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ARTICLE INFO ABSTRACT

Molecular dynamics computer simulations are employed to investigate processes leading to particle ejection
from free-standing two-layered graphene irradiated by keV argon gas cluster projectiles. The effect of the pri-
mary kinetic energy and the projectile size on the ejection process is investigated. It has been found that both
these parameters have a pronounced influence on the emission of particles. The interaction between argon
projectiles and graphene is strong regardless of graphene's minimal thickness. A significant portion of the pri-
mary kinetic energy is deposited into the sample. Part of this energy is used for particle emission, which is
substantial. As a result, circular nanopores of various dimensions are created depending on the bombardment
conditions. A major part of the deposited energy is also dispersed in a form of acoustic waves. Different me-
chanisms leading to particle ejection and defect formation are identified depending on the projectile energy per
atom. The implications of the results to a novel analytical approach in Secondary Ion Mass Spectrometry based
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on ultrathin free-standing graphene substrates and a transmission geometry are discussed.

1. Introduction

Two-dimensional crystals have been a subject of extensive studies
for some time due to their unique properties [1]. One of the most in-
spiring 2D materials is graphene. Due to its exceptional electric prop-
erties, high intrinsic strength, and stiffness, this material entered many
fields of engineering, for example electronics, composite materials, and
photovoltaics, just to name a few [2,3]. Despite the already conducted
extensive studies, still much effort must be spent to better understand
various aspects of graphene and graphene-like materials [4].

There are numerous methods used for graphene preparation, char-
acterization, or alteration. Some of them are relying on ion beam
bombardment [5]. Two of the less apparent forms of using the ion beam
are cleaning the graphene surface from contaminations and uplifting of
deposited material for further chemical analysis. Kim et al. considered
the cleaning of suspended graphene with argon clusters [6], while few
others worked on the subject of using these projectiles for cleaning of
graphene supported on the surface [7-10]. Verkhoturov et al. proposed
to use free-standing graphene as a substrate for chemical analysis by
Secondary Ion Mass Spectrometry (SIMS). In this approach, a so-called
“transmission geometry” is used in which the analysed organic material

Abbreviations: MD, molecular dynamics; SIMS, Secondary Ion Mass Spectrometry
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is deposited on one side of the ultrathin substrate, while another side is
bombarded by cluster projectiles [11,12]. It is argued that such geo-
metry can be particularly attractive for the analysis of ultra-small
amounts of organic material, molecular nano-objects, and supramole-
cular assemblies [11,12].

Cluster ion beams are a natural choice to uplift the organic mole-
cules. Impacts of these projectiles lead to more gentle, collective
movement of the substrate and analysed material, which favours the
emission of intact molecules [13,14]. Although one of the most suc-
cessful clusters used in organic SIMS is Cgo fullerene [15], there is a
significant movement towards larger clusters, such as argon gas clusters
consisting of hundreds or even thousands atoms [16-18]. Bombard-
ment of free-standing graphene by Cgo projectiles has already been
investigated [11,19-24]. However, there is no analogous work avail-
able for larger clusters, even though these projectiles are more optimal
for the analysis of materials consisting of large organic molecules
[13,14]. As a result, not much is known about processes that will lead to
a material ejection in this case. Most of the existing theoretical works on
the projectile-graphene interaction focuses on the ion beam-induced
creation of defects in graphene [25,26]. Much less is known about
processes that cause removal of carbon atoms from this material,
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leading to creation of defects, particularly when large cluster projectiles
are used. The objective of this paper is, therefore, to describe the dy-
namics of the energetic argon gas cluster bombardment of free-standing
graphene. The results are used to provide insight into phenomena
leading to the ejection of atoms from the bombarded system.

