
Nanoscale

PAPER

Cite this: Nanoscale, 2019, 11, 20754

Received 30th July 2019,
Accepted 18th October 2019

DOI: 10.1039/c9nr06502d

rsc.li/nanoscale

Proton irradiation of graphene: insights from
atomistic modeling†
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Various types of topological defects are produced during proton irradiation, which are crucial in functiona-

lizing graphene, but the mechanisms of the defect generation process and the structure change are still

elusive. Herein, we investigated the graphene defect generation probabilities and defect structures under

proton irradiation using both ab initio and classical molecular dynamics simulations. As the proton energy

increases from 0.1 keV to 100 keV, defect structures transition from single vacancy and Frenkel pairs to a

rich variety of topological defects with the possibility of ejecting multiple atoms. We show that, relatively

good agreement on defect generation probabilities can be reached between the two simulation approaches

at a proton energy of 1 and 10 keV. However, at 0.1 keV, the single vacancy generation probability differs sig-

nificantly in two methods due to the difference in the energy required to form single vacancy. Using the

classical molecular dynamics simulation, we also studied the evolution of different types of defects and the

dependence of their probabilities of occurrence on the proton energy and incident angle. The correlation

between the impact positions and defect types allows for the convoluted relationship between the defect

probabilities, geometric parameters, and proton energy to be elucidated. We show that the proton energy

and incident angle can be used to effectively tune the generation probabilities of different types of defects.

Our results provide insights into the controlled defect engineering through ion irradiation, which will be

useful for the development of functionalized graphene and graphene electronics.

Introduction

Ion irradiation has been demonstrated to enable modification
of the structural, electronic, mechanical, magnetic, and optical
properties of two-dimensional (2D) materials.1–3 For example,
the electronic properties can be modified by creating vacancies
and filling them with selected dopants.4,5 Transport properties
of layered transition metal dichalcogenides can be tuned by
irradiation with a focused ion beam.6,7 Ion bombardment can
form graphene nanopores8–10 for DNA translocation11 and
membrane devices for water purification.12 Improvement of
graphene mechanical properties such as Young’s modulus
with controlled Ar+ irradiation has also been reported.13

Although the effect of ion bombardment of graphene has been
simulated previously over a range of energies and incident
angles,5,14–17 the impact of proton irradiation has not yet been

investigated. Proton, as the nucleus of the lightest element
(hydrogen), has the capability to produce small and controlled
defects so that the desired material structure and morphology
can be realized. It would be challenging to achieve the same
effect with swift heavy ions or ions with high atomic masses,
which usually form large defect clusters.18,19 Experiments have
shown that unusual magnetic properties could be induced in
graphene by proton-induced defects,20,21 and techniques such
as XPS and Raman have been used to characterize the elec-
tronic and structural properties of 2D materials with proton-
induced defects.22–24 To complement these experimental
efforts, it is desirable to study the types of defects that are
created by protons from a microscopic perspective. In
addition, proton is a major component of cosmic rays,
accounting for approximately 90% of their flux impinging on
the Earth. The use of 2D materials has been proposed for low-
weight, low-power electronic devices in space applications,
which is why it is important to understand their responses to
proton irradiation. Knowing the defect type and concentration
is required for the estimation of the transport properties,
mechanical properties, and thermal conductivity of irradiated
graphene.25 In this work, we used both classical and ab initio
molecular dynamics (MD) methods to study the defect struc-
tures and defect generation probabilities induced by protons
in graphene, as a representative 2D material.
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Classical MD simulation tools, such as LAMMPS,26 have
been widely used to simulate ion damage of graphene and
other nanostructures. Here, in addition to LAMMPS, an
ab initio MD method is also used, in which the full interaction
dynamics is simulated and different ion impact positions are
sampled. Unlike graphene, an accurate and extensively-tested
potential might not exist for novel 2D materials. In this case, a
direct modelling based on first principles could be an appeal-
ing method. Although the ab initio method is computationally
expensive, we demonstrated that with limited number of
sample points, it could be used to determine the defect gene-
ration probability induced by low-energy ions.

With the classical MD code LAMMPS, we have carried out
an extensive study on the proton-induced effects for a proton
energy range of 0.1–100 keV at various incident angles, which is
limited by ab initio MD simulations due to the expensive calcu-
lations. However, the ab initio MD method provides an accurate
approach to validate the classical MD simulations. Different
defect configurations are classified and analyzed. Since proton
originating from space radiation has a broad energy spectrum
and is incident over a wide range of incident angles, our results
at different proton energies and incident angles will be useful
for calculating the aggregate damage effects induced by the
aforesaid space proton flux. By establishing the relationship
between the ion impact positions and defect types, more
insight could be provided into the variation of defect generation
probabilities as a function of proton energy and angle, which
could also be useful for the understanding of the irradiation
response of other 2D materials and ion species.

Methods
Ab initio MD simulation

Ab initio MD simulations were performed with the SIESTA
program, which uses a self-consistent density functional
method with standard norm-conserving pseudopotentials.27

As shown in Fig. 1(a), the studied system consists of one layer
of graphene of 98 carbon atoms in the x–y plane and one
hydrogen atom initially positioned 1.0 nm above the graphene
layer. The ion charge was not simulated explicitly: the neutral
hydrogen atom was used to study the impact of proton (the
term “proton” is used interchangeably with the term “hydro-
gen atom” in this work). Periodic boundary conditions were
applied in all three directions. The number of carbon atoms
was chosen as a tradeoff between the simulation speed and
the interference of defect–defect interactions due to periodic
boundary conditions. In the z-direction, the distance between
graphene and its image plane was set to 5.0 nm to avoid inter-
actions between image systems. Double-ζ plus polarization
basis sets were used with a cutoff energy of 120 Ry and a
Monkhorst–Pack k-point sampling mesh of 2 × 2 × 1 point.
The generalized gradient approximation with the PBE
exchange correlation functional was used.28 The lattice con-
stant was optimized to be 0.247 nm according to the energy
minimization.

Different impact positions were sampled with four different
proton energies (EH): 0.1, 1, 10 and 100 keV. The incident
direction was perpendicular to the graphene surface and each
simulation only involved the incidence of one hydrogen atom
without defect accumulation. Around 80 impact positions were
performed for an EH of 0.1, 1 and 10 keV, and approximately
50 simulations were performed for an EH of 100 keV.

