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The method of molecular dynamics has been used to study the bombardment of a copper film on
supported graphene by Ar13 clusters with kinetic energies of 5, 10, 20 and 30 eV and different angles
of incidence. It is obtained that the cluster energy should be in the interval 20–30 eV for effective graph-
ene cleaning. There is no cleaning effect at vertical incidence (h = 0�) of Ar13 clusters. The bombardments
at 45� and 90� incident angles are the most effective ones at a moderate and big amount of deposited
copper respectively.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Graphene has unique physical properties and energy-band
structure. It is possible now to receive graphene of a small size
with the help of different technologies. However, there is a new
technology of graphene film production of the size up to 70 cm
[1]. Graphene can be used in different membranes due to its high-
est flexibility and mechanical strength. As an absorbing material,
graphene is an effective one only in the case of multiple using.
Consequently the question of graphene cleaning of deposited sub-
stances arises. In addition there was a need to develop an effective
method for releasing copper from scrap copper-graphene elec-
trodes recently used in electrochemical devices operating in
aggressive environments. Graphene coating on copper significantly
(by one and half orders of magnitude) increases the resistance of
the metal to electrochemical degradation. The copper has a signif-
icant practical interest. The surface pollutions on graphene are
removed by ion beam [2]. The bombardment with the cluster beam
can be effective method of graphene cleaning. It is important here
however to find the correct bombardment energy to avoid the
damage of graphene membrane. Molecular dynamics (MD) simula-
tion of plasma interaction on a graphite surface has shown that the
graphite surface absorbs the most part of hydrogen atoms when
the energy of incident beam is 5 eV [3]. At the same time almost
all hydrogen atoms are reflected from the surface at the beam
energy 15 eV. Vertical bombardment by Ar10 clusters with kinetic
energy Ek < 30 eV executed in MD model does not result in the
break of graphene sheet during 100 runs [4]. Graphene is broken
at Ek = 40 eV.

The ion track lithographic method uses the passage of energetic
ions through nanoholes in the mask and subsequent bombing of
the graphene sheet only within a limited nanoregion. It is impor-
tant to investigate in detail the entire lithographic process to pre-
dict how nanostructures can be produced in the suspended
graphene sheet using this method. The present study will contrib-
ute to achieving this goal. Controlled ion parameters obtained in
our simulation will be used to obtain desirable defective
structures. No experimental studies have been performed so far
to produce such cluster ions to irradiate the target containing
graphene. Furthermore, it has been shown that the theory of irra-
diation effects for bulk targets does not always lead to satisfactory
results for the low-dimensional materials, such as graphene [5,6].
It is quite obvious that atomically thin target of graphene requires
explicit consideration of the atomic structure [7,8].

The aim of the present work is to investigate stability of the thin
copper film on graphene under Ar13 clusters bombardment with
kinetic energies 5, 10, 20 and 30 eV and incident angles of the
cluster beam 90�, 75�, 60�, 45� and 0�.
2. Material and methods

Interatomic interactions in graphene were described in terms of
the modified Tersoff many-body potential [9,10]. Atomic interac-
tions in the copper film were modeled with the use of the Sutten–
Chen many-body potential [11]. The copper–carbon interaction
was described by the Morse potential [12]. In the Ar13 cluster, the
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atoms were supposed to interact via the Lennard–Jones potential
[13]. The interaction between Ar atoms and the target (Cu and C)
atoms was defined by the purely repulsive Moliere potential [14].
We neglect weak attraction between the Ar and Cu atoms on the
one hand and the Ar and C atoms on the other hand, since the pri-
mary subject of this study is energy and momentum transfer not
chemical bonding.

