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Irradiation with low energy Ar ions of graphene membranes gives rise to changes in the mechanical prop-
erties of this material. These changes have been associated to the production of defects, mostly isolated
vacancies. However, the initial state of the graphene membrane can also affect its mechanical response.
Using molecular dynamics simulations we have studied defect production in graphene membranes irra-
diated with 140 eV Ar ions up to a dose of 0.075 � 1014 ions/cm2 and different initial strains, from �0.25%
(compressive strain) to 0.25% (tensile strain). For all strains, the number of defects increases linearly with
dose with a defect production of about 80% (80 defects every 100 ions). Defects are mostly single vacan-
cies and di-vacancies, although some higher order clusters are also observed. Two different types of di-
vacancies have been identified, the most common one being two vacancies at first nearest neighbours
distance. Differences in the total number of defects with the applied strain are observed which is related
to the production of a higher number of di-vacancies under compressive strain compared to tensile strain.
We attribute this effect to the larger out-of-plane deformations of compressed samples that could favor
the production of defects in closer proximity to others.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Graphene [1], a single layer of graphite, has been considered
one of the most promising discoveries in materials science due to
its novel and interesting properties arising from its 2D nature
and its electronic [2], optical [3], thermodynamic [4] and mechan-
ical properties [5]. It is one of the strongest materials, despite being
flexible and light-weighted, with an experimental Young’s modu-
lus of 1.0 ± 0.1 TPa [5]. These structural and physical properties
make graphene a really suitable candidate for the development
of new electronic devices like transistors [6], sensors [7], energy
storage systems [8] or even components for space exploration
[9], among many others.

These properties can be modified, or even improved, in the
presence of defects. One way of introducing defects intentionally
in a controlled manner is by ion implantation. Recent experiments
using irradiation with 140 eV Ar ions have shown that the mechan-
ical properties of graphene depend strongly on irradiation dose
[10]. For a very low defect content (around 0.2%), counter-
intuitively, graphene increases its elastic modulus to approxi-
mately 1.6 TPa and becomes stiffer than the pristine structure. At
high doses, however, the elastic modulus decreases, as expected.
This behavior has been explained by the presence of mono-
vacancies formed during irradiation [10,11]. In a previous work,
we have shown that the initial strain of the graphene membrane
also plays an important role in the mechanical properties of this
material and its behavior after irradiation [12]. In fact, besides irra-
diation, changes in the mechanical properties of graphene can also
be induced by applying different strains [13]. We have shown that
the out-of-plane displacements that are intrinsic to graphene [14]
are modified both by the applied strain and by the irradiation. In
fact, the mechanical response of irradiated graphene is due to,
not only the formation of defects, but also to the changes of these
out-of-plane displacements induced by the irradiation [12].

The types of defects produced by irradiation in free standing
graphene have been studied by different groups using molecular
dynamics simulations [15–19]. For example, Bellido and Seminario
performed radiation damage simulations using C ions with ener-
gies ranging between 0.1 eV and 100 keV [15]. They observed the
formation of mono-vacancies and di-vacancies for energies above
30 eV. After the molecular dynamics simulations, the atomic struc-
tures of the defects were optimized using DFT, revealing a 5-9
structure for the mono-vacancies and a 5-8-5 structure for the
di-vacancies. In this work, we focus on the production of defects
in graphene membranes with different initially applied strains,
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from �0.25% (compressive strain) to 0.25% (tensile strain). The
question we want to address is if the initial applied strain influ-
ences defect production during irradiation. In our work we exam-
ine the formation of vacancies, their content and type, resulting
from low energy irradiation of a graphene sample with Ar ions
under different initial strain conditions.
2. Methodology

We have performed molecular dynamics (MD) simulations of
low energy Ar ions irradiation on a graphene drumhead at 300 K
using the classical MD code LAMMPS [20]. Our simulations consist
of a circular graphene membrane containing 674644 C atoms
within a 75 nm radius and non-periodic boundary conditions.
Our sample is divided into an outermost annulus 1 nm thick which
contains fixed atoms in order to achieve a suspended system, an
inner annulus of 2 nm with a Langevin thermal bath, to keep a con-
stant temperature of 300 K, and a dynamical region for the rest of
the drumhead. The main aim of this thermal bath region is produc-
ing a smooth thermodynamical transition between the dynamical
and the immobile regions.

A hybrid Tersoff/ZBL [21] potential was used to simulate the 3-
body C–C interactions of the graphene membrane. Also, the empir-
ical ZBL potential was used for the Ar-Ar and the Ar-C interactions.
This potential, developed by Ziegler-Biersack–Littmarck [22] mim-
ics a repulsive Coulombic potential with a screening function,
which is essential for properly describing the short-range interac-
tions between the ions and the atoms of the system that take place
during an irradiation simulation.