For each simulation, the system was first relaxed at 300 K
with a Nosé thermostat for 5 ps with a timestep of 1 fs. The
hydrogen atom was then positioned to the top of the desired
impact position. After that, the system was relaxed again for
20–120 fs, during which the movement of the hydrogen atom
and the carbon primary knock-on atom (PKA) was constrained
in order to maintain their relative position. The procedure
described above was used to avoid repetitively running the
5 ps-long relaxation for all the different cases. The tolerance of
the density matrix was fixed at 10−5 during the initial relax-
ation period.

After full relaxation, the hydrogen atom was given an initial
kinetic energy to initiate the collision process. During the col-
lision and the following relaxation process, the Verlet MD
method with a variable timestep was applied. A variable time-
step algorithm was implemented into the SIESTA code to opti-
mize the simulation time because extremely short timestep is
mandatory to simulate the collision process. With a higher
bound of 1 fs, the actual timestep was chosen as the smallest
timestep derived from the following two criteria: the displace-
ment distance per step and the energy transfer per step. For
every atom, the displacement per step was set to be less than
2.5 × 10−3–2.5 × 10−2 nm depending on the initial velocity of
the hydrogen atom. The energy loss per step was controlled to
be less than 3% of the kinetic energy of the incident atom;

Fig. 1 (a) The studied system in the SIESTA simulation. The position of
the hydrogen atom was sampled in the blue rectangular triangle based
on the structure symmetry. (b) The studied system in the LAMMPS simu-
lation. For oblique incidence of the hydrogen atom, the polar and azi-
muthal angles are defined in the figure.
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energy transfer is inaccurate if the energy loss per step is too
large. Extensive testing with various ion energies and positions
was performed to make sure that the choice of the timestep
can yield self-consistent result from the energy transfer
process. Smaller timestep is required for higher ion energy
and smaller impact distance. For an EH of 0.1 keV and 1 keV, a
minimum timestep of 1 attosecond is sufficient, however, for
an EH of 100 keV, a minimum timestep of 0.01–0.1 attosecond
is required to properly compute the energy transferred. The
tolerance of the density matrix was maintained at 10−5 during
the C–H collision but was increased to 10−3–10−4 during the
final relaxation period. In order to avoid ejected carbon atom
or hydrogen atom from re-entering the simulation box due to
the periodic boundary conditions, their kinetic energies were
forced to zero if their projected distance to the graphene
surface along the z-direction was larger than 0.8–1.0 nm,
which is sufficiently large to avoid perturbation to the relax-
ation of the defected structure. After the ion bombardment,
the system was relaxed with a timestep of 1 fs until the struc-
ture of the system was stable for 500 fs.

Classical MD simulation

The classical MD simulations were performed with the
LAMMPS code.26 As shown in Fig. 1(b), one layer of graphene
of 756 atoms with a lattice constant of 0.253 nm was created in
LAMMPS with periodic boundary conditions in the x and y
directions and fixed boundary condition in the z direction.
The incident hydrogen atom was initially placed 0.3–0.5 nm
distance away from the surface of graphene, which is beyond
the defined cutoff distance of the Ziegler–Biersack–Littmark
(ZBL) potential between the hydrogen atom and carbon atoms.
The universal repulsive potential from the ZBL formalism29

was used to describe the screened nuclear repulsive force at
short range. It was used here because very small impact dis-
tance is required to create defects with the incident hydrogen
atom. The ZBL cutoff distance was set to be 0.25–0.5 nm
depending on the ion energy, while ensuring that further
increase of the cutoff distance does not cause significant
change of the energy transfer during the collision process.
Here, the chemical effect between H and C atoms was ignored,
which is justified for high-energy ions, where the energy trans-
fer from long-range interactions is small. For low-energy ions,
for example at a hydrogen energy of 0.1 keV, this could lead to
a slight underestimation of the energy transfer. However, a
smooth connection between the ZBL potential and a chemical
potential could also lead to errors at intermediate interatomic
distance near the connection point. The effective charge of a
high-energy ion depends on its velocity. For example, for a
proton energy of 0.1 keV and 100 keV, the effective charge is
estimated to be 0.85 and 0.20, respectively.30 Although the ion
effective charge is not taken into account in the ZBL formal-
ism, the ZBL potential has shown a good agreement with
experimental data when predicting the ion stopping power.29

The Tersoff/ZBL potential from the LAMMPS package was
applied for the potential between carbon atoms. In the Tersoff/
ZBL potential, the Tersoff and ZBL are smoothly connected by

a Fermi-like function where short interatomic distance is
dominated by the ZBL potential and long interatomic distance
is dominated by the Tersoff potential. The parameters
described in ref. 31 were used to define the Tersoff/ZBL poten-
tial, which were also used in a prior work in which the ion
bombardment of graphene was studied.14

After the potentials were defined, the system energy was
minimized and then the system was relaxed for 2 ps with a
time step of 0.1 fs with NVT ensemble at 300 K. After the relax-
ation, the position of the hydrogen atom was re-positioned
based on the position of the selected carbon PKA at the center
of the graphene system. The impact position of the hydrogen
atom relative to the PKA was defined as its projected position
in the graphene plane following the direction of its initial vel-
ocity. Although there is thermal vibration of the PKA during
the time when the hydrogen atom is approaching the graphene
surface, this only leads to small change to the impact position
and is minimized by placing hydrogen atom right above the
potential cutoff distance. The hydrogen atom was then given
an initial velocity and the irradiation process was simulated
with the NVE ensemble with an adaptive timestep for a period
of 0.5–1 ps depending on the ion energy. During the
irradiation, three different timesteps were used for the follow-
ing three phases to optimize the total simulation time. In the
first phase, C–H interactions will take place. The hydrogen
atom interacts with the PKA and then might collide with
another C atom with a very small probability. The timestep
used for the C–H collision process ranged from 10−2 fs to 10−5

fs for an ion energy range of 0.1 keV to 100 keV. Smaller time-
step needs to be used for higher ion kinetic energy to ensure
that the energy transferred during the collision process is not
affected by the coarse timestep. In the second phase, C–C
interactions will take place. The initial PKA will have a certain
probability to collide with other C atoms and cause cascade
collisions. The timestep used for the C–C collisions ranged
from 2 × 10−2 fs to 2 × 10−4 fs for an ion energy range of 0.1
keV to 100 keV. In the third phase, if there are atoms being
ejected, it takes time for them to escape the simulation box
and the further relaxation also takes place. A timestep of 0.02
fs was used during this phase. After the ion irradiation, the
system was relaxed with NVT ensemble at 300 K for 10 ps with
a timestep of 0.1 fs. In order to classify different types of
defects, the system energy was minimized again after the relax-
ation and the centro-symmetry parameter32 was computed in
LAMMPS to quantify the local environment of each atom.
Based on the centro-symmetry parameter of each atom,
different defect configurations could be identified.