2. Computer model

The molecular dynamics (MD) computer simulations are used to
model cluster bombardment. Briefly, the movement of particles is de-
termined by integrating Hamilton's equations of motion. The forces
between carbon atoms in the system are described by the Charge
Implicit ReaxFF (CI-ReaxFF) force field [27], which allows for the
creation and breaking of covalent bonds. While preserving the accuracy
of the original ReaxFF potential, this force field is several times faster
and has an appropriate repulsive wall to describe high energy collisions
properly. Forces between argon atoms and between argon and carbon
atoms are described by the Lenard-Jones potential [28] splined with
KrC potential [29] for high energy collisions. A more detailed de-
scription of the MD method can be found elsewhere [30]. The gas
clusters consisting of 60, 100, 366, and 1000 argon atoms are chosen as
projectiles. These clusters have diameters of approximately 1.4 nm,
1.6 nm, 3 nm, and 4 nm, respectively. The kinetic energy and number of
argon atoms in the projectile cluster are changed to investigate the
effect of these parameters on the particle ejection process. Impacts of
Argo, Aryg0, Arses, and Arjggp projectiles with kinetic energy between 1
and 40 keV are investigated. All impacts occur along the surface
normal. The shape and size of the samples are chosen based on visual
observations of energy transfer pathways stimulated by the impacts of
argon clusters. As a result, cylindrical samples are used. For Argg, Ar;00,
and Arsee projectiles samples have a diameter of 40 nm. Substrates with
a diameter of 80 nm are used for the Ar;ggo projectile. Samples consist
of a double layer of graphene with a highly oriented pyrolytic graphite
structure. They contain 92,126 and 368,564 atoms, respectively. Rigid
and stochastic regions are used to simulate the thermal bath that keeps
the sample at the required temperature, to prevent reflection of pres-
sure waves from the boundaries of the system, and to maintain the
shape of the sample [30,31]. The simulations are run at a target tem-
perature of 0 K. Most simulations extend up to 10 ps, which is long
enough to achieve saturation in the ejection yield versus time depen-
dence. Only simulations for Ar;ggo with kinetic energy below 15 keV
are run for 80 ps to investigate the massive deformation of graphene,
which occurs in these systems over a prolonged time. Twenty-five im-
pact points randomly selected near the centre of the sample are chosen
for each combination of projectile size and primary kinetic energy to
achieve statistically reliable data. Simulations are performed with the
large-scale atomic/molecular massively parallel simulator code
(LAMMPS) [32], which has been modified to describe sputtering con-
ditions better. In principle, particles ejected in the direction of the
primary beam (the transmission direction) and in the opposite direction
(the reflection direction) are collected. However, as emission in the
reflection direction is minimal, only the data for the transmission di-
rection are presented in this paper.

3. Results and discussion

Dependence of the total sputtering yield and of the fraction of
projectile atoms penetrating through the sample on the primary kinetic
energy is presented in Fig. 1. The yield initially increases with kinetic
energy but saturates for higher energies in the investigated range for
the same projectile. For each projectile, there is a minimum kinetic
energy required to eject substrate particles or to perforate graphene.
These energies are presented in Table 1. Threshold energy shifts to-
wards larger values with the projectile size. Furthermore, the ejection
of graphene atoms requires higher kinetic energy than the emission of
argon atoms. The latter is an indicator of graphene perforation.

Surface & Coatings Technology 391 (2020) 125683

1000 - i
a ; LY
) .’E ”
o . c o1 “8
< 800 Projectile: @ R 4
1; —u— ArGO ‘ﬁ‘ ]
(o))
£ 600+ —o—Arg 0.001 g —rrrrrrerrred i
% —A— Arges E/n (eV) A
S 400l T* Ao # e sl i
S
2
200 j: . . -
| ] n
0 /A / 1 Il 1
—~ 100 1

801 2 / :
/

60

A
/ S
A

40~

204 * o

Energy loss (%)

10 20 30 40
Kinetic energy (keV)

Transmitted projectile atoms (%

0 20 30 40
Kinetic energy E (keV)

Fig. 1. The effect of the projectile kinetic energy E and size n on a) sputtering
yield S, and b) fraction of transmitted projectile atoms for various Ar clusters.
The inset to panel a) shows the data normalized to the number of projectile
atoms. The inset to panel b) shows the fraction of the primary kinetic energy
lost by the projectile.

