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Abstract

29 Recent success in the direct implantation of “*Ge™ ion, the heaviest atomic impu-
31 rity to date, into monolayer graphene presents a general question of the efficiency of
33 low energy ion implantation technique for heavy atoms. A comparative computational
study, using classical molecular dynamics, of low energy Ge and Pt ions implanta-
tion into single and double layer graphene is presented. It confirms that the highest
38 probability for the perfect substitutional doping of single layer graphene, i.e. direct
40 implanting of ion into monovacancy, can be achieved 80 eV and it reaches the value
42 of 64% for Ge ions directed at 45° angle to graphene plane and 21% for Pt ion beam
44 perpendicular to graphene. Implantation efficiency is strongly dependent on the angle
46 of ion beam, and it is increased sharply if imperfect substitutions, leading to the for-
48 mation of seven-membered rings and ad-atoms, are taken into account. Efficiency of
imperfect implantation can reach 98% for Ge ion beam accelerated at 20 eV and 76%
for Pt ion beam accelerated at 10 eV, both perpendicular to graphene. The sputtering
53 yield of carbon atoms is found to be lower for double layer of graphene, which has

55 better protective properties against low energy ion irradiation damage than a single
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graphene layer. In double layer graphene, incident ions travelling in the direction per-
pendicular to graphene can be trapped between the layers with the highest efficiency
above or equal to 80% in the energy range of 40 - 90 eV for Ge ions and above 90%
in the energy range of 40 - 70 eV for Pt ions. The energy range corresponding to the
efficient trapping of ions in double layer graphene is shifted towards higher energies

upon tilting of the angle of incident ion beam.

Introduction

A search for new functionalities and applications of graphene has intensified since its dis-

2

covery,1? often through chemical modification or altering its structure by implantation of

new atomic species using low energy ion beam irradiation.®?® Metal decorated graphene of-
fers an attractive hybrid material for low dimensional magnetic ordering and spintronics,®
with applications in electrocatalysis, fuel cells, energy production and storage, as well as
electrochemical sensing.” Typical values for the binding energy of metal ad-atom to pristine
graphene range between 0.2 eV and 1.5 eV with the migration barrier of 0.2 - 0.8 eV,® thus
indicating its high mobility on graphene at room temperature. If metal atom is bound to
a single or double vacancy in graphene, the migration barrier increases to 2.1 - 3.6 eV for
a single vacancy and to 5 eV for a double vacancy leading to a stable trapping of metal in
graphene structure. However, a single metal atom bound to larger vacancies and larger metal
clusters attached to small vacancies are known to escape the vacancy traps at room tem-
perature,? and it is therefore important to find efficient ways for entrapment of single metal
atoms in small vacancy defects in order to achieve a controllable atom-by-atom modification
of graphene structure.

Previous studies show that a single metal atom can be trapped in graphene vacancies
created by electron beam irradiation, notably assisted by the electron impacts in transmission
electron micrsoscopy experiments.!? Metal atom trapped in a single or double vacancy

could also exhibit interesting dynamic behaviour under electron beam as the values of the

2

ACS Paragon Plus Environment

Page 2 of 24



Page 3 of 24

oNOYTULT D WN =

The Journal of Physical Chemistry

threshold energies for ejection of carbon atoms neighbouring metal impurity are lower than
those in pristine graphene. This has been illustrated recently by the case of Fe atom trapped
in graphene vacancies.'®! Wang et al.'? used ion bombardment (100 - 400 eV) to create
vacancies in pristine graphene that were varying in size and then filled these vacancies with
desired dopants. Low energy ion implantation is another well developed technique suitable
for flexible manipulation of the structure and basic properties of materials using a variety of
ion species, a wide range of implantation energies, and control over the dopant concentration
through the ion beam flux. It has been shown to be effective for direct substitution of single

13-15

carbon atoms in graphene with light atomic impurities such as silicon, phosphorus, 16

17,18 9

nitrogen and boron, and for intercalation of atoms between graphene layers.!

We present here the heaviest impurity experimentally implanted to date, namely Ge,
and predict implantation with even heavier Pt implanted into monolayer and double layer
graphene. Previous studies report only one succesfull case of direct heavy ion implantation
with “Ge* ion.?° The aim of this study is to systematically map the possibility of using direct
implantation to introduce heavy atoms in graphene with low energy ion beam irradiation.
The creation of the vacancy and the implantation of the heavy atom now both happen during
the single processing step: the irradiation ion first knocks out a lattice atom or atoms and
then takes its/their place on the lattice.