Using the described approach, we first simulated the defect
structures at different proton energies ranging from 0.1 keV to
100 keV at normal incidence. Since the thermal vibration of
atoms affects the collision process and the resulting defect
type, for the same ion energy, the same impact position was
simulated three different times with different random number
seed for the initial relaxation process. Thus, the defect map
shown in Fig. 4 was generated three times for the same ion
energy although one of them is shown here. However, all the
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data were included when the defect generation probabilities
were calculated. Next, oblique incident angles were studied
with different azimuthal and polar angles, as defined in
Fig. 1(b). To study the effect of azimuthal angle, different azi-
muthal angles were sampled at an EH of 10 keV at a polar
angle of 30° and 75°. The azimuthal angles were sampled at
0°, 15°, 30°, 45°, 60°, 75° and 90°. To study the effect of polar
angle, the polar angles were sampled at 15°, 30°, 45°, 60° and
75° for an EH of 0.1, 1, 10 and 100 keV. The azimuthal angle
was randomly selected between 30° and 90° due to the crystal
lattice symmetry, as illustrated in Fig. 1(b). In total, approxi-
mately 200 000 simulations were performed.

Results and discussion
Defect structures and defect generation probabilities from
ab initio MD simulations

The defect types as a function of the proton impact position
are shown in Fig. 2 with the defect structures drawn in Fig. 3.
As shown in Fig. 1(a), due to the symmetry of the graphene
hexagonal lattice structure, the impact positions only need to

be sampled from 0° to 60° relative to the carbon PKA.
Generally speaking, a higher fraction of the ion kinetic energy
can be imparted to the PKA when the distance between the
two atoms is closer. Due to the small defect cross section from
the proton irradiation, a bisection method was used to first
find the onset impact position for single vacancy (SV) within
which more impact positions were sampled.

From Fig. 2(a), it is shown that at 0.1 keV, the dominant
defect type is SV. At the boundary of SV and intact in Fig. 2(a),
there is one instance of Frenkel pair (FP) corresponding to the
situation where the PKA does not have enough energy to
escape the graphene surface and finally pulls back to another
crystal site (in the image system). In this work, the term FP is
used to describe all the defect structures without atom being
ejected. Along a direction of 40° relative to the PKA, we
observed one instance of no defect at a radius smaller than
those that can cause SV. Intuitively, we would expect a larger
energy transfer at a closer impact position and accordingly, a
SV at this impact position. However, due to the random
thermal movement of the carbon atoms, even if the initial
impact position were fixed, the energy transfer to the PKA
during the collision process and the ejected direction of the

Fig. 2 Defect types as a function of the impact position of the proton for an incident energy of (a) 0.1 keV, (b) 1 keV, (c) 10 keV, and (d) 100 keV at a
vertical incident angle simulated with the ab initio MD code SIESTA. The origin of the polar coordinate system is the position of the selected carbon
PKA and the marker positions correspond to the impact positions of the proton. For defect configurations with no, one, two, three and four atoms
being ejected out of the simulation system, they are labeled as FP (purple), SV (blue), DV (green), TV (orange) and QV (pink), respectively.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 20754–20765 | 20757

Pu
bl

is
he

d 
on

 2
2 

O
ct

ob
er

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

L
ib

ra
ry

 o
n 

11
/2

9/
20

19
 4

:1
5:

35
 P

M
. 

View Article Online

https://doi.org/10.1039/c9nr06502d


PKA could vary. In addition, at 0.1 keV, the maximum energy
transferred to the PKA is very close to the threshold displace-
ment energy. Therefore, it is possible that the PKA relaxes back
from an impact distance smaller those at which the PKA does
not relax back. This also means that the defect map shown in
Fig. 2 is not completely deterministic. The same effect has also
been seen in Fig. 4(a) from the LAMMPS simulation.

At an EH of 1 keV, the dominant defect type is still SV, as
shown in Fig. 2(b). However, the double vacancies (DV) start to
form. The DVs are created when the hydrogen atom is 60° rela-
tive to the PKA because the closest neighbour of the PKA is
right along the path of the PKA. The relaxed 5–8–5 structure,
which is also the most common DV structure from the simu-
lation, is shown in Fig. 3(f ).

At an EH of 10 keV, the SV cross section becomes smaller
(see Fig. 2(c)) because the interaction time around the PKA
becomes shorter. As a result, a closer distance is required to
have the same amount of energy transferred, which leads to a
smaller SV cross section. The relative probability of DV
becomes higher than that of 1 keV because the incident
proton is more energetic. Besides the cluster of DVs at 60°,
there are also two isolated instances of DV at 0° and 50°. The
DV at 0° is formed by the PKA hitting the second carbon atom
at the diagonal direction of the carbon ring. The DV at 50° is
formed by hitting the second carbon atom with the incident
proton (structure shown in the right image of Fig. 5(g)). The
DVs are more frequently formed by a second collision with the

carbon PKA. Such a second collision with proton is less likely
to happen due to its smaller size.

At an EH of 100 keV, due to the higher kinetic energy of the
incident ion, different defect structures with multiple
vacancies can be formed (see Fig. 2(d)). As higher ion energy
leads to more complicated cascade collisions and longer relax-
ation time, longer computational time is required for each
simulation, which limits the number of impact positions to be
sampled. Defect structures up to four vacancies have been
obtained. Ejecting more atoms is still possible but less likely,
as shown later from the LAMMPS simulation. The total defect
cross section keeps decreasing with increasing proton energy.
Defects can only be produced within a radius of approximately
0.01 Å, corresponding to an extremely small defect cross
section. Thus, for light ions, in order to simulate the defect
generation probabilities efficiently, it is important to first
exclude the areas where the energy transfer is too small to
produce any defects.