Table 1

Values of the threshold energy Ey,, threshold energy per atom Eg,/n, threshold
momentum (Mg,), and threshold projected momentum M, for substrate par-
ticle emission (_s) and graphene perforation (_p).

Areo Arioo Arzee Ar1000

En s (keV) 1.5 2.4 5.0 10.0
Eu p (keV) 1.4 2.0 4.7 9.0
Emns/n (eV) 25 24 13 10

En p/n (eV) 23 20 12 9

M s (kg * m/s) * 10719 0.6 1.0 2.8 6.5
M p (kg * m/s) * 10719 0.6 0.9 2.7 6.2
M s (kg * m/s/m?) % 10° 4.0 5.0 3.9 5.2
M p (kg * m/s/m?) * 10° 3.9 4.6 3.8 4.9

Difference between these two thresholds increases with the projectile
size. This means that it is easier for a large projectile to penetrate
graphene without emission of carbon atoms.

It has been shown that the relation between the sputtering yield S
and parameters of the cluster projectiles can be significantly simplified
if the data are presented in a special form [33-35]. Such representation,
sometimes called “universal”, is shown in the inset to Fig. 1a [33,34].
Indeed, at the high E/n region, data points for all projectiles are located
at the same line, and the dependence between S/n and E/n is linear,
where E is the projectile's kinetic energy, and n is the number of pro-
jectile atoms. At low E/n value, the data points cannot be placed on a
single line, and the S/n vs E/n dependence becomes nonlinear, as re-
ported previously [33,34]. The onset of the nonlinear region depends
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strongly on the cluster size, shifting it to the lower kinetic energy per
atom as the size of the cluster projectile increases. The same trend has
been observed previously [33,34]. Our results indicate that the uni-
versal representation implemented for the sputtering of thick samples is
valid also for systems with limited dimensionality. Popok et al. [35]
proposed another approach aimed at simplifying the relation between
projectile range and projectile parameters. In this approach, the effect
of projectile size and its kinetic energy was unified by using the pro-
jectile momentum [35]. The effect of the application of all these ap-
proaches to our threshold energy data is shown in Table 1. It is evident
that expressing the ejection onsets by the projected momentum seems
to be the most universal. The projected momentum is calculated by
dividing the projectile momentum by the area of the projectile's pro-
jection on the graphene surface, as proposed in Ref. [35].

The yield of ejected carbon atoms increases with the projectile size
when the primary kinetic energy is constant. There is a significant
particle emission from the bombarded sample, especially for large high-
energy projectiles. Almost all projectile atoms penetrate through an
ultrathin sample. Only below approximately 5 keV for Argp, Arqqo,
10 keV for Arses, and 15 keV for Arjgpo penetration efficiencies are
significantly reduced, as shown in Fig. 1b. It is evident that a significant
fraction of the primary kinetic energy is lost by a projectile regardless of
the minimum thickness of the sample, as indicated by the data pre-
sented in the inset to Fig. 1b. For instance, for 10 keV projectiles, more
than half of the primary kinetic energy is lost when penetrating through
graphene layers. This fraction decreases as the kinetic energy increases
for a given projectile size. It also increases as the projectile size de-
creases for a given primary kinetic energy, particularly at low kinetic
energy. It is interesting to note that the projectile loses its kinetic energy
even in cases where no ejection of substrate atoms occurs. This ob-
servation indicates that graphene sheets consume a part of the primary
kinetic energy.