However, ion implantation, is quite challenging in the case of two-dimensional (2D) ma-
terials such as graphene since only a narrow energy window will allow implantation—high
enough to remove one or more target atoms yet low enough to stop the ion within the atom-
ically thin structure. The effect of the irradiation parameters such as the ion energy, species
and angle are crucial for a successful process. In this work we use molecular dynamics sim-
ulations to study the aspects of trapping heavy ions in graphene via ion beam irradiation
comparing Ge and Pt ions, with varying angle of incidence, energies and graphene thickness’s

to find the favourable conditions for direct implantation.

3

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

t=150fs t =2500 fs

Figure 1: Snapshots taken from a molecular dynamics simulation presenting a Ge ion shot
towards graphene replacing exactly one carbon atom in a direct implantation process.

Computational methods

To study the implantation we followed the same approach as in our earlier work on ion

3,21 d22—24

irradiation of both suspended and supporte graphene. Only atomic interaction
were taken into account, as for low energies the electronic stopping can be neglected to good
approximation. Previus work also shows that with low charge states the charge of the ion
has only a minor role in the defect production in carbon nanostructures.? Regardless, we
would like to point out that our method might miss some important chemical interactions
between the ion and the nearest carbon atoms during the impact, and even more so, if
the projectile has a high charge state. The simulations were performed with the classical
molecular dynamics simulation PARCAS code.?® We modeled graphene using a reactive bond

27 including a repulsive

order potential to describe interactions between the carbon atoms
part?® for small atomic separations. The potential gives a displacemet threshold energy (the
minimum kinetic energy required to sputter a carbon atom) of 22.59 eV, this is very close to
the ones previously observed in theory calculations 22.2 eV,? 23 eV,3? and 22.03 eV.?! The
displacement thresholds given by theory are in the upper limit of the experimental ones due
to minor thermal fluctuations and electronic effects that can lower the potential barrier.3°
During the ion impact, strong interactions between Ge/Pt and C, leading to the formation

of chemical Ge/Pt - C bonds between the layers, are dominant over the van der Waals forces,

and these interactions are modeled with the Tersoff potential®? for the Ge - C pair and the

4
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Albe potential®® for the Pt - C interactions.

Each ion was shot towards a pristine target. At the start of simulation, the ion was placed
10 A above the graphene plane. For each irradiation event, the coordinates of the impact
point were randomly selected within an irreducible area of hexagonal lattice in the middle
of the simulation cell ensuring statistically correct sampling. In the oblique irradiation
angles the x-coordinate of the ion was shifted to approximately 3 A from the border of
the cell to ensure that the ion impact does not cross over the cell boundary. After each
irradiation event the system was let to reach an energy minimum before it was analysed.
Simulation time was set to 2500 fs (SL) and 3000 fs (DL), with a time step dependent on
the velocity of the fastest moving particle in the system. The simulation set-ups include SL
graphene 20x18 supercell with 720 atoms and DL graphene with 17x19 supercell including
1360 atoms with ABAB Bernal stacking and an interlayer dinstance of 3.35 A after relaxation.
Periodic boundary conditions were applied in x- and y-directions. During cell relaxation,
the temperature of the simulation cell was set to 0 K, and during the irradiation event the
system was set in a quasimicrocanonical ensemble to avoid artifacts of the collision cascade.
The cascade developed in a microcanonical ensemble (NVE) without scaling of the atom
velocities. However, heat dissipation at the edges of the system was modeled with Berendsen
thermostat3* including few atomic rows at the edges of the system to avoid energy transfer
through the periodic boundaries and mimic energy dissipation into an infinite cell.

The energy of the projectile varied from 10 eV to 3 keV, and irradiation angles were 0°
(perpendicular), 25°, 45°, and 75° off the normal of the surface, see Figure 1(a), additional
simulations were run with 70° and 75° to study the effect of large irradiation angles in
trapping of the ion in DL graphene. We ran a total of 36 000 individual simulations ,
consisting of 150 simulations per each parameter set. Based on our previous experience in
irradiation simulations we are confident this gives a representative distribution of defects

produced in the target systems.