The different types of defects from the SIESTA simulations
are shown in Fig. 3. At an EH of 1 keV, a Stone–Wales (SW)
defect (see Fig. 3(a)) is produced after the PKA formed a dan-
gling bond beneath the graphene surface for approximately
1 ps. The SW defect has been observed experimentally after
electron irradiation.33,34 According to the DFT calculation, it
has a formation energy of ∼4.8 eV and a high formation/
removal energy barrier of ∼9.2 eV due to the large atom
arrangement needed.35 The 7–4–8–5 structure shown in

Fig. 3 Different types of defects obtained from the SIESTA simulations for no (FP), one (SV), two (DV), three atoms (TV) and four atoms (QV) ejected
from the simulation box after proton irradiation. The defect configurations labeled in Fig. 2 are shown in this figure.
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Fig. 3(b) is formed by a lateral movement of the PKA atom
located at the intersection of the 7–4–8 rings. The same struc-
ture has also been identified by atomistic simulation as a radi-

ation-induced defect with a formation energy of 11.3 eV.36 The
7–4–7–5–8–5 defect (see Fig. 3(c)) is created by 100 keV proton
after a more violent local disorder, which has also been

Fig. 4 Defect types as a function of the impact position of the proton for an incident energy of (a) 0.1 keV, (b) 1 keV, (c) 10 keV, and (d) 100 keV at
normal incidence simulated with the LAMMPS code. The origin of the polar coordinate system is the position of the selected carbon PKA and the
marker positions correspond to the proton impact positions. For defect configurations with no, one, two, three, four and five atoms being ejected
out of the simulation system, they are labeled as FP (purple), SV (blue), DV (green), TV (orange), QV (pink) and PV (yellow), respectively.

Fig. 5 Different types of defects defined in Fig. 4 for no (FP), one (SV) and two atoms (DV) ejected from the simulation box after proton irradiation.
The defect types obtained from the LAMMPS code were classified based on the positions of the vacancies and interstitials.
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reported by atomistic simulation of graphene nanoribbon after
annealing at high temperature.37 The structure in Fig. 3(d) can
be considered as a carbon atom placed in the bond center of
two adjacent atoms (the “bridge” site), which corresponds to
an energetically favourable site for adatom.25 The three carbon
atoms that are bonded with each other are positioned below
the graphene plane in order to accommodate to this topologi-
cal structure.

With one missing carbon atom, the 4–7–5–10 defect (see
Fig. 3(e)) could be formed besides a commonly seen 5–9 struc-
ture. According to ref. 38, it could be transformed to the 5–9
structure by bond rotation with an energy barrier of ∼1.2 eV.
For DV structures, as shown in Fig. 3(g), a 5–7–6–5–7–6 struc-
ture (not the SW defect) could be formed by rotation of two C–
C bonds after two adjacent carbon atoms were removed.
Compared to other DV structures such as 5–8–5 or 555–777,
this structure is found to be energetically unstable.39 For
triple-vacancies (TV), the 5–10–5 structure (see Fig. 3(h)) has
the lowest energy among all TV defects with a formation
energy of 10.63 eV according to the tight-binding calculation.40

In comparison, the 5–8–8–5 defect and 5–7–4–11–5 defect (see
Fig. 3(i) and ( j)) are less energetically favourable by having
higher formation energies.40 For quad-vacancies (QV), the 5–5–
5–9 structure has been observed twice, corresponding to the
most stable QV structure with a formation energy of 11.84
eV.40 We note that besides the defect structures shown in
Fig. 3, other types of topological defects could also be formed,
as later shown from the LAMMPS simulations. Due to the high
energy injection from the protons, a rich variety of defects
could be produced including both low-energy defects and
those that are energetically unfavourable.

Defect structures and defect generation probabilities from
classical MD simulations

The defect types as a function of the proton impact position at
normal incidence from the LAMMPS simulations are pre-
sented in Fig. 4. For FP, SV and DV, a finer classification of the
defect structures was performed, as explained in Fig. 5. For FP
(see Fig. 5(a)–(c)), type 1 corresponds to a carbon atom near
the top or bottom position of another carbon atom (the “top”
site). FP type 2 corresponds to a vacancy and an adatom
between two adjacent carbon atoms (the “bridge” site). The FP
type 3 includes all the other FP structures, which are less likely
to occur. According to the ab initio calculation,35 the “bridge”
site has the lowest formation energy of 6.3 eV whereas an exact
“top” site has a formation energy of 7.2 eV. It was also reported
in ref. 35 that, compared to the exact “top” site, it is more
stable to have an adatom slightly shifted from the top, which
gives a formation energy of 6.8 eV. Among all the proton-
induced defects, the SW defect does not have a high prob-
ability to occur, which is consistent with prior MD results.41

For SV (see Fig. 5(d)–(f )), type 1 is a simple SV with 5–9
structure. SV type 2 is actually a DV with one adatom at the
top/bottom/bridge location. The SV type 3 includes all other
SV configurations. For DV (see Fig. 5(g)–(i)), we define type 1
as DV configurations where the distance between two missing

atoms is smaller than 2a0, where a0 is the distance between
two neighbouring atoms. There are only three configurations
satisfying this condition, corresponding to two missing atoms
within the same carbon ring. They are grouped together
because these defects could be easily formed due to the short
distance between the two missing atoms. We define type 2 as
configurations where the distance between two missing atoms
is larger than 2a0. Type 2 defects are usually formed by the
relaxation of a large local disorder, creating two single
vacancies far away from each other. The DV type 3 includes all
the other DV structures, for example, a defect with TV and one
adatom. The structures in the type 3 of FP, SV and DV are
usually complicated. Some of them involve the rotation of
bonds and some of them form complex structures by breaking
the planar crystal structure. In general, the number of possible
structures increases with the number of missing atoms since
more defect combinations occur with more vacancies.
Therefore, for structures with more than two missing atoms, a
finer defect classification was not attempted.

At an EH of 0.1 keV (see Fig. 4(a)), only SV can be formed
because the proton energy is low. Instead of a sharp boundary
between the SV and no defect, the SV probability decreases
gradually with increasing impact position (or radius). As
explained earlier for the SIESTA simulation, this is because the
energy transferred to PKA is very close to the threshold displa-
cement energy so that the PKA energy and direction will also
be influenced by the random thermal motion of the carbon
atoms. At 1 keV (see Fig. 4(b)), the dominant defect type is still
SV with a low probability of DV. Interestingly, no FP is formed
at both 0.1 keV and 1 keV. At an EH energy of 10 keV (see
Fig. 4(c)), all three types of FP and SV are observed. In
addition, DV type 1 and TV can also be formed. Although SV
type 3 is not shown in Fig. 4(c), it is observed in the complete
data set since Fig. 4(c) only includes one third of the data as
described in the Methods section. At 100 keV (see Fig. 4(d)), all
three types of FP, SV and DV as well as TV, QV and penta-
vacancies (PV) can be formed. The fact that FPs can only be
formed at 10 and 100 keV shows that if a carbon atom does
not have sufficient energy to escape the graphene surface and
its maximum distance to its original site is not far, it has a
very high probability to relax back. The fact that DV type 2 and
3 can only be formed at 100 keV indicates that the complicated
collision cascade induced by large energy injection is required
to form complicated DV structures. This can also be confirmed
by examining the individual collision dynamics of the type 2
and 3 of DV defects. The proton-induced defects for 0.2, 0.5, 2,
5, 20 and 50 keV protons were also simulated and similar
defect maps can be found in Fig. S1.† The defect generation
probabilities as a function of the proton energy is shown in
Fig. 6. Since the simulated positions are not uniformly distrib-
uted over the graphene area, we used the Monte Carlo method
to uniformly sample 107 positions within the area of interest
where defects can be produced. The defect type of the closest
simulated impact position was assigned to the sampled posi-
tions from the Monte Carlo method. Within the area of inter-
est, the defect generation probability was calculated by divid-
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ing the number of points corresponding to a certain type of
defect by the total number of sample points. The actual defect
probability was then scaled to the entire graphene area. The
number of simulated points for each proton energy is shown
in Fig. S2.† For a defect generation probability below ∼5 ×
10−5, large statistical fluctuation is expected due to the limited
sample points.