Graphene sheet is placed on a copper substrate which does not
allow C atoms to move vertically downwards. Thereby the
movement of the sheet under the influence of cluster impacts
was completely excluded. Copper substrate was a slice of five
atomic layers of the FCC lattice, the lattice (100) plane served as
a surface of the slice. This surface has a square shape, 10 atoms
Cu are located along the edge of this square, and the entire slice
contained 1000 Cu atoms. Graphene sheet of size 3.4 � 2.8 nm con-
taining 406 atoms of C is placed on the substrate and fully fitted
into this square. In the chosen coordinate system the graphene
sheet had ‘‘zigzag’’ edges along the x axis and the ‘‘armchair’’ edges
– in the direction of the y axis. Initially all the atoms C have coor-
dinates z = 0. Substrate atoms were fixed, but interacted with C
atoms of the graphene and Cu atoms of the film. Boundary condi-
tions at the edges of graphene were free. It allows investigating the
stability of edges to external dynamic loads.

The copper film formation on the graphene was simulated by
separate MD calculation in two steps. At the first step Cu atoms
were placed over the centers of noncontiguous graphene cells so
that the distance between Cu and C atoms would be equal to the
distance of 2.243 Å calculated by the density functional theory
[15]. Onto this loose film consisting of 49 copper atoms, another
51 Cu atoms were deposited at random. In the initial state copper
film presented three-dimensional structure with an ordered lower
base (adjacent to graphene) and irregular and not flat top layer.
Then the system composed of 100 Cu atoms and 406 C atoms
was equilibrated in the MD calculation over a duration of 1 million
time steps (Dt = 0.2 fs). Numerical solution of the equations of
motion was carried out by the fourth-order Runge–Kutta method.
The target obtained in this manner was subsequently bombarded
with icosahedral Ar13 clusters during 1 ns.

In the case of vertical bombardment (h = 0�) the virtual rectan-
gular two-dimensional 5 � 5 grid covers the graphene sheet. Vir-
tual grid is lifted over graphene sheet at a distance of 1.5 nm.
Every grid node gives the initial position for Ar13 cluster living
8 ps. The lifetime includes time of flight and time of interaction
with the target. After this time Ar atoms of decayed cluster were
excluded from consideration and a new cluster Ar13 was launched
from a different point cluster sources. In the case of inclined bom-
bardment five starting points for placing the centers of the Ar13

clusters were uniformly spaced apart on a line parallel to the oy
axis (chair direction). This line was displaced to the left (along
the ox axis) from the left edge of graphene by a distance of
1.5 nm and raised to such a height (in the direction of the oz axis)
to provide an effective impact to the copper film. Interval equal to
the Lx length of the graphene sheet in the axial direction (the
direction of zigzag) was divided into 5 equal segments of length
Li = Lx/25. Five point cluster sources moved horizontally forward
at a distance Li at the beginning of each cycle (except for the
first), thus the cluster impacts line moved. As a result, graphene
sheet was covered with 125 evenly spaced points to target cluster
impacts.

Because of system geometry, it is necessary to investigate
separately the horizontal Dxy and vertical Dz components of self-
diffusion coefficient. Stresses calculation in metal film is described
in [11]. Stresses distribution in graphene is obtained by calculating
of ratio of the corresponding resultant force acting on a selected
site to the area of this site. The surface roughness is calculated as
an average arithmetic deviation of surface profile.
3. Calculation

The calculations were performed by the classical molecular
dynamics method. In this study, we used three types of empirical
potentials describing the carbon–carbon (in graphene), copper–
copper, and copper–carbon interactions. The representations of
the interactions in graphene were based on the use of the Tersoff
potential [9]
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where bij is the multi-particle bond-order parameter describing in
what manner the bond-formation energy (attractive part Vij) is cre-
ated at local atomic arrangement because of the presence of neigh-
boring atoms. The potential energy is a multi-particle function of
atomic positions i, j, k and is determined by parameters
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where n is the effective coordination number, g(hijk) is a function of
the angle between rij and rik which stabilizes the tetrahedral
structure.