5
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Results and discussion

We start analysing the results by looking at the trapping efficiency of both ions at different
irradiation angles and energies. We determine the final position and coordination number
(number of nearest neighbours, cut-off 2.5 A) for each ion. The implantation is then inves-
tigated more closely separating the ”perfect” substitution events (exactly one carbon atom
replaced by the ion) from the larger pool of events where the ion is placed in graphene accom-
panied by other defects such seven-membered rings and ad-atoms. We also determine the
sputtering yield of carbon atoms (the average number of sputtered carbon atoms per inci-
dent ion) to estimate the damage produced to graphene. In the text we use both expressions

efficiency (0 - 100%) and probability (0 - 1).

Single layer graphene

We start the discussion with SL graphene. Snapshots displaying the simulation set up
with an example of direct implantation is shown in Figure 1. After the initial ion impact
with the target, the ion can either be reflected from the surface, placed in graphene or
transmitted through it. The efficiency of placing the ion in graphene can be checked by simply
counting that the number of the ion’s nearest neighbours, i.e. the coordination number. The
coordination number probabilities for Ge and Pt after the impact are shown in Figure 2 with
snapshots of typical examples of the final atomic configurations seen in simulations. The
highest efficiency found is 98% for Ge to be 1-coordinated at 20 eV acceleration energy at
45°, and 76% for Pt to be 2-coordinated at 10 eV at perpendicular angle. These probabilities
indicate a very high efficiency for implantation with heavy ions when the right irradiation
conditions are chosen. It is worth to note that after the impact, Ge and Pt atoms that are
2-coordinated can in some cases be in a metastable configuration, and after further annealing
at 500K find a lower energy configuration and become 3-coordinated. The probability for Ge

ion to adopt 3-coordinated configuration decreases systematically when the angle is tilted off
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the normal, see the grey line in Figure 2 (a),(c),(e) and (g). For Pt ion, the highest efficiency
to adopt 3-coordinated configuration is seen at 25° off the normal.

We can also look at the implantation efficiency by taking into account only the ”perfect”
cases. The outcomes are then divided in four main categories accordingly: 1) the ion knocks
out exactly one carbon atom that is sputtered and takes its place in the lattice (single
vacancy ”sv”-substitution), 2) the ion detaches exactly two carbon atoms and takes their
place in the lattice (double vacancy ”dv”-substitution), 3) ad-atom (the ion settles on top
of the lattice but no carbon atoms are sputtered) and 4) the ion goes through the sheet and
ends up in vacuum below. The probabilities are plotted in Figure 3.

The maximum efficiency of perfect sv-substitution is 64% at 80 eV and 45° for Ge, and
21% at 80 eV for Pt at perpendicular angle of incidence. At these energies Ge has enough
energy to sputter one carbon atom and take it’s place in the lattice, but not enough energy
to travel through graphene, the probability being only 0.08. Therefore, the efficiency of
perfect sv-substitution is still high for Ge. The corresponding sputtering yield for Ge is seen
to be 0.80. This is about one sixth higher than the sv-substitution efficiency, indicating that
in some events more than one carbon atom is sputtered during the impact due to the 45°
inclination of the beam. Some of these events lead to dv-substitution, the efficiency being
4% at 80 eV.

On the other hand, heavier Pt has about three times lower maximum efficiency for perfect
sv-substitution, only 21%, than Ge. This can be explained by the high probability of 0.52
for the ion to pass through graphene at this energy. Thus, the energy window in which
perfect sv-substitution can be achieved for the heavier ion is found to get very narrow. The
sputtering yield at the energy corresponding to the maximum sv-substitution efficiency is
exactly the same as the ion’s sv-substitution efficiency, meaning that every event that leads to
sputtering of carbon will lead to sv-substitution. Keeping in mind that the overall efficiency
of perfect sv-substitution for Pt is low, a better chance of implantation for the ion is achieved

at the very low energies where the peak efficiency was found to be 76% at 10 eV for the
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Figure 2: The probability of the ion to have different coordination numbers (number of
nearest neighbours) after impact with single layer graphene. Ge at (a) 0° (beam perpendic-
ular to the surface), (c) 25° off the normal of graphene, (e) 45° and (g) 75°. Same for Pt
(b) 0°, (d) 25°, (f) 45° and (h) 75°. The insets show examples of typical configurations for
different coordination numbers seen in the simulations: (i) 1-coordinated, (j) 2-coordinated,
(k) 3-coordinated, and (1) 4-coordinated. Note logarithmic scale on the x-axis.
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ion to be 2-coordinated, with another peak of 42% of 3-coordinated atoms at 20 eV, see
Figure 2 (c). For both ions, the direct implantation at low energies is most heavily restricted
by the low sputtering yield of carbon atoms, see Figure 6. No implantation is seen when the
beam is directed at 75° off the normal of graphene. At this angle, the ion is either placed on
top of graphene as an adatom at low energies (up to about 50 eV for Ge and about 100 eV
for Pt, after which the efficiency drops below 10%), or is reflected back.