Firstly, we performed a minimization of the system using the
conjugate gradient algorithm [23]. Then, the sample and the simu-
lation box were both relaxed using the NPH ensemble (P = 0 bars in
the x and y directions) for 3 ps using a timestep of 1 fm. Now, we
begin the irradiation of our graphene membrane with low energy
(140 eV) Ar ions. During the irradiation, the NVE ensemble was
switched on. The irradiation was performed perpendicularly to
the sample, along the z-direction, whose implantation region was
defined as a circle of 65 nm radius from the center of the drum-
head. A total of 1000 Ar ions were shot to random targets within
that region, 1 ion every 5000 timesteps. In this case a variable
timestep was defined to have a proper integration of the equations
of motion for short range interactions. Finally, the system is
relaxed for another 35 ps.

As a consequence of the ion implantation, defects of different
nature are produced on the membrane. Defect production detec-
tion and analysis has been carried out using the open visualization
tool OVITO [24]. A first nearest neighbor analysis with a cutoff of
1.7 Angstroms is considered. The average C–C distance for flat gra-
phene is 1.42 Angstroms and 2.46 Angstroms for second neigh-
bours. However, our cutoff was set to a value between those
quantities due to the existence of wrinkles on our membrane,
which could stretch the C–C bonds providing a slightly larger value
for the first neighbor distance than the expected one for the flat
graphene case. Those intrinsic ripples emerge due to thermal fluc-
tuations on the out-of-plane direction, given a finite temperature,
300 K in this case. With this method, the coordination number of
each atom is obtained. In order to visualize the defects, those
atoms with coordination 3 are removed, and only atoms with adja-
cent vacancies remain. These atoms are grouped in clusters of
defects. Defects are also identified using OVITO and are then clas-
sified as mono-vacancies, di-vacancies and higher order vacancy
clusters (more than two vacancies).

The same above mentioned simulations and analysis were also
done for samples with different initial strains, from �0.25% (com-
pressive) to 0.25% (tensile). These new atom positions are
remapped fitting its new simulation box size.

Using MD (LAMMPS) with the Tersoff potential [25], the forma-
tion energies of the observed vacancy structures are also obtained.
We performed an energy minimization of a small pristine gra-
phene sample of 2.7 nm � 2.5 nm with 264 C atoms and also for
graphene flakes of this same size containing either a mono-
vacancy, or a di-vacancy or a higher order vacancy (tri-vacancy)
with the configurations obtained in the irradiated samples.
3. Results

Defect production under different applied strains is presented
in Fig. 1. Fig. 1(a) shows the total number of vacancies produced
as a function of dose for all applied strains. In all cases the number
of defects increases linearly with dose and the total number of
defects is very similar for all applied strains. In Fig. 1(b) the num-
ber of vacancies with dose is divided between those in mono-
vacancies, in di-vacancies and in larger order clusters for two dif-
ferent applied strains, a compressive strain of �0.15% and a tensile
strain of 0.15%. Here a difference is observed in the number of di-
vacancies, with a higher production of these defects for the case of
a compressive strain.

The differences in the number of defects produced in the case of
compressive strain versus tensile strain are more clearly seen in
Fig. 2. Fig. 2(a) shows the difference in the total number of vacan-
cies produced in a compressive strain of �0.15% and a tensile strain
of 0.15% as a function of dose. This difference increases with dose,
with higher defect production in the case of the compressive strain.
In the same figure, the difference in the number of mono-vacancies
and di-vacancies as a function of dose is also presented. It is inter-
esting to see how as the dose increases, the differences for di-
vacancies increases, with a compressive strain having more di-
vacancies than a tensile strain, while the opposite occurs for
mono-vacancies. This trend is observed for all the cases studied
here except for the highest applied strain (�0.25% and 0.25%).

The increased formation of di-vacancies in compressed samples
can be attributed to the changes in the out-of-plane displacements
induced by the irradiation in the case of compressive strain com-
pared to tensile strain. Fig. 2(b) shows the value of the minimum
z coordinate for all atoms in the membrane as a function of dose
for the case of �0.15% (solid squares) and 0.15% (open circles).
The differences are quite remarkable. While no changes are
observed in the tensile sample, the compressed membrane shows
deeper and deeper values of the z component. In fact, a deep well
is formed in the compressed membrane for the highest dose stud-
ied. In Fig. 2(c) we can observe differences between the distribu-
tion and amplitude of the wavelength of the ripples created in
the initial strained structure and the resulting deep well formed
on the sample due to irradiation effects.

