work these potentials fit well to study the effect of cluster species on the
kinematics of the cluster — surface interaction. However, considering the attraction in the
interaction between cluster and target atoms, can lead to more effects of cluster species or
amend the effects discussed in current paper, especially for Xe [53], for which the
potentials with an attractive part can be found [54,55]. Moreover, the electronic stopping
IS not taken into account, however in [56] it was shown that it can also affect the
simulation results, and the electronic stopping power strongly depends on the projectile

species and energies. Such simulations are the topic of future work.

4. Conclusions

Using MD simulations of Ar, Kr and Xe cluster impacts on Mo and Cu surface the
cluster species effects have been studied. The mass ratio of cluster and target atoms
affects the scattering of the front cluster atoms that hit the surface first. Due to that, a
large number of collisions between cluster atoms occur in the lighter cluster. This leads
to shallower penetration of cluster atoms into the target, better thermalization of the
lighter cluster at the end of the impact, and less energy transfer to the target. The energy
transfer rate is lower for the heavier cluster due to its lower velocity and more
pronounced clearing-the-way effect. The effect on transferred energy value is significant
only in a certain range of cluster E/n, however the effect on the cluster thermalization is

observed in a wider energy per atom range.
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Fig. 1. Snapshots of 20 keV Arsy (a), Krsgo (b), and Xesqq () cluster impacts on Mo
surface. The time from the beginning of the impactis 110 fs (a), 160 fs (b), and 200 fs
(c). The time from the beginning of the impact for each snapshot is inversely

proportional to the cluster velocity. The arrows represent the velocities for cluster atoms
with V, < 0 (directed against the target surface).
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Fig. 2. Projected range distributions for the 20 keV Arsgo(a), Krsgo (b), and Xesg (c) cluster
atoms impacting Mo target. Black vertical line represents target surface.
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Fig.5. Snapshots of Arsggo (a) and Xespgo (b) impacts on Mo surface. The arrows represent
the directions of the atoms velocities. The time from the beginning of the impact for
each snapshot is in inverse ratio to the cluster velocity.
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Fig. 6. Time dependence of the total energy of cluster atoms during the impact for 20
keV Arsqo, Krsgeo and Xesqg clusters, impacting Mo (a) and Cu (b) surfaces.
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Fig. 7. The E/n dependence of the transferred energy ratio for Ar, Kr and Xe clusters
impacting Mo (a) and Cu (b) targets.

Table 1. Maximal kinematic factor for different species of impacting and target atoms.

Cu Mo
Ar 0,948 0,830
Kr 0,981 0,996

Xe 0,880 0,976