If one considers each defect type as a function of the
proton energy, the SV probability first increases and then
decreases with the proton energy. The initial increase is due to
the fact that more energy can be transferred to the PKA to
allow it to escape from the graphene surface, and the further
decrease is due to the fact that shorter interaction time leads
to closer impact position for the same amount of energy trans-
ferred. In other words, at the same impact position, the frac-
tion of energy transferred from the proton decreases with the
increase of the proton energy, which leads to the decrease of
the defect probability at energies above 0.2 keV. These two
competing factors determine the overall trend of the SV prob-
ability. It is noted that a proton energy of 100 eV is very close
to the threshold proton energy that can lead to defects in gra-
phene. Based on the displacement threshold energy of gra-
phene using the Tersoff potential, the threshold proton energy
is calculated to be ∼80 eV. The trend for TV can be explained
with the same two competing factors. However, for the DV
probability, there is an abrupt change at 5 keV and then a
smooth decrease with the increase of proton energy. The
reason for the abrupt change is that the formation of DV is
dominated by a second collision with the proton below 5 keV,
but it becomes dominated by a second collision with the PKA

at an energy above 5 keV. In other words, it is caused by the
direction of the proton and PKA after the collision. For
vacancies above TV, the statistics is not enough to draw con-
clusions. Based on Fig. 6, the probability of QV does not vary
significantly, although the total defect generation probability
decreases with the proton energy.

Although the Tersoff potential was used here to describe
the carbon–carbon interactions, AIREBO potential42 has also
shown to be an accurate potential to simulate thermal,
mechanical and chemical properties of carbon systems.43,44

However, it was not used here due to the concern of underesti-
mation of short-range interactions. An interesting direction for
future work would be to smoothly connect AIREBO with the
ZBL potential and compare the difference with the Tersoff/Zbl
potential.

Comparison between the ab initio and classical MD
simulations

By comparing Fig. 2 and 4 obtained from the ab initio and clas-
sical MD simulations, respectively, a similarity of the defect
types and their impact positions at each proton energy can be
observed. For example, at 10 keV, the DVs are generated at very
similar impact positions and this is because these impact posi-
tions allow a high probability of a second collision with a
neighbouring carbon atom.

As shown in Fig. 6, at 0.1 keV, the SV probability differs by a
factor of 6.9. This difference can also be reflected by the differ-
ence of the SV boundary between Fig. 2(a) and 4(a). With the
SIESTA code, among all the simulations, the minimum PKA
energy to cause SV is found to be 22.4 eV, which is consistent
with the published threshold displacement energies from DFT
calculations of 22–23 eV.45,46 With the LAMMPS code, the
minimum PKA energy to cause SV is ∼22.5 eV, which is close
to that found from the SIESTA code and is also consistent with
the reported threshold displacement energy calculated from
the Tersoff/ZBL potential.47 However, depending on the
ejected direction of the PKA, the minimum energy to form a
SV could vary.46 We noticed that if PKA gains a kinetic energy
of 23–25 eV, it has a high probability to form an SV with the
SIESTA code, but a much lower probability with the LAMMPS
simulations. Although the global minimum PKA energy to
form an SV is about the same between the two approaches, it
differs by 1–2 eV depending on the ejected angle. Therefore,
we believe that the discrepancy could be related to the accuracy
of the potential used. Since the proton energy is 100 eV, the
maximum energy that can be transferred to a PKA is only
around 30 eV. Therefore, the SV probability is very sensitive to
the energy required to form a SV at different ejection angles.
When the proton energy is 1 keV, the SV generation probabil-
ities from the two approaches become closer to each other.
The difference in the displacement energy has less effect on
the SV probability because the energy transferred becomes one
order of magnitude larger and several electronvolts of differ-
ence in energy only corresponds to small differences in the
impact position. For the DV, since its probability is extremely
low (see Fig. 2(b) and 4(b)), the accuracy of the DV probability

Fig. 6 The generation probabilities of different types of defects calcu-
lated from the SIESTA and LAMMPS simulations.
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is limited by the number of sample points. A finer mesh will
be needed to improve the DV statistics, but it might not be
necessary depending on the required precision of the appli-
cation. At 10 keV, we observed a relatively good agreement for
FP, SV and DV between the two approaches. The discrepancy is
due to the combination of limited sample points in the ab initio
method and the inaccuracy of the interatomic potential defined
in the simulations. However, for an application that only
requires the order of magnitude of the defect generation prob-
abilities, both methods could be considered as valid at this
proton energy. At 100 keV, only qualitative comparison is poss-
ible due to the limited statistics from the SIESTA code. Since
complicated collision cascade and relaxation can take place,
LAMMPS is a more practical approach to estimate the defect
generation probabilities at this high proton range.

