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a b s t r a c t

Formation of a nanopore in a suspended graphene sheet using an argon gas beam was simulated using
molecular dynamics (MD) method. The Lennard-Jones (LJ) two-body potential and Tersoff–Brenner
empirical potential energy function are applied in the MD simulations for different interactions between
particles. The simulation results demonstrated that the incident energy and cluster size played a crucial
role in the collisions. Simulation results for the Ar55–graphene collisions show that the Ar55 cluster
bounces back when the incident energy is less than 11 eV/atom, the argon cluster penetrates when the
incident energy is greater than 14 eV/atom. The two threshold incident energies, i.e., threshold incident
energy of defect formation in graphene and threshold energy of penetration argon cluster were observed
in the simulation. The threshold energies were found to have relatively weak negative power law depen-
dence on the cluster size. The number of sputtered carbon atoms is obtained as a function of the kinetic
energy of the cluster.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The carbon atoms in graphene condense in a honeycomb lattice
due to sp2-hybridized carbon bond in two dimensions [1]. It has
unique mechanical [2], thermal [3,4], electronic [5], optical [6],
and transport properties [7], which leads to its huge potential
applications in nanoelectronic and energy science [8]. One of the
key obstacles in the development of graphene based nanoelectron-
ics is the absence of a band gap in pristine graphene [9,10]. One of
the solutions of such problem is modify the electronic band struc-
ture of graphene. Experimental and theoretical studies have shown
that chemical doping of graphene with foreign atoms and some
vacancies of carbon atoms within the graphene sheet can lead to
Fermi level shifting and also a band-gap opening [11–14]. For
example, Pedersen et al. [15] obtained,
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where Eg is the energy band gaps, Nr is the number of removed car-
bon atoms, NT is the number of atoms before the pore is made and
K = 25 eV.

Graphene nanopores can have potential applications in various
technologies, such as DNA sequencing, gas separation, and single-
molecule analysis [16,17]. Generating pores with precisely con-
trolled subnanometer sizes is the key challenge in the design of a
graphene nanopore device. Various techniques have been
employed to punch nanopores in graphene sheets, including elec-
tron beam from a transmission electron microscope (TEM) and
heavy ion irradiation [18].

Using electron beam technique, Fischbein and Drndic [19]
drilled nanopores with the width of several nanometers and stable;
but, this high cost method is not fully controllable at nanoscale.
Russo and Golovchenko [20] used energetic ion exposure tech-
nique to create nanopores with radius as small as 3 Å. Zhao et al.
[21] indicated that energetic cluster irradiation was more effective
in generating of nanometer-scale pores in graphene, because their
much larger kinetic energy could be transferred to the target
atoms. Recent experimental works have further confirmed that
cluster irradiation is a feasible and promising way in the genera-
tion of nanopores [22]. Numerical simulations have demonstrated
that a nanopores of controlled sizes and qualities can be fabricated
in a graphene sheet by choosing a suitable conditions of collision
between nanocluster and graphene such as impacting cluster
energy, cluster size, temperature and cluster species [21].

One robust method for studying the influence of different con-
ditions of collision between cluster and graphene on the formation
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of nanopore is molecular dynamics (MD) simulation [23]. The
numerical simulations results may be useful in explaining experi-
mental results and predicting suitable conditions for generating
graphene nanopores.

In this paper, MD simulations were performed for the collisions
between an argon cluster and graphene. The phenomena of argon
cluster–graphene collisions and mechanism of the atomic nano-
pore formation in graphene were investigated. Effects of cluster
size on the threshold incident energy of defect formation in graph-
ene were also discussed.

2. Molecular dynamics method

MD simulations were performed for the collisions between an
argon cluster and graphene. For present simulations we used an
effective code LAMMPS stands for Large-scale Atomic/Molecular
Massively Parallel Simulator, written by Sandia National Laborato-
ries [24]. Length (along the X axis) of the graphene sheet was
11 nm, its width (along the Y axis) was 10 nm. Graphene sheet
located in the center of the cubical simulation cell .periodic bound-
ary conditions was imposed on both lateral directions. In the sim-

ulation, the Tersoff–Brenner empirical potential energy function
(PEF) was utilized to simulate the energy of covalent bonding
between carbon atoms in the structure of graphene layer [25,26].
The initial configuration of graphene was fully relaxed at room
temperature before the collision simulations. The Ar nanocluster
was arranged by cutting a sphere from bulk crystals, which were
set to be maintained at 0 K. The Ar cluster was placed above the
graphene sheet within simulation cell so that there would be no
interaction between the Ar cluster and graphene sheet.

Then, a initial translational velocity component of the cluster
atoms was assumed .Incident angle of the argon cluster to the
graphene was 0�. During the collision phase, the borders of graph-
ene were attached to the thermostat which were set to be main-
tained at 300 K by rescaling the velocities of atoms at every time
of step. Lennard-Jones (LJ) two-body potential was employed to
simulate the interactions of Ar–Ar and Ar–C atoms. The form of
LJ potentials was:
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In the LJ potential, r is the distance at which the potential is
zero and e is the depth of the potential well. Note that the con-
stants were obtained from the mixing rules given by rij = (ri + rj)/
2 and eij = (eiej)1/2. The parameters for e and r used in the present
simulation are shown in Table 1 [27]. Position of the atom was
updated by integrating the classical equation of motion using the
velocity Verlet algorithm with a time step of 0.5 fs. To reduce the
calculation time, the potential cutoff radius was introduced. The
Van der Waals interaction of Ar–Ar and Ar–C atoms with the dis-
tance of 11A or above was neglected.

3. Result

Studying the effect of incident energy in ranging 1–120 eV/atom
was chosen to demonstrate two distinctive phenomena: (i) Argon
atoms were just reflected, and (ii) some argon atoms penetrated
through graphene. Fig. 1 demonstrates the probabilities of reflec-
tion and penetration of the Ar55 cluster.

Table 1
Lennard-Jones potential parameters.

r (A) e (eV)

Ar–Ar 3.4 0.0104
Ar–C 3.385 0.005

Fig. 2. Snapshots of Ar55 clusters collision on graphene sheet: (a) t = 0 ps, (b) t = 1 ps, (c) t = 6 ps.

Fig. 3. Atomic configurations to X–Y plane when the collision energy is: (a) 10 eV,
and (b) 11 eV.

Fig. 1. Incident energy dependence of the reflection and penetration probabilities.
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