This potential was successfully tested on many single- and
multi-component systems with covalent chemical bonding
[16,17]. However, the transition to the simulation of two-dimen-
sional systems (for example, in graphene) with covalent bonding
revealed some difficulties in using this potential. The main disad-
vantages were as follows: the interaction was represented only
by short-range covalent forces, and the contributions from the
interactions with neighbors of the second and higher orders were
not considered. The simulation with this potential led to cracking
the graphene sheet even at low temperatures. Another serious dis-
advantage was in the existence of the net torsional moment
appearing because of the lack of mutual compensation of the
torsional moments determined by bonds around each atom. As a
result, there occurred rotation of the graphene sheet (most
frequently, counterclockwise). This effect impeded simulation of
nanocomposites and made difficult structural analysis. In the
proposed model, the aforementioned disadvantages were elimi-
nated as follows. The scale of covalent interaction in the model
was increased from 0.21 to 0.23 nm. Outside the covalent interac-
tion, we used a very weak attractive Lennard–Jones interaction
with the parameters taken from [10]. To prevent rotation of the
graphene sheet, the ‘‘retardation’’ at each atomic site of the graph-
ene atomic was provided by the force �dVij(Xkijl)/drij where the
torsional potential Vij(Xkijl) is represented by the expression [10]

Vtors
ij ðXkijlÞ ¼ ekijl

256
405

cos10 Xkijl

2

� �
� 1

10

� �
; ð6Þ

and the torsion angle Xkijl is defined as the angle between the
planes, of which one plane is specified by the vectors rik and rij,
and the other plane, by the vectors rij and rjl:

cos Xkijl ¼
rji � rik

jrji � rikj
� rij � rjl

jrij � rjlj
: ð7Þ

The height of the barrier ekijl for the rotation was taken from [10].



Fig. 1. Configuration of a system ‘‘copper film on the graphene sheet with the
copper substrate’’ bombarded by Ar13 cluster with energy 20 eV during final
impacts cycle at the incident angle h = 90�. Coordinates are in angstroms.
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The Sutton–Chen potential was successfully used for simulating
both bulk metals and metallic clusters [18]. The Sutton–Chen
potential energy is written as
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where
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X
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where e is a parameter having the dimensionality of energy; c is the
dimensionless parameter; a is a parameter having the dimensional-
ity of length that is commonly chosen to be the lattice parameter;
and m and n are positive integers (n > m). The power form of the
contributions makes it possible to successfully joint the short-range
interactions which are represented by an N-particle terms with the
Van der Waals ‘‘tail’ that determines long-range interaction. For
copper, we used the Sutton–Chen potential parameters as follows:
m = 6, n = 9, e = 12.382 meV, and c = 39.432 [18]. The copper–carbon
interaction was described using the Morse potential:

VðrijÞ ¼ D0ðexp½�2aðrij � rmÞ� � 2 exp½�aðrij � rmÞ�Þ: ð10Þ

The simulation was performed with the Morse potential parameters
as follows: D0 = 87 meV, a = 17 nm�1, and rm = 0.22 nm [12].

The interaction between the Ar atoms and the atoms (Cu and C)
of the target was determined by purely repulsive Moliere potential
[14]
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where Zi and Zj are atomic numbers of the i and j atoms, e is the ele-
mentary charge, r is the distance between the atoms, a is Firsov
screening length [19].
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Here a0 is the Bohr radius.
The stress at the site of the ith atom of the metallic film is

defined as [18]
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where the volume corresponding to an individual atom Xi can be
associated with the volume of the Voronoi polyhedron related to
the i th atom.

To calculate the stresses induced in graphene, the graphene
sheet was divided into elementary areas. The atomic stresses
ri

JðlÞ in the l th elementary area for each of directions x, y and z
with a current index J are determined by calculating the atomic
kinetic energies at this area and projections of forces acting on
the l th area from all other atoms
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where k is the number of atoms at the lth area; X is the volume per
atom; m is the atomic mass; v i

J is the Jth velocity projection of atom
i; and Sl is the area of the lth area. Angular brackets indicate the aver-
aging over time. In this case, the compressive stresses can have plus

and minus signs, according to directions of forces f i
J . In this regard,

microscopic stress ri
JðlÞ differs from macroscopic stress �rJ < 0.
Self-diffusion coefficient was determined by the mean square

displacement of the atoms ½DrðtÞ�2
D E
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D ¼ Dxy þ Dz ¼ lim
t!1

1
2C

½DrðtÞ�2
D E

; ð15Þ

where C = 3 is the dimension of space, Dxy and Dz are the horizontal
and vertical components of the self-diffusion coefficient.