Irradiation at oblique incident angles

To study the oblique incident angles, the azimuthal angle was
first sampled between 0° and 90° with a proton energy of 10
keV at two polar angles: 30° and 75°. We observed from the
Fig. 7 that the dependence of SV probability on the azimuthal
angle is small. The variation of other types of defects is small
at a polar angle of 30°, but can be large for some types of
defects at a large polar angle (75°). Under most of the con-
ditions, the difference in the defect generation probability is
within a factor of 2–3. This is expected because the azimuthal
angle of the incident ion only affects the azimuthal direction
of the ejected PKA but hardly affects its polar angle. Due to the
discrete positions of the graphene atoms, some extent of vari-
ation exists. For example, as shown in Fig. 7(b), at a proton
energy of 10 keV and at a polar angle of 75°, the TV generation
probability varies greatly with the azimuthal angle. This is
because the azimuthal angle of the ejected PKA is influenced
by the azimuthal angle of the incident ion. The PKA direction
with respect to the PKA neighbouring atoms determines the
defect structure that can be created. The formation of TV
requires two subsequent collisions after the initial collision,
and such collision sequence is more favorable at certain azi-
muthal angles. We also note that the polar angle of the inci-
dent ion will also impact the direction of the PKA and, conse-
quently, impact the probability of the collision cascade that
leads to TV. At a polar angle of 75°, the momentum from the
incident ion has a direction more parallel to the graphene
plane, the possible collision sequences that lead to a TV are
different from those at a polar angle of 30°. The defect types at
different impact positions are presented in Fig. S3 in ESI,†
showing the relationship between the azimuthal angle, impact
position, lattice structure and defect type. Due to the crystal
lattice symmetry (see Fig. 1(b)), the results at 0° and 15°
should be close to that of 60° and 45°, respectively. This sym-
metry is observed for some types of defects but is not apparent
for the other types due to the stochastic nature of the collision
process. The azimuthal angle was studied here because under
certain experimental irradiation conditions, there is a fixed azi-
muthal angle relative to the crystal structure of the sample.
The azimuthal angle does not appear to have a significant

impact on the defect generation process. However, for a more
comprehensive study, a complete survey using different ion
energies and polar angles should be performed.

Next, the polar angle was studied at 15°, 30°, 45°, 60° and
75°, and the results are shown in Fig. 8. For this study, the azi-
muthal angle was randomly chosen from 30° to 90°. For SV,
the probability increases with increasing polar angle at an EH
of 1, 10 and 100 keV. However, it first increases but then
decreases at an EH of 0.1 keV. The increase of SV probability
for all ion energies is due to the fact that the projected impact
area at the graphene plane becomes larger at higher polar
angles. For example, at a polar angle of 75°, the distance
between the hydrogen and carbon atom at the graphene plane
is much larger than the minimum distance between the two
atoms. This effect leads to the elongated impact area along the
direction of the ion, as shown in Fig. S3 and S4.† At 0.1 keV,
the proton interaction time around a carbon atom is long due
to its smaller velocity. Therefore, the momentum change
caused by the PKA neighbouring atom is sufficient to deflect
the path of the proton so that it becomes difficult to approach
the PKA. As a result, the SV probability decreases at large polar
angles because only at large polar angles, the neighbouring
atoms are close enough to the path of the proton to deflect its
trajectory.

Fig. 7 The generation probabilities of different types of defects as a
function of the azimuthal angle of the incident proton at an energy of
10 keV for a polar angle of (a) 30° and (b) 75°.
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The probabilities of DV and multi-vacancies increase
rapidly with polar angles at 1 keV but exhibit a more moderate
variation at 10 and 100 keV. In order to produce DV or multi-
vacancies, the PKA needs to be ejected in a direction nearly
parallel to the graphene plane and the PKA needs to have
sufficient energy to knock out another atom. At 1 keV at near
normal incidence, the PKA kinetic energy is not sufficient to
displace another atom when such a direction is possible. By
increasing the polar angle, both the direction and the energy
criteria could be satisfied with a higher probability. At 10 and
100 keV, the energy criterion can be easily satisfied due to the
higher ion kinetic energy. This explains why only at 1 keV, the
probabilities of DV and multi-vacancies increase significantly
with polar angle. Besides the aforementioned explanation, it
should be noted that the variation of the defect generation

probabilities is a convoluted response of the polar angle, ion
energy and impact position, as reflected from Fig. S4.†

Discussion

As discussed in the previous sections, depending on the proton
energy and incident angle, proton irradiation can produce
various types of vacancies and defect structures. These defects
are created immediately after irradiation and experience further
migration, agglomeration, annealing, or structural transform-
ation over longer time scales. For example, DFT calculations
showed that 5–8–5 DV has an energy 7.2–8.7 eV lower than sep-
arate SVs so that the formation of DV from two SVs is energeti-
cally favorable.48 A prior experiment with electron beam
irradiation also showed that SV is observed less frequently com-
pared to DV structure due to its higher defect energy and mobi-
lity.49 Similarly, TV is also energetically favorable than a separ-
ate SV and DV.49 In addition, point defects can also be joined
together to form extended and complex defect structures.48

The proton-induced defect structures can alter the struc-
tural, electrical, and physical properties of graphene and this
has been extensively discussed in the literature.25,48,50 A small
concentration of vacancies can actually increase the electronic
conductivity of graphene by generation of midgap states, which
creates a metallic region near vacancy sites.51 Further increase
of vacancy concentration creates scattering centers and results
in a decrease of conductivity.51–53 In terms of the mechanical
properties, vacancies are expected to significantly decrease the
Young’s modulus and tensile strength only when they are
present in large concentrations.54 With respect to the chemical
properties, vacancies are useful in providing reactive sites for
chemisorption and intentional doping.55,56 Functionalization of
graphene can be achieved by a two-step process: first introduce
vacancies by ion irradiation and then introduce dopants into
the reactive vacancy sites.4 It is also shown that SV itself can
greatly enhance the binding energy of hydrogen atoms for appli-
cations related to hydrogen storage. In order to achieve mono-
dispersive SV, a low proton energy is desirable. Based on Fig. 6,
a proton energy of 0.1 keV results in the largest SV yield with a
low probability of creating other types of defects. Based on
Fig. 8, an incident polar angle of 45° can further increase the SV
yield by a factor of 2.1 with respect to normal incidence.

In order to help understand previous experiment on proton
irradiation of graphene,24 we also performed classical MD simu-
lations with 2 MeV protons using the same approach. The prob-
abilities of different types of defects are presented in Table 1
and the defect types at different impact positions are presented
in Fig. S5 of the ESI.† With 2 MeV protons, we show that the
most common defect structures are FP, SV and DV. The defect
probabilities decrease with the number of vacancies. Although
the overall defect generation probability is low, it cannot be
ignored if graphene is irradiated with a high proton fluence. It
has been reported that for monolayer graphene, at a proton
fluence of 1016 ions per cm2, the D peak in the Raman spec-
trum, which is caused by disordered graphene structure, starts
to become visible.24 At this fluence level, the density of defective
sites per Å2 and the values in Table 1 have a one-to-one ratio.