The primary kinetic energy also influences the relative contribution
of various species in the ejected plum, as presented in Fig. 2. Numbers
in the bottom-right corners of individual spectra indicate the kinetic
energy per projectile atom, which is proposed as the universal metric to
characterize ejection phenomena stimulated by cluster projectile
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impacts [33,34]. This quantity is proportional to a square of the pro-
jectile velocity. For energetic projectiles, mainly carbon monomers
populate the plum. The most abundant ejection shifts to larger frag-
ments with a decrease of the projectile energy per atom. At the same
time, a relative ejection of carbon monomers decreases. At certain
conditions, carbon trimers are the most abundant species in the ejected
flux, as seen, for instance, for 20 and 40 keV Ar;oo0 projectiles (20 and
40 eV/n respectively). For these impacts, the emission of carbon
monomers is almost absent. This is a surprising observation, as in a
typical sputtering experiment the emission of monomers is a dominant
channel of particle removal [36]. Based on the similarities in the mass
spectra, we divide all investigated impacts into three categories, as
indicated in Fig. 2. Impacts leading to the significant ejection of carbon
monomers are classified as category A. This category contains impacts
of the projectiles with the largest kinetic energy per atom used in our
study. Impacts leading to a dominant emission of larger fragments are
marked as category B. This category includes medium energy impacts.
Finally, impacts resulting in no emission of substrate particles are
grouped in category C. This category contains impacts of the projectiles
with the lowest kinetic energy per atom investigated in our study.
Differences in the particle emission process caused by impacts as-
signed to categories A, B, and C are even more pronounced in velocity
distributions of the ejecta. In Fig. 3, we present velocity distributions of
C, Cy, and C; fragments ejected from graphene in the transmission di-
rection. The spectra are normalized to their maxima, because in the
following reasoning we will be interested only in their shape. For ca-
tegory A impacts, the ejecta have broad velocity distributions. The
shape and the peak position of spectra for each fragment type are dif-
ferent. Carbon monomers are, on average, the fastest-moving particles.
Larger fragments move with lower velocity, which is typical behaviour
observed for sputtering experiments [36]. Much more interesting are
the velocity spectra of particles ejected by impacts classified as category
B. These spectra are narrower than earlier distributions. Surprisingly,
they have almost identical shapes for all three types of the emitted
species at the same impact conditions. Moreover, the velocity corre-
sponding to the most abundant emission correlates with the initial ve-
locity of a projectile. These features are different from a typical
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Fig. 2. Mass spectra of particles ejected in the transmission direction for 16 impact conditions corresponding to 4 projectile sizes and 4 primary kinetic energies.
Graphs are grouped into three categories A, B, and C based on similarities of the spectra features (see text). Projectile atoms are not shown.
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Fig. 3. Velocity distributions of 16 incidence conditions corresponding to different projectiles and primary kinetic energies. Different lines show velocities dis-
tributions of emitted C atoms (black solid line), C dimers (red dashed line), and C trimers (blue dotted line). Vertical lines denote the initial velocity of a projectile. All
spectra are normalized to their maxima. Initial projectile velocity for the 40 keV Arg, impact is outside of the velocity scale. Numbers at the bottom right corner of
each spectrum depict the kinetic energy per projectile atom. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

sputtering experiment, where the shape of the velocity spectra does not
depend on the primary kinetic energy, at least in the linear cascade
regime, and are usually different for various ejected species [36]. These
differences can be expected, as there is no time and space for the linear
collision cascade to develop in our samples. Nevertheless, the ejection
of various fragments with the same velocity spectra is still puzzling.
There are no velocity distributions in Fig. 3 for the impacts of category
C, as no particles are ejected in this case.

The temporal evolution of studied systems is investigated to identify
processes responsible for the particle ejection and explain the observed

0.1 ps 0.4 ps-

trends. The results are shown in Figs. 4, 5, 6, 7, and 8, as well as in
Animations 1, 2, 3, and 4. An example of temporal snapshots for ca-
tegory A impacts is shown in Fig. 4, and in Animation 1. The data are
obtained for 40 keV Arg, projectile, which is the fastest projectile in-
vestigated in our study. The integrity of the projectile is compromised
almost immediately after it passes through the graphene. However,
during the impact, the projectile atoms stay together and interact col-
lectively with the sample. After the collision, all projectile atoms pe-
netrate through the substrate. The ejection of both projectile and sub-
strate atoms is forward directed. Only a few substrate atoms are emitted

