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Ion sputtering of nanoclusters, fullerenes and carbon nanotubes
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The research of nanoparticle ion sputtering is interesting both from the fundamental point of view – for researching the interior structure
of nanoobjects. Additions to the simple model of ion sputtering which allow one to consider special properties of the ion sputtering of
nanoparticles, fullerenes and carbon nanotubes are introduced in this project.
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1.

Collisions of ions and nanoparticles

In the work [1] a model of metal ion sputtering based on simple physical principles was consequently developed. This model allows one to evaluate mass, charge and kinetic spectra of polyatomic clusters with an atom
number of 4 < N < 70 when the deposited ion’s ranges in energy from 1–100 keV. The model also describes the
sputtering of nonmetallic elements, particularly, carbon and silicon.
The passage of an ion through a nanoparticle is generally studied using methods of molecular dynamics [2, 3].
As an experimental work, this is very difficult because of the size of the target. The main characteristic of the ion
sputtering process is the Y coefficient of sputtering, equal to the number of atoms knocked out by one deposited
ion. If the length of free run of the bombing ion in the target (λ) is smaller than the cluster size (D), the Y value
for the cluster is considered bigger than that for macro bodies. The reason for this is the closure of the collisions
cascade in the small volume of the cluster and the big surface area, from which an emission of secondary clusters is
possible. This has been confirmed by the work [2]. The cases when D < λ and D ∼ λ are studied in the work [3].
The stochastic nature of collisions leads to the realization of extreme scenarios – in most cases the ion has time to
transfer a small part of its energy, or a rare “successful” collision leads to the development of the collision cascade,
large excitation and subsequent fragmentation of the cluster. Intermediate cases are unlikely. Consequently, the
large-scale spectra of ion sputtering products will mostly be determined by “successful” collisions.
To apply the model to nanostructures, some nanoparticle characteristics need to be considered. In the case of
a loose packaging of nanostructures or isolated nanostructures, the size of the excitation area can be considered
nearly equal to the nanoparticle size. Using this supposition allows successful calculation of the relative yield of
the clusters during fullerenes sputtering, without changing the rest of the model [1].
2.

The double sputtering mechanism of fullerenes

In the case of closely packed nanoparticles [4] (a tablet of pressed C60 fullerene powder), the experimental data
allow one to suggest the existence of two sputtering mechanisms. In the ion track, where the substance is warmed
up to high temperatures and destruction of C60 molecules occurs, their structure does not influence the process of
forming clusters. However outside the track, where the excitation is transferred from one molecule to another via
collisions, the fullerene can be knocked out of the target as a unitary whole, and only then, it can vaporize several
atoms. While calculating the impact of the additional mechanism of cluster yield, the fullerene was considered
as a single particle. While dispersing the energy into targets, a depositing ion creates an excitation zone of N0
atoms. Target atoms receive a q impulse which we find equal for every atom, directed accidentally or with equal
probability. The Cn relative yield of clusters from the ion track was calculated by a standard technique [1].
However, collisions cascades spread outside the ion track. Suppose from the moment of the cascade exits
outside the track of the bombarding ion until the moment of decreasing of the average energy involved in the ion
cascade below Ed captures N0f of fullerene molecules, transferring a qf effective impulse to them. The value of
fullerenes’ impulse knocked out beyond the ion track is obviously limited both from above qf < 60q and below

130

S. N. Kapustin, M. K. Eseev

p
qf > Ed 2mf . In previous work [1], the expression (4) was obtained for WN – the possibility of emission from
the excited cluster zone consisting of N atoms with internal energyEint :
p


2(N q 2 /(2m) − Eint )
dWN
3(N q 2 /(2m) − Eint )
=Ω
× exp −
,
(1)
dEint
2ε
8π 3/2 (ε/3)3/2
where Ω is the solid angle of the cluster emission, m – atom mass, q – average impulse, received by the atoms of
the excited zone during the descent of the ion (in our case, in the ion track), ε – average atom energy, ε = q 2 /2m.
Suppose the energy of the Uf link of the fullerene is proportional to the cluster surface which contacts with
neighboring clusters and equals hEd , where h is a coefficient of the target looseness; h = 1 when fullerenes are
as close to each other as possible. To calculate the probability of fragmentation for a C60 cluster at the expense of
internal energy, we will integrate the spectrum of knocked out clusters with internal energy from nδ to (n + 1)δ:
WNn =

(n+1)δ
Z

dwN
, dEint
dEint

(2)

nδ

where δ is the sublimation energy of one carbon atom of fullerene, n – amount of vaporized from an overheated
cluster of atoms. We will calculate the probability of the excited fullerene flying out which will turn into a
cluster of 60 − n atoms after fragmentation. Fullerenes in the target are considered uncharged. The probability
of the fullerene receiving charge during fragmentation was calculated according to the technique described in the
work [1]. The results of the calculation are presented in the Fig. 1a.

F IG . 1. Left – the relative yield of Cn− – at C60 bombardment with Cs+ 60 keV ions, triangle –
classic model, square – improved model, circle – experiment [4]. Right – the relative yield of
Cn− at CNT bombardment with Cs+ 5 keV ions, triangle – model, circle – experiment [8]

3.

The sputtering mechanism of carbon nanotubes

Carbon nanotubes have a special property which can influence the process of sputtering. This special property
is ballistic thermal conductivity [5]. In a perfect CNT, a phonon moves without experiencing any sputtering. In
real CNTs there are always a certain number of defects, which is why the thermal conductivity of CNTs is often
quasi-ballistic or diffusive, but still remains high.
We assume during the ion bombardment of CNTs in the elastic cascade mode an increase in size of the
excitation zone concerning the plain graphite. This assumption is indirectly confirmed by previous work [6], where
carbon fibers, possessing a greater thermal conductivity than graphite, are shown to have a greater sputtering
coefficient.
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CNTs often have inclusions in the form of metal particles. During the ion bombardment on the CNT surface
metal nanoclusters can be formed. In the [7] project such CNTs are shown to have a greater sputtering coefficient
than graphite. During a continuous bombardment Y increases. This effect is not present during the ion bombardment of graphite. This difference can be explained by the greater efficiency of transferring the impulse from the
bombing ion to a metal cluster compared to that to a thin nanotube wall. Then the excitation is transferred from
the cluster to the CNT. Graphite, on the other hand, is thick enough to stop the ion completely and absorb its
whole impulse. The results of calculations and their comparison to the [8] experiment are shown in Fig. 1b. Calculations were conducted according to the standard model, the size of the excitation zone was considered doubled
in comparison to the ordinary case.
4.

Conclusion

It is shown that the mechanism of ion sputtering of a single nanoparticle differs very little from the mechanism
for macrobodies sputtering. After the presented modernization, the model [1] has good agreement with the
experimental data. It has been shown that the interaction between nanoparticles can contribute greatly in the
forming of mass spectrum of clusters. Knowing the processes taking part in the ion bombardment of nanoparticles
can be used for assessment of nanocoating sustainability, functional nanoaddition in composites, nanoelectronics
components and also for obtaining nanoobjects functionalized with nanoclusters.
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