The surface roughness (or the profile deviation arithmetic aver-
age) was calculated as

Ra ¼
1
N

XN

i¼1

jzi � �zj; ð16Þ

where N is the number of nodes (atoms) on the surface of graphene
zi is atomic level, �z is the graphene surface level, zi and �z are the val-
ues determined at the same time.

4. Results

There is no graphene surface cleaning after vertical bombard-
ment at energy 5–20 eV. Bombardment with the 10 and 20 eV
energies gives significant damage of graphene edges up to knock-
ing out carbon atoms. Copper film becomes looser and Cu atoms
form a column. The graphene sheet is partly cleaned of copper
atoms after bombardment with energy 20 eV at incident angle
h = 75�. Graphene is almost cleaned of Cu atoms at angles h = 45�
and h = 60�. In every case after finishing of inclined bombardment
the graphene sheet is removed in parallel or perpendicular (down)
direction in relation to its initial position. It allowed removing cop-
per from graphene totally only after bombardment at 45�. In the
case of bombardment by the method of the ‘‘nap of the earth’’ flight
(incident angle 0�) a big amount of metal atoms is still on the
graphene surface when the emitted cluster energy is 10 eV. But
the number of copper atoms is reduced at energy 20 eV (Fig. 1).

At any cluster incident angle the mobility of Cu atoms in hori-
zontal plane exceeds considerably (in order) the mobility of ones
in vertical direction. After the first cycles of cluster impacts there
are high values of Dxy components, especially at the incident angle
h = 60� (Fig. 2a). It seems reasonable because the copper film has
not yet adapted to the bombardment. The more intensive fluctua-
tions and significantly higher Dxy values testify continuous fast
destruction of copper film during clusters impacts at incident angle
45�. Vertical components Dz of copper film self-diffusion coefficient
have mostly the same behavior as Dxy(n) function (Fig. 2b).

Stresses in xy plane of copper film at every bombardment have
extensive fluctuations which become weaker during the last
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impact series. At all incident angles excluding h = 90� the rzz stres-
ses are considerably higher than rzx and rzy ones. At h = 90� and
energy of 10 eV the rzx, rzy and rzz stress components for metal
film in horizontal plane have comparably low values during the
whole run (Fig. 3a, rzz is only shown). For the energy 20 eV at
the initial target bombardment (n 6 10) there are significant fluc-
tuations of all stress components in horizontal plane. The rzz com-
ponent has the most intensive fluctuations. Such fluctuations at
energy of bombardment clusters 20 and 30 eV are connected with
impacts of Ar atoms compressing the film and knocking out Cu
atoms. The fluctuation size of rzz value is further decreased
because of metal film loosening in vertical direction.

On the contrary, stress distribution in the graphene sheet does
not almost depend on the direction of incident cluster beam. Cluster
impacts are mainly weakened by the copper film. Stresses distribu-
tion in graphene between the rows in the ‘‘chair’’ direction at Ar13

cluster bombardment with energies 10 and 20 eV at h = 90� is
shown in Fig. 3b. Because of strong shot-interacting bonds in graph-
ene there are no essential differences between stresses values of
rzx, rzy and rzz for series of cluster bombardment with energies
10 and 20 eV. The rzx and rzy stresses are uniformly distributed in
the plane of graphene sheet. For both energies the maximum rzz

stress in this area of graphene sheet exceeds by 4–7 times the
maximum values of rzx and rzy stresses. It is connected with
impulses transmitted to graphene from Cu atoms which they get
as a result of interactions with Ar atoms.