In a pure head on collision, the threshold energy for the formation of a perfect sv-
substitution is found to be 28.30 eV for Ge, and 34.61 eV for Pt. After a purely elastic
collision at these energies a static carbon atom will have the energy of 48.57 eV and 65.21 eV
after the impact, respectively. Recent density functional theory based calculations by Tri-

1.2 report an energy range of 26 - 42 eV leading to a perfect sv-substitution for Ge

pathi et a
in a pure head on collision. The threshold matches reasonably well with the threshold found
in our simulations, being slightly lower. In our simulations, the C-C bonds after the impact
are stretched to 1.46-1.51 A compared to 1.42 A in pristine graphene. The Ge-C bonds are
1.78 A, about 6% shorter than 1.89 A in the configuration reported by Tripathi, thus imply-
ing that Ge atom typically sits deeper in the vacancy and it is closer to the sp® carbons. The
Pt-C bonds are 1.97 A, only slightly longer than the 1.93 A reported by Krasheninnikov®.
A perfect head on collision is a rare event which is taken into account in our simulations
by varying the impact point, and hence the maximum substitution probability is found at
higher energies than the threshold energy. At an energy slightly lower than the threshold,
the ion can still take the place of carbon atom in graphene, but the transferred kinetic energy
is not enough to lead to sputtering and the carbon stays in the lattice as an ad-atom, see an
example in Figure 2(g) the two configurations on the right hand side of the panel.
Dv-substitution is seen only at oblique irradiation angle, the maximum probability being
about 0.14 for Ge and 0.10 for Pt, both at 100 eV and angle of 45°. The atom is required

to sputter two carbon atoms during a single impact, which is more probable when the atom

is coming in an angle than perpendicularly towards graphene. Sputtering yield at 100 eV at

9
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Figure 3: The probabilities for the ion to end up in the four main configurations after ion
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45°. At 75° no direct implantation is seen for either ion.
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45° is double that of 0° for Ge, and also higher for Pt at an oblique angle. All the maximum
probabilities for vacancy substitutions as well as coordination numbers for both ions are

gathered in Table 1.

Table 1: The maximum probabilities of implanting Ge and Pt atoms in single (sv-
substitution) and double vacancies (dv-substitution), and the highest probabilities for the
atom to be 1-, 2-; 3- and 4 -coordinated in single layer graphene. The corresponding energy
is given after each probability for all irradiation angles 0°, 25°, 45° and 75° off the normal
of graphene plane.

ion Ge 0° | energy eV | 25° | energy eV | 45° | energy eV | 75° | energy eV
sv-substitution | 0.40 80 0.55 80 0.64 80 0.0 -
dv-substitution | 0.0 - 0.04 90 0.14 100 0.0 -
1-coordinated | 0.85 10 0.92 10 0.98 20 0.92 20
2-coordinated 0.42 30 0.22 30 0.19 80 0.06 10
3-coordinated 0.82 40 0.67 50, 60 0.54 60 0.0 -
4-coordinated 0.07 60 0.17 50 0.31 60 0.0 -
ion Pt 0° | energy eV | 25° | energy eV | 45° | energy eV | 75° | energy eV
sv-substitution | 0.21 80 0.08 90 0.18 100 0.0 -
dv-substitution | 0.0 - 0.01 80 0.10 100 0.0 -
1-coordinated | 0.45 40 0.41 60 0.44 10 0.24 20
2-coordinated | 0.76 10 0.65 10 0.68 30 0.02 30
3-coordinated 0.42 20 0.66 30 0.31 50 0.0 -
4-coordinated 0.28 30 0.11 30 0.07 50 0.0 -

In the case of subsitutional doping, annealing of the structure after irradiation has been
reported to substantially decrease the number of defects on carbon nanotubes, though pre-

serving the substitutional atoms?>®.