0.7 ps 10 ps

L 5.0 nm A 5.0 nm
~— e N

g

5.0 nm 5.0 nm

Fig. 4. Temporal snapshots from the simulation of a 40 keV Arg, impact at graphene. The top row contains side views of the system obtained at various moments
given by the values at the top left corners. The lower row contains perspective view of the same system. For a side view only 2 nm thick slice through the centre of the
sample is shown. Carbon atoms are depicted as grey balls while argon atoms are yellow. Thin lines in the background denote the distance of 10 nm. Arrow indicates
the direction of an incoming projectile. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Temporal snapshots from the simulation of a 40 keV Arjqqo impact at graphene. A detailed description of the content of the figure is provided in Fig. 4.

in the reflection direction. Atom removal leads to a formation of in-
itially almost circular nanopore. Zhao et al. have found that energetic
clusters can be used to fabricate nanopores in graphene in a controlled
way by varying the properties of the incident beam [20,37]. They have
found that impact energy of 11.4 eV per projectile atom is needed to
create a nanopore in a single layer of graphene when bombarded with
Ceo projectile at normal incidence [20,37]. This value is smaller than
the threshold energy for the nanopore formation by Are projectiles, as
shown in Table 1. This difference is expected, as Argo has a different
mass than Ceo, and two-layered graphene is bombarded in our case.

The structure of a newly created nanopore is dynamic. We observe,
for instance, that new bonds are created in this area. The radicals cre-
ated by the impact are highly reactive and tend to form new bonds
instantly. Some of these bonds are also formed between carbon atoms
located in different layers. Again, similar behaviour was reported for
Ceo bombardment of graphene [20,37], and Cgo and Ar, bombardment
of fullerite [38]. These new bonds lead not only to a hardening of the
rim but also to a partial self-healing of the created nanopore.

As already discussed, a significant fraction of the primary kinetic
energy is transferred to the sample. Most of this energy is carried away
by circular acoustic waves that propagate outward from the point of
impact. For the Argo bombardment, these waves have a maximum
amplitude of approximately 0.1 nm. The process is very effective as
graphene planes can efficiently transfer kinetic energy. It has been
shown, for instance, that this property is responsible for an unusually
small sputtering yield observed from pyrolytic graphite bombarded by
Ceo [39].

The analysis of Animation 1 indicates that two processes lead to the
emission of carbon particles. Initially, carbon atoms are ejected by a

direct interaction with a projectile. Because the projectile is energetic,
the collisions are violent, and a lot of energy is transferred between Ar
and C atoms. Original bonds between carbon atoms are easily broken,
which leads predominantly to the emission of monomers. The presence
of a conglomerate of Ar and C atoms at a distance of ~1.5 nm from the
graphene already at 100 fs, as seen in Fig. 4, indicates that most of the
carbon atoms ejected in this phase have high velocities. The second
process leading to particle ejection occurs later and may last for several
picoseconds. The rim is energized during projectile penetration. Some
of this energy can be used to eject carbon particles. These particles are
ejected along various polar angles with lower kinetic energy than atoms
emitted by a direct interaction with the projectile. However, there is
also a significant vertical and radial movement in this area. The vertical
movement initially leads to a temporary separation of the layers near
the rim area. It has been shown that this process can be used to sti-
mulate efficient emission of intact organic molecules from layers de-
posited on graphene substrate [12,24]. Later, the vertical movement
combines with correlated radial displacements of C atoms around the
rupture and is transformed into collective movements, which develop
wave-like vertical oscillations and radial planar compressions. A similar
phenomenon also has been observed on graphite and graphene surfaces
bombarded by Cgo [12,21,40,42]. Approximately 20% of the primary
kinetic energy transferred from the projectile to the sample is carried
away by ejected substrate atoms for a 40 keV Argq bombardment. The
remaining part is carried away by outwardly propagating waves.