Fig. 8 The generation probabilities of (a) SV, (b) DV, and (c) multiple
vacancies (more than DV) as a function of the polar angle of the incident
proton.
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The total defect probability is 6.27 × 10−6, corresponding to one
defect site per 1.60 × 105 carbon atoms. The order of magnitude
is consistent with the values determined from Ar+ irradiation.57

Conclusions

Using both ab initio and classical MD simulations, we deter-
mined the structures and generation probabilities of different
types of graphene defects under proton irradiation. We showed
that in order to accurately and efficiently model the ion
irradiation process, a variable timestep and an adaptive position
sampling scheme are crucial. Although only a limited set of
impact positions was sampled with SIESTA, a relatively good
agreement was found between the first-principles calculation
and force-field modeling except at low proton energy (0.1 keV),
where the classical MD code underestimates the SV generation
probability due to the sensitivity of the SV probability on the
accuracy of the potential at this low proton energy.
Nevertheless, similar defect structures have been observed from
both simulation approaches, and can also be compared to the
irradiation experiments and prior simulation work. A rich
variety of defects could be produced due to the large energy
injection from the incident ions. The physical reasons for the
variation of the probabilities of different types of defects as a
function of the proton energy and incident angle were dis-
cussed, which can also be applied to other 2D materials and
ion species. We showed that the generation probabilities and
the relative ratios of different types of defects can be effectively
tuned by adjusting the proton energy and the incident angle.
The obtained results will be important for defect engineering,
material property tuning, as well as assessment of radiation
damage for the development of radiation-tolerant materials.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was supported in part through computational
resources and services provided by Advanced Research
Computing at the University of Michigan, Ann Arbor.

Notes and references

1 Z. Li and F. Chen, Appl. Phys. Rev., 2017, 4, 011103.
2 Y. Zhou, D. S. Fox and H. Zhang, in NanoScience and

Technology, 2016, pp. 245–262.
3 Q. Peng, W. Ji and S. De, Nanoscale, 2013, 5, 695–703.
4 H. Wang, Q. Wang, Y. Cheng, K. Li, Y. Yao, Q. Zhang,

C. Dong, P. Wang, U. Schwingenschlögl, W. Yang and
X. X. Zhang, Nano Lett., 2012, 12, 141–144.

5 O. Lehtinen, J. Kotakoski, A. V. Krasheninnikov,
A. Tolvanen, K. Nordlund and J. Keinonen, Phys. Rev. B:
Condens. Matter Mater. Phys., 2010, 81, 153401.

6 M. G. Stanford, P. R. Pudasaini, E. T. Gallmeier, N. Cross,
L. Liang, A. Oyedele, G. Duscher, M. Mahjouri-Samani,
K. Wang, K. Xiao, D. B. Geohegan, A. Belianinov,
B. G. Sumpter and P. D. Rack, Adv. Funct. Mater., 2017, 27,
1702829.

7 D. S. Fox, Y. Zhou, P. Maguire, A. Oneill, C. Ócoileaín,
R. Gatensby, A. M. Glushenkov, T. Tao, G. S. Duesberg,
I. V. Shvets, M. Abid, M. Abid, H. C. Wu, Y. Chen,
J. N. Coleman, J. F. Donegan and H. Zhang, Nano Lett.,
2015, 15, 5307–5313.

8 X. Wu, H. Zhao and J. Pei, Comput. Mater. Sci., 2015, 102,
258–266.

9 Z. Bai, L. Zhang, H. Li and L. Liu, ACS Appl. Mater.
Interfaces, 2016, 8, 24803–24809.

10 G. R. Berdiyorov, B. Mortazavi, S. Ahzi, F. M. Peeters and
M. K. Khraisheh, J. Appl. Phys., 2016, 120, 225108.

11 C. A. Merchant, K. Healy, M. Wanunu, V. Ray, N. Peterman,
J. Bartel, M. D. Fischbein, K. Venta, Z. Luo, A. T. C. Johnson
and M. Drndić, Nano Lett., 2010, 10, 2915–2921.

12 D. Cohen-Tanugi and J. C. Grossman, Nano Lett., 2012, 12,
3602–3608.

13 G. López-Polín, C. Gómez-Navarro, V. Parente, F. Guinea,
M. I. Katsnelson, F. Pérez-Murano and J. Gómez-Herrero,
Nat. Phys., 2015, 11, 26–31.

14 E. P. Bellido and J. M. Seminario, J. Phys. Chem. C, 2012,
116, 4044–4049.

15 Z. Bai, L. Zhang and L. Liu, J. Phys. Chem. C, 2015, 119,
26793–26802.

16 X. Wu, H. Zhao, M. Zhong, H. Murakawa and
M. Tsukamoto, Carbon, 2014, 66, 31–38.

17 Z. Bai, L. Zhang and L. Liu, Nanoscale, 2016, 8, 8761–8772.
18 H. Vázquez, E. H. Åhlgren, O. Ochedowski, A. A. Leino,

R. Mirzayev, R. Kozubek, H. Lebius, M. Karlušic, M. Jakšic,
A. V. Krasheninnikov, J. Kotakoski, M. Schleberger,
K. Nordlund and F. Djurabekova, Carbon, 2017, 114, 511–
518.

19 K. Yoon, A. Rahnamoun, J. L. Swett, V. Iberi, D. A. Cullen,
I. V. Vlassiouk, A. Belianinov, S. Jesse, X. Sang,
O. S. Ovchinnikova, A. J. Rondinone, R. R. Unocic and
A. C. T. Van Duin, ACS Nano, 2016, 10, 8376–8384.

20 O. V. Yazyev, Phys. Rev. Lett., 2008, 101, 037203.
21 R. R. Nair, M. Sepioni, I. L. Tsai, O. Lehtinen, J. Keinonen,

A. V. Krasheninnikov, T. Thomson, A. K. Geim and
I. V. Grigorieva, Nat. Phys., 2012, 8, 199–202.

Table 1 Graphene defect generation probabilities induced by 2 MeV
protons simulated with the LAMMPS code

Defect type FP SV DV TV

Defect probability
per ion

1.42 × 10−6 2.66 × 10−6 1.48 × 10−6 5.37 × 10−7

Defect type QV PV > PV Total

Defect probability
per ion

8.90 × 10−8 4.24 × 10−8 3.49 × 10−8 6.27 × 10−6

Paper Nanoscale

20764 | Nanoscale, 2019, 11, 20754–20765 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 2
2 

O
ct

ob
er

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

L
ib

ra
ry

 o
n 

11
/2

9/
20

19
 4

:1
5:

35
 P

M
. 