Same method could be used to rid graphene of any
additional defects and ad-atoms after the ion implantation. Also, additional irradiation at
a lower energy than that of the maximum vacancy-trapping probability would increase the
amount of mobile Ge and Pt adatoms on the structure that could then combine with any
existing vacancy defects even at room temperature.

A comparison, including previously reported computational work, on the efficiency of
direct ion implantation into single vacancy in graphene (sv-substitution) has been made in
Figure 4. It includes the following ions: N336 B336 (037 Si3® Ge?°, Pt and Au®’. The
11
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energy of the ion directed perpendicularly towards graphene is shown as a function of the
ion mass. Blue rectangles indicate the energy corresponding to the highest efficiency of sv-
substitution as obtained from molecular dynamics simulations, with the efficiency indicated
as percentage. For B, N and Ge, the efficiency of implantation has been seen to improve at an
angle off-normal to graphene; these values are shown in blue triangles with the corresponding
angle given in round brackets.

Red circles joined with lines indicate the energy range between the minimum and max-
imum energies leading to implantation in a direct head-on collision reported in molecular
dynamics simulations. For Pt ion, the highest efficiency of pure sv-substitution (blue rect-
angle) is seen at the high-end of the head-on collision range (red) due to the low sputtering
yield of carbon at lower energies. Grey circles joined with a line indicate the energy range
between the minimum and maximum energies at which implantation takes place in a direct
head-on collision reported for Ge using density functional theory calculations®’. The corre-
sponding energy range from molecular dynamics reaches somewhat higher energies. For Au,
no direct implantation in a head-on collision occurs, although the adatom configuration has
been reported at very low energies (20 eV). This indicates that heavy atoms that can not be
implanted by direct sv-substitution, can be introduced into the structure indirectly through
adatom implantation. These mobile adatoms recombine with defects, that can be created
during irradiation with slightly higher energies for which the sputtering yield of carbon is

greater than zero.

Double layer graphene

The ion can be implanted in either the first or the second layer or trapped between the
two layers in a DL system. We analysed the location of the atom by dividing the system
into five layers: the topmost and lowest representing vacuum above and below the system,
and three layers between consisting of the two graphene sheets and their interlayer area,
see Figure 5 (c) indicating the layers. The atom is regarded trapped when it is positioned

12
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between the two layers after impact, including cases where the atom bonds with the atoms
in either layer and is bent towards the area between the layers, see examples in Figure 5

(f). The probabilities for the atom to be found in each of these layers are shown in Figure 5
(a),(b),(d) and (e).
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Figure 5: A histogram with probabilities of Ge and Pt to be found at different areas of double
layer graphene according to the atom’s position after impact. Colour coded according to (c):
dark grey (vacuum, atom is reflected back), light grey (atom is trapped in the first layer),
light blue (the atom is trapped between the layers), light red (atom is trapped in the second
layer) and dark blue (vacuum, atom goes through both layers). (a) Ge at 0°, (b) Ge at 45°,
(d) Pt at 0° and (e) Pt at 45°. (f) Examples of typical configurations of Ge and Pt trapped
between two graphene layers seen in the simulations.

The highest efficiency to trap Ge between two graphene layers is found to be above or
equal to 80% at energies between 40 - 90 eV, and above 90% between 40 - 70 eV for Pt
at perpendicular angle of irradiation, see the light blue area indicated in Figure 5(a) and

(d). The corresponding coordination number at these energies shows a clear peak for 4-
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coordinated atoms with maximum of 71% at 60 eV for Ge and 59% at 40 eV for Pt. Lower
irradiation energy results in the atom implanted in the first layer, displayed as a light grey
area in Figure 5(a) and (d). The sputtering yield of carbon below 50 €V is zero (and stays
less than 0.1 up to 90 eV for both ions). Sputtering is prevented by the second layer that
acts as a protective substrate, reducing sputtering at the low energies, see Figure 6 for the
sputtering yields. Similar behaviour has been reported for ion irradiation of SL graphene on
metal substrate at low energies?2.

With increasing irradiation angle, at 45°, the ion needs more energy to pass through
the first layer and the trapping shifts to higher energies, see Figure 5(b) and (e). The
implantation in the first layer (light grey area) is dominant up to 60 eV for Ge and 50 eV
for Pt, only reduced somewhat for Ge between 30 - 50 eV by atoms reflected back from the
surface. The highest probability for trapping at 45° is seen at 70 - 100 eV for Ge and 60 -
100 eV for Pt. At energies higher than these the probability for Ge and Pt to pass through
both layers starts to increase. Trapping of atoms between graphene and a substrate’s surface
due to ion irradiation has previously been reporter for noble gas ions?*.