The graphene roughness increases significantly by the end of
bombardment. It does not depend on the incident angle and energy
of Ar13 clusters’ beam. Significant growth of roughness is limited
by rigid bonds in graphene. Roughness Ra of the graphene sheet
rises nonmonotonically during bombardment (Fig. 4). When the
clusters energy is 10 eV the increase of Ra is slow with low ampli-
tudes. There are considerable fluctuations of Ra(n) function espe-
cially in the values range of 10 6 n 6 25 when energies are 20
and 30 eV. The decrease of initial growth of roughness in the case
of energy 20 eV is connected with the reduction of final Ra value
because of the smoothing effect. At the final bombardment step
the Ar13 cluster flies rather low over graphene surface and
‘‘polishes’’ it not meeting Cu atoms.

5. Discussion

All graphene-based devices must unavoidably be electrically
contacted to outside world by metal contacts. Graphene films
can be made by catalytically decomposing hydrocarbon precursors
over thin films of copper. Wrinkles in a graphene film have a neg-
ative impact on electronic properties by introducing strains that
reduce electron mobility, Often the final product must be a sin-
gle-layer graphene film. Graphene-based membranes could be
used to capture carbon dioxide from certain industrial processes,
such as coal burning, and thereby reduce greenhouse emissions.
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Graphene could cheaply and easily remove salt from seawater.
With properly sized holes, graphene sheets may be able to serve
as all-purpose filters.

In spray form copper is an ecological threat. Application of
graphene oxide as a filter material dramatically increases the effi-
ciency of removal of heavy metals Cu and Pb from an aqueous solu-
tion [20]. Removal of trace amounts of heavy metals from water
and air is possible through the use of filters with graphene mem-
branes. This however raises the question of filter cleaning from
metal deposits. A bond of deposited metal with graphene can be
significant because graphene used for membranes has defects such
as Stone–Wales defects [21] as well as mono- and poly-vacancies.
The method of graphene purification of metal should be on the one
hand effective, i.e. able to remove all the sediment, and on the
other hand practical enough not to damage graphene and thereby
provide its repeated re-use. Argon ion bombardment treatment is
effective to remove the oxide film and contamination at the surface
[22]. Bombing by a cluster ‘‘projectile’’ is much gentler compared
to ion bombardment [23] because cluster ‘‘projectile’’ cannot pen-
etrate the target as deep as the atomic analogue. Under ion bom-
bardment, it is important to choose the angle of incidence of the
atomic ‘‘projectiles’’. For beams of atomic ions the largest ejection
of matter is observed at angles of incidence of 40–80� after which
the emission starts to decrease [24].

The present study is expected to provide predictive design
capability for controlling the surface patterns and stresses in nano-
technology products. For example, the improved understanding
could help to make biocompatible surfaces for medical devices.
When argon ions hit the copper surface, they penetrate it, knocking
away nearby atoms Cu like billiard balls in a process that is akin, at
the atomic level, to melting or evaporation.

We carried out the bombardment of graphene by argon clusters
with low energy so as not to damage the graphene when cleaning
the metal. The cluster bombardment with significantly higher
energy can cause sputter of material with covalent bonds as
observed when Si is bombarded with 15 keV Cþ60 [25]. In this exper-
imental work the incident angle is increased from 0� to 60�. Hill
and Blenkinsopp [20] observed a higher sputter yield of Si at 45�
than at normal incidence. Molecular dynamics simulations [26]
of the bombardment of a silicon crystal with C60 are used to under-
stand and interpret the puzzling experimental results [25]. At both
incident angles, all of the carbon atoms in the projectile become
deposited in the substrate by forming SiC bonds, but for the 45�
angle MD simulation more energy is deposited near the surface
creating the larger Si yield [26]. Thus, the incident angle of 45� is
also the most favorable at sputtering of material with a covalent
bond under irradiation of high-energy ion beam.