The structure of the defects identified in the simulations after
irradiation is presented in Fig. 3. Fig. 3(a) is a mono-vacancy,
Fig. 3(b) and (c) are the two types of di-vacancies formed, a di-
vacancy at first nearest neighbours (Fig. 3(b)), and a di-vacancy
at second nearest neighbours (Fig. 3(c)). Fig. 3(d) shows a tri-
vacancy. We have calculated the formation energies of these differ-
ent defects. For the case of the mono-vacancy a formation energy
of 6.88 eV has been obtained, in agreement with simulations per-
formed by other authors with this potential [25] and close to the
values obtained experimentally [26] and to the lowest value
obtained using density functional theory (6.8–8.0 eV) [27–29].
For the di-vacancy, the formation energy of the configuration of
Fig. 3(b) is 9.18 eV, which is higher than the values obtained with
DFT (8.08 eV) [30,31]. For the case of the di-vacancy in the config-
uration of Fig. 3(c) a much higher formation energy is obtained,



Fig. 1. Defects produced in the graphene layer as a function of dose (a) total number of vacancies (in atomic %) for all the strains calculated (b) mono-vacancies, di-vacancies
and higher order clusters for two different applied strains, �0.15% (compressive) and 0.15% (tensile).
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13.93 eV. This structure is, therefore, thermodynamically much
less favourable than the di-vacancy at first nearest neighbours,
Fig. 2. (a) Difference between the number of defects produced as a function of dose betw
component of the atoms in the membrane as a function of dose for �0.15% and 0.15% in
membrane before irradiation. On the right, frontal and side view after irradiation for a d
but can be formed dynamically during the irradiation, although
with a much lower probability. We have performed an annealing
een an initial applied strain of �0.15% and one of 0.15% (b) Minimum value of the z
itially applied strain (c) on the left, frontal and side view of the topography of the
ose of 0.075 � 1014 atoms/cm2.



Fig. 3. Most common defects obtained in the irradiation of graphene with Ar 150 eV ions (a) mono-vacancy (b) di-vacancy at first nearest neighbours (c) di-vacancy at second
nearest neighbours (d) triple-vacancy. Green (light) are atoms with coordination 2, red (dark) are atoms with coordination 3. Image obtained with OVITO [24]. (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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of the structure of Fig. 3(c) at 500 K for 0.2 ns but no modifications
in the configuration have been observed for this timescale. Finally,
for the case of the tri-vacancy (Fig. 3(d)), a formation energy of
11.5 eV is obtained, which is a bit higher than the DFT value of
10.63 eV [29].

Fig. 4(a) presents the concentration of the two types of di-
vacancies identified for all different strains and the highest dose
simulated, 0.075 � 1014 ions/cm2. Most of the di-vacancies formed
are at first nearest neighbours distance and only a few are at sec-
ond nearest neighbour, which is in agreement with the higher sta-
bility of the former. Note also that, as mentioned above, under
compressive strain the number of di-vacancies is slightly higher
than under tensile strain. We attribute this behavior to the out-
of-plane distortions of the membrane. The higher deformation of
the graphene layer when it is under a compressive strain could
favor the production of close-by defects.
Fig. 4. (a) Number of di-vacancies as a function of applied strain for a dose of 0.075 � 1
while filled symbols are di-vacancies at first nearest neighbours distance (b) Minimum v
after irradiation (same dose as in (a)).
As mentioned above, the higher production of defects for com-
pressive strain and particularly of di-vacancies could be attributed
to the changes in out-of-plane displacements produced in the
membrane during irradiation. Fig. 4(b) shows the minimum value
of the z component of all atoms in the membrane after irradiation
at the highest dose studied and for all the different initial strains
applied. Interestingly, when the membrane is under tension no sig-
nificant changes are observed in the out-of-plane displacements,
the membrane remains mostly in a plane with slight corrugations.
However, when the membrane is under compressive strain we can
observe important differences in the out-of-plane displacements.
The membrane is no longer on a plane but it forms a deep well,
with depths of several Angstroms as shown in Fig. 4(b), as well
as Fig. 2(b). This shape could be responsible for higher defect pro-
duction and enhanced di-vacancy formation in initially com-
pressed samples.
014 ions/cm2. Open symbols are di-vacancies at second nearest neighbours distance
alue of the z component of the atoms in the membrane for different applied strains
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4. Conclusions

We have studied the formation of defects in graphene mem-
branes due to irradiation with 140 eV Ar ions for different initial
applied strains using molecular dynamics with empirical poten-
tials. Our simulations show that the total number of defects pro-
duced increases linearly with dose for all cases. Defects produced
are mono-vacancies, di-vacancies and, with a much lower fre-
quency, higher order vacancy clusters (triple-vacancies in particu-
lar). The initial strain influences the total number of defects
produced and, specially, the type of defect formed. Under compres-
sive strain the total number of defects is slightly higher than under
tension for the same dose. More significantly, the number of mono-
vacancies is lower when a compressive strain is applied and the
formation of di-vacancies is favored. We attribute these differences
to the out-of-plane deformations induced by the irradiation. In the
case of tensile strain no changes are observed while in the case of
compressive strain a deep well is formed due to the irradiation
which would favor the formation of defects in close proximity.
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