The two systems SL and DL graphene have a principal difference. The SL represents
a freestanding system and the DL system can be considered as SL on an ultimately thin
substrate, another single layer. The irradiation induced sputtering yield of carbon atoms is
lower from DL than from SL at low energies, and after a certain threshold energy the trend is
reversed. The threshold energy is 200 eV for Ge and Pt with perpendicular irradiation angle
and Ge at 45°. The threshold is 350 eV for Pt at 45°, see Figure 6 with the vertical red lines
indicating the threshold energies. For even larger angles of 75°, the sputtering yield from SL
does not exceed that of DL within the range of energies included in this study. At energies
lower than the threshold energy, the second layer acts as a protective layer and decreases the
sputtering. Similar protective effect is reported for graphene on bulk substrate at energies
below 1 keV 22,

Lastly, we studied the effect of high irradiation angles to trapping in DL graphene. We
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Figure 6: The sputtering yield of carbon atoms plotted as a function of the ion energy
(logarithmic scale). The continuous lines describe the sputtering from single layer graphene
(SL), and the dotted lines sputtering from double layer graphene (DL). The green colour
indicates Ge and grey Pt. The red vertical lines represent the energies at which the sputtering
yield from DL graphene exceeds the one from SL graphene.

chose two angles, 70° and 75° from the normal of graphene. Within the change of 5° in the
incident angle a drastic decrease is seen in the trapping of Ge and Pt atoms, indicating the
importance of choosing a correct beam angle. Figure 7 displays histograms of the positions
of Ge and Pt atoms after the impact, the colour coding following the one in Figure 5. Ge
ion can penetrate the first layer at 70° with acceleration energy of 600 eV, the corresponding
value being 150 eV for Pt. The ion loses most of it’s kinetic energy while penetrating the
first layer and is trapped in the interface. At 75° neither ion is seen to penetrate the first
layer up to the highest studied energy of 1 keV. At this angle the ions are either implanted
in the first layer with energies up to 50 eV, or reflected back from the first layer at energies

higher than that.
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Figure 7: A histogram displaying a decrease in the trapping of Ge and Pt atoms in DL
graphene as the irradiation angle is increased from 70° to 75°. The probability for the atom
to be found at different areas of the DL system is mapped with the same colour coding as
in Figure 5. (a) Ge at 70°, (b) Ge at 75°, (c) Pt at 70° (d) Pt at 75°.

17

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

Conclusions

Implantation of Ge an Pt atoms in single and double layer graphene using low energy ion
irradiation was studied by molecular dynamics simulations. The results show that implan-
tation is possible through a single step process in which the ion directly replaces a carbon
atom in the lattice when the ion energy and angle are chosen carefully. The highest efficiency
of perfect sv-substitutional doping in single layer graphene is achieved for Ge and Pt ions
accelerated at 80 eV reaching the value of 64% for Ge directed at 45° angle to graphene plane
and 21% for Pt ion beam perpendicular to graphene. By taking into account cases in which
the ion is implanted into the lattice including configurations consisting of additional defects
such as seven-membered rings and adatoms, the highest efficiency for implantation can be
as high as 98% for Ge at 20 eV and 76% for Pt at 10 eV, both at perpendicular irradiation
angle. In general Ge was found to have a higher efficiency to be implanted than Pt at the
studied energies.

Irradiation of double layer graphene with Ge and Pt ions is shown to lead to trapping of
the ions between the layers with the maximum efficiency above or equal to 80% for Ge at
acceleration energies between 40 - 90 eV, and above 90% between acceleration energies of
40 - 70 eV for Pt, both at perpendicular ion beam angle. Tilting the beam by 45° shifts the
probabilities of trapping to higher energies. The sputtering yield of carbon atoms is found
to be higher for single layer than double layer graphene below a threshold energy of 200 eV
or 350 eV depending on the ion species and angle of incidence. This indicates protective
properties against low energy ion irradiation damage for double layer structures.

By carefully choosing the correct irradiation conditions, our results predict that low
energy ion irradiation could be used to directly implant a large variety of possible atomic
species from light to heavy in two-dimensional materials, opening a door to new applications

through chemical and structural modification.
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