The projectile has a lower kinetic energy per atom during category B
impacts as compared to the category A bombardment, as shown in
Fig. 3. It means that it moves slower. Examples of category B impacts
are presented in Fig. 5 (Animation 2) and in Fig. 6 for a 40 keV Ar;goo

0.2 ps 0.3 ps lps 10 ps
i i
&5 i, e i
L .
S “’@fﬁ Kl
Q\Tﬂ ..A».w"“y& k\‘“‘\ig:.m = “\\iiim ..MWM \‘iiim MM

Fig. 6. Temporal snapshots from the simulation of a 5 keV Argo impact at graphene. A detailed description of the content of the figure is provided in Fig. 4.
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Fig. 7. Temporal snapshots from the simulation of a 5 keV Aryqq impact at graphene. A detailed description of the content of the figure is provided in Fig. 4.

and 5 keV Arg, respectively. Just like in the case of category A impacts,
projectiles are being compressed and flattened. However, the extent of
flattening is more significant now. After approximately 0.2 ps for 5 keV
Argo and 0.4 ps for 40 keV Ar;oo0 graphene becomes perforated. A large
pore is formed for Ar;go0. However, even for 5 keV Arg, projectiles, the
orifice has a larger diameter as compared to the 40 keV Argo impact, as
the 5 keV Argo projectile expands laterally before penetrating through
the graphene layers. As shown in Figs. 5 and 6, and in Animation 2,
carbon atoms located initially directly above the impinging projectile
are removed collectively from the sample. They remain in almost ori-
ginal lattice, as they are entrained as one entity by Ar projectiles.
Consequently, these atoms have similar velocities as the propagating
clusters. This velocity is lower than the initial projectile velocity be-
cause a part of the primary kinetic energy is already consumed to
perforate graphene. Carbon atoms entrained by the projectile are se-
parated later when the projectile disintegrates, forming various frag-
ments. However, they preserve their velocities. This observation ex-
plains why these particles have similar velocity distributions.
Furthermore, the process is gentle and spatially correlated. Conse-
quently, not only monomers but mostly larger fragments of the original
lattice survive the ejection process. As a result, the peak in the mass
spectra shifts towards larger fragments as compared to the mass spectra
of category A impacts. The effect becomes more pronounced for larger
projectiles. These observations account for the main features of the data
shown in Figs. 2 and 3. Just like in the case of category A impacts, a
fraction of the primary kinetic energy is deposited in graphene sheets,
which leads to a formation of acoustic waves. Because the projectile is
moving slower, there is more time for interactions between projectile
atoms and atoms residing near the rim of the formed nanopore. More

1.3 ps

—— 100m —— - 10nm ——

o)

energy is transferred from the projectile to the sample. However, there
is also more time to drain this energy away from the nanopore. Simu-
lations indicate that this process is fast. Consequently, more acoustic
waves with higher amplitudes are created, but the density of the de-
posited energy near the rim area is small. As a result, the rim is less
energized, fewer carbon particles are emitted from this area, and
carbon entrainment becomes the primary mechanism of particle ejec-
tion.

Finally, the impacts of category C should be discussed. These im-
pacts do not lead to carbon ejection from the sample. However, gra-
phene is still disturbed. In fact, the substrate can be more significantly
altered than in previously discussed cases for the impacts of large
projectiles. Our simulations identify two possible scenarios. In the first
case, both the projectile momentum and its kinetic energy are not
sufficient to perforate the sample. This scenario is illustrated in Fig. 7
and in Animation 3 for 5 keV Ar;qgo. For these impact conditions, the
projectile is almost entirely decelerated. During deceleration, projectile
flattens significantly spreading its atoms over a wide area below the
graphene. Most of the primary kinetic energy is transferred to the
sample, as shown in Fig. 1. This energy is used predominantly to deform
the sample and to create acoustic waves. As a result, the graphene
surface bulges out in the direction of the primary beam over a large
area, and numerous acoustic waves propagate outwards. Finally, the
projectile atoms become back-reflected, but their kinetic energy is
small. The deposited energy is carried away from the impact area and
its density is not sufficient to stimulate the ejection of carbon from
graphene. After the deposited energy is dispersed in graphene, the
system returns to its initial shape.