View Article Online

https://doi.org/10.1039/c9nr06502d


22 T. Shi, R. C. Walker, I. Jovanovic and J. A. Robinson, Sci.
Rep., 2017, 7, 4151.

23 R. C. Walker, G. R. Bhimanapati, T. Shi, K. Zhang,
S. M. Eichfeld, I. Jovanovic and J. A. Robinson, Appl. Phys.
Lett., 2017, 110, 173102.

24 S. Mathew, T. K. Chan, D. Zhan, K. Gopinadhan, A. Roy
Barman, M. B. H. Breese, S. Dhar, Z. X. Shen,
T. Venkatesan and J. T. L. Thong, J. Appl. Phys., 2011, 110,
084309.

25 F. Banhart, J. Kotakoski and A. V. Krasheninnikov, ACS
Nano, 2011, 5, 26–41.

26 S. Plimpton, J. Comput. Phys., 1995, 117, 1–19.
27 J. M. Soler, E. Artacho, J. D. Gale, A. García, J. Junquera,

P. Ordejón and D. Sánchez-Portal, J. Phys.: Condens. Matter,
2002, 14, 2745–2779.

28 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865–3868.

29 J. F. Ziegler, J. P. Biersack and U. Littmark, in Treatise on
Heavy-Ion Science, 1985, pp. 93–129.

30 W. D. Wilson, L. G. Haggmark and J. P. Biersack, Phys. Rev.
B: Solid State, 1977, 15, 2458.

31 J. Tersoff, Phys. Rev. Lett., 1988, 61, 2879–2882.
32 C. L. Kelchner and S. Plimpton, Phys. Rev. B: Condens.

Matter Mater. Phys., 1998, 58, 11085–11088.
33 L. Sun, F. Banhart and J. Warner, MRS Bull., 2015, 40, 29–

37.
34 J. Kotakoski, J. C. Meyer, S. Kurasch, D. Santos-Cottin,

U. Kaiser and A. V. Krasheninnikov, Phys. Rev. B: Condens.
Matter Mater. Phys., 2011, 83, 245420.

35 L. Li, S. Reich and J. Robertson, Phys. Rev. B: Condens.
Matter Mater. Phys., 2005, 72, 184109.

36 O. V. Yazyev, I. Tavernelli, U. Rothlisberger and L. Helm,
Phys. Rev. B: Condens. Matter Mater. Phys., 2007, 75,
115418.

37 Z. Zhu, X. Yang, M. Huang, Q. He, G. Yang and Z. Wang,
Nanotechnology, 2015, 27, 055401.

38 M. I. Heggie, G. L. Haffenden, C. D. Latham and
T. Trevethan, Philos. Trans. R. Soc., A, 2016, 374, 20150317.

39 Z. Wang, Y. G. Zhou, J. Bang, M. P. Prange, S. B. Zhang and
F. Gao, J. Phys. Chem. C, 2012, 116, 16070–16079.

40 W. Zhang, W. C. Lu, H. X. Zhang, K. M. Ho and C. Z. Wang,
J. Phys.: Condens. Matter, 2016, 28, 115001.

41 A. V. Krasheninnikov and K. Nordlund, J. Appl. Phys., 2010,
107, 3.

42 S. J. Stuart, A. B. Tutein and J. A. Harrison, J. Chem. Phys.,
2000, 112, 6472–6486.

43 R. Rafiee and R. M. Moghadam, Composites, Part B, 2014,
56, 435–449.

44 B. Ni, S. B. Sinnott, P. T. Mikulski and J. A. Harrison, Phys.
Rev. Lett., 2002, 88, 4.

45 A. V. Krasheninnikov, F. Banhart, J. X. Li, A. S. Foster and
R. M. Nieminen, Phys. Rev. B: Condens. Matter Mater. Phys.,
2005, 72, 125428.

46 A. Zobelli, A. Gloter, C. P. Ewels, G. Seifert and C. Colliex,
Phys. Rev. B: Condens. Matter Mater. Phys., 2007, 75, 245402.

47 A. Merrill, C. D. Cress, J. E. Rossi, N. D. Cox and
B. J. Landi, Phys. Rev. B: Condens. Matter Mater. Phys., 2015,
92, 075404.

48 S. T. Skowron, I. V. Lebedeva, A. M. Popov and
E. Bichoutskaia, Chem. Soc. Rev., 2015, 44, 3143–3176.

49 A. W. Robertson, C. S. Allen, Y. A. Wu, K. He, J. Olivier,
J. Neethling, A. I. Kirkland and J. H. Warner, Nat.
Commun., 2012, 3, 1144.

50 L. Liu, M. Qing, Y. Wang and S. Chen, J. Mater. Sci.
Technol., 2015, 31, 599–606.

51 S. H. M. Jafri, K. Carva, E. Widenkvist, T. Blom, B. Sanyal,
J. Fransson, O. Eriksson, U. Jansson, H. Grennberg,
O. Karis, R. A. Quinlan, B. C. Holloway and K. Leifer,
J. Phys. D: Appl. Phys., 2010, 43, 045404.

52 J. H. Chen, W. G. Cullen, C. Jang, M. S. Fuhrer and
E. D. Williams, Phys. Rev. Lett., 2009, 102, 236805.

53 A. Lherbier, S. M. M. Dubois, X. Declerck, Y. M. Niquet,
S. Roche and J. C. Charlier, Phys. Rev. B: Condens. Matter
Mater. Phys., 2012, 86, 075402.

54 A. Zandiatashbar, G. H. Lee, S. J. An, S. Lee, N. Mathew,
M. Terrones, T. Hayashi, C. R. Picu, J. Hone and
N. Koratkar, Nat. Commun., 2014, 5, 3186.

55 D. W. Boukhvalov and M. I. Katsnelson, Nano Lett., 2008, 8,
4373–4379.

56 R. Faccio, L. Fernández-Werner, H. Pardo, C. Goyenola,
O. N. Ventura and A. W. Mombrú, J. Phys. Chem. C, 2010,
114, 18961–18971.

57 R. Beams, L. Gustavo Cançado and L. Novotny, J. Phys.:
Condens. Matter, 2015, 083002.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 20754–20765 | 20765

Pu
bl

is
he

d 
on

 2
2 

O
ct

ob
er

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

L
ib

ra
ry

 o
n 

11
/2

9/
20

19
 4

:1
5:

35
 P

M
. 

View Article Online

https://doi.org/10.1039/c9nr06502d

	Button 1: 