The stresses in the copper film relax pretty quickly (especially
rzz) as a result of its plasticity and due to a large loss of atoms.
Local stresses in graphene relax much more slowly due to the
presence of hard bonds and do not disappear even after the bom-
bardment that indicates its crystalline nature. The presence of local
stresses even in thermodynamic equilibrium is characteristic
feature of ordinary three-dimensional crystals. Instability of two-
dimensional crystals with respect to the displacement of atoms
in the third dimension is well known and experimentally
expressed in a rippled graphene surface [27,28]. This occurs
because short-range thermal fluctuations lead to transverse atomic
displacements comparable to interatomic distances. Graphene
should look like a lattice of cages or a regular stripy pattern with
the period equal to 1.8 Å multiplied by an integer [29]. Cluster
bombardment of the target greatly enhances this instability and
ultimately leads to the surface topography characterized by a large
(relative to the value of Ra of non bombarded graphene) roughness.

Graphene sheets on insulating substrates are needed in the
traditional electronics. The graphene thin films deposited on
metals are transferred to insulating substrates. However, a new
process for the preparation of graphene eliminates this difficult
procedure. Argon ion bombardment is widely used in the micro-
electronic technology because this noble gas does not react with
the carbon. The low temperature (at 300 K) method of fabrication
of graphene layers on the top of insulated diamond-like carbon
films by moderate energy (�130 eV) ion beam irradiation has been
proposed in [30]. Ion beam is capable of inducing the epitaxial
crystallization of amorphous layers. The mechanism for such crys-
tallization process involves point defect creation and enhanced dif-
fusion caused by ion bombardment. The process of Cu-film
compaction on graphene under the action of Ar13 clusters hitting
the surface with the energy of 5 eV has been studied in [31].
Graphene exhibited some pliability, and traces of Cu film surface
relief remained on it. Classical MD simulations of the bombard-
ment of a graphene sheet by a vertical beam of carbon atoms have
been carried out in [32]. The result of the bombardment depends
on external conditions, especially, on whether there is a with-
drawal of the generated heat. Heat abstraction from the system
induces the shift of the beam energy (at which the sample destruc-
tion occurs) toward the higher values.

Calculations using density functional theory for the main crys-
tallographic planes of a number of metals, such as Ag, Au, Cu, Pt
and Al predict weak binding to graphene [33]. However, there is
a group of metals such as Ni, Co, Pd, for which substantially stron-
ger binding is realized due to hybridization between graphene and
d-metal states. Therefore, the results obtained here for the Cu-
coated graphene, are also valid for the cluster bombardment of a
graphene sheet with deposited noble metals or aluminum. At the
same time it is not critical how the metal is placed on the graphene
sheet. However energy of the cluster beam necessary for graphene
cleaning may require some adjustment, due to significant differ-
ences in masses of the elements.
6. Conclusions

Incident angle h = 45� is the most effective one for graphene
cleaning of copper by bombardment with argon clusters. Cluster
beam energy should be no less than 20 eV. The stresses in the cop-
per film relax rapidly as a result of its plasticity and due to a large
loss of atoms. Local stresses in graphene relax much more slowly
due to the presence of hard bonds and do not disappear even after
the bombardment that indicates its crystalline nature. The pres-
ence of local stresses even in thermodynamic equilibrium is char-
acteristic feature of ordinary three-dimensional crystals. Instability
of two-dimensional crystals with respect to the displacement of
atoms in the third dimension is well known and experimentally
expressed in a rippled graphene surface. Cluster bombardment of
the target greatly enhances this instability and ultimately leads
to the surface topography characterized by a large (relative to
the value of Ra of non bombarded graphene) roughness. To use
such cleaning method it is important to protect graphene edges
because they can be strongly damaged. If it is possible to execute
accurate bombardment, the ‘‘nap of the earth’’ flight method is
the most effective one here. The total cleaning can be obtained
with emitted clusters energy 20 eV and higher. The graphene edges
at such cleaning method are less damaged. The prediction model
for nanopattern evolution during cluster bombardment can guide
the nanomanufacturing processes.
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