In the second scenario, the momentum of the projectile is sufficient

10ps 80 ps

- 100m —— - 100m ——

Fig. 8. Temporal snapshots from the simulation of a 10 keV Ar;qo0 impact at graphene. A detailed description of the content of the figure is provided in Fig. 4.
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to break graphene, but the deposited density of the primary kinetic
energy is still not enough to eject carbon atoms. This scenario is illu-
strated in Fig. 8 and in Animation 4 for a 10 keV Arjooo impact. After
the impact of a massive projectile, the graphene substrate begins to
deform conically, just like it did in the earlier case. Graphene begins to
buckle out. Again, the projectile decelerates and flattens over a large
area. However, now its momentum is sufficient to rip the sample. A
small rupture is formed initially, but soon radial cracks along crystal-
lographic directions occur, which propagate quickly. Graphene layers
unfold in a petal-like form. Five triangular-shaped petals fold at their
bases. The system opens like a flower. The opening is vast, with di-
mensions significantly exceeding the projectile diameter. Argon atoms
easily move through this opening. Individual petals move out. Some of
them are even placed for a short moment on the graphene surface. Even
in these extreme conditions, the structure does not break. Instead, the
elastic strain forces the petals to move back into the opening. Even at
the end of our simulation (80 ps) there is still kinetic energy in the petal
movement. The formation of petal-like structures has also been shown
in experiments with a supersonic micro-particle bombardment of mul-
tilayer graphene [43]. It is fascinating to note that even argon cluster
projectiles can stimulate the same effects as orders of magnitude larger
micro-projectiles. As indicated by Figs. 7 and 8, the processes stimu-
lated by category C impacts are much more prolonged in time, as
compared to scenarios present during category A and B impacts.

4. Conclusions

We presented the results of computer simulations investigating the
bombardment of two-layered free-standing graphene by argon cluster
projectiles with various kinetic energy and size. For most of the impacts
considered, there is a substantial emission of carbon from graphene.
Even though graphene is a very thin material, it absorbs a lot of the
projectile's kinetic energy. Based on the differences in the ejecta, we
divided impacts into three categories. Impacts with high kinetic energy
per atom are described as category A. These impacts result in the
ejection of high amounts of atomic carbon due to direct collisions with
a projectile followed by emission from the energized rim of the rupture
in graphene. Medium kinetic energy per atom impacts are classified as
category B. In these impacts, the projectile gently pushes material out
from graphene, resulting in the ejection of larger graphene fragments,
especially C; particles. Finally, low-kinetic energy per atom impacts are
described as category C. Such impacts do not lead to any carbon ejec-
tion even if they result in piercing the graphene layers. These impacts
may, however, significantly modify a structure of graphene, especially
for massive and large projectiles. In this case, the formation of large
petal-like defects is observed. Similar structures have been already
observed in experiments with micro-sized projectiles of comparable
velocity and multilayer graphene targets [43].

It has been proposed that Ce projectiles can be used for a controlled
perforation of graphene. In principle, also Ar clusters could be used for
the same purpose as there is a definite relation between Ar cluster size
and dimension of the nanopore created by its impact. From a practical
point, however, it is currently not possible to make an ion beam com-
posed of Ar clusters of the same size. Due to technical reasons, Ar ion
beams always contain a distribution of Ar clusters with different sizes.
As a result, only limited control of the pore sizes can be achieved with
these projectiles.

Finally, a few comments can be made about the applicability of Ar
cluster projectiles and ultrathin graphene substrates for SIMS analysis
of organic overlayers in transmission geometry. Studies with Ceo pro-
jectiles have shown that intact organic molecules are emitted by the
unfolding of the topmost graphene layer. In this case, the graphene
sheet acts as a catapult that can gently hurl molecules into the vacuum.
There is a considerable amount of energy associated with this move-
ment, which means that even very large molecules can be uplifted.
During argon cluster bombardment, there is more energy in this

Surface & Coatings Technology 391 (2020) 125683

motion, and the movement extends to a much higher lateral distance
from the point of impact. Consequently, a larger number of adsorbed
molecules could be ejected by a single projectile impact, making ana-
lysis of small amounts of organic material even more viable.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.surfcoat.2020.125683.
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