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Abstract

Focused ion beams perfectly suit for patterning two-dimensional (2D) materials, but the

optimization of irradiation parameters requires full microscopic understanding of defect pro-

duction mechanisms. Contrary to free-standing 2D systems, the details of damage creation in

supported 2D materials are not fully understood, while the majority of experiments have been

carried out for 2D targets deposited on substrates. Here we suggest a universal and computa-

tionally efficient scheme to model the irradiation of supported 2D materials, which combines

analytical potential molecular dynamics with Monte Carlo (MC) simulations, which makes it

possible to assess independently the contributions to the damage from backscattered ions and

∗To whom correspondence should be addressed
†Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf, 01328 Dresden,

Germany
‡Moscow Institute of Physics and Technology, Dolgoprudny, Russia
¶Department of Applied Physics, Aalto University, 00076 Aalto, Finland

1



atoms sputtered from the substrate. Using the scheme, we study defect production in graphene

and MoS2 sheets, which are the two most important and wide-spread 2D materials, deposited

on a SiO2 substrate. For helium and neon ions with a wide range of initial ion energies includ-

ing those used in commercial helium ion microscope (HIM), we demonstrate that depending

on ion energy and mass, defect production in 2D systems can be dominated by backscattered

ions and sputtered substrate atoms rather than by the direct ion impacts, and that the amount

of damage in 2D materials heavily depends on whether a substrate is present or not. We also

study the factors which limit the spatial resolution of the patterning process. Our results, which

agree well with the available experimental data, provide not only insights into defect produc-

tion, but also quantitative information, which can be used for the minimization of damage

during imaging in HIM or optimization of the patterning process.

Introduction

Ion irradiation1,2 is one of the most powerful tools to change the atomic structure and properties

of the materials through controllable introduction of impurities and defects. The technique suits

particularly well for the processing of two-dimensional (2D) materials, because due to the small

thickness of the system a uniform distribution of dopants and defects with regard to their depth

is not an issue, as evident from numerous examples for graphene3–9 or transition metal dichalco-

genides (TMDs).10–16 Moreover, exposure to energetic ions can be combined with in-situ or post-

irradiation chemical treatment of these atomically thin targets11,17–21 to incorporate foreign atoms

into the atomic network due to chemically reactive vacancies.

Focused ion beams can be used to produce defects with a high spatial resolution. They can

also be employed for cutting and patterning 2D materials.22 In this context, the He-ion microscope

(HIM),23 where He or Ne ion beams have sub-nanometer diameters, have been demonstrated to be

a perfect tool for not only getting insights into sample morphology, but also altering its structure

and geometry at the nano-scale. Specifically, structural defects were controllably introduced in

a few-layer MoS2 sample15 so that its stoichiometry and electronic transport properties could be
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tuned. Nanoribbons with widths as small as 1 nm were reproducibly fabricated in graphene4,6,9,24

and MoS2 sheets.15 An increase in Young’s modulus of MoSe2 samples irradiated in HIM was

reported, along with the possibility to tune optical properties of TMDs.25 Structural changes in free

standing graphene and that encapsulated between sheets of hexagonal boron nitride under focused

helium ion beam irradiation have been studied26 in the HIM and showed the benefits of graphene

encapsulation for post-synthesis doping and self-healing of the beam-induced lattice damage.
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Figure 1: Schematic presentation of the channels for defect production in a supported 2D material
under ion irradiation by the example of He ion impacts on a MoS2 sheet on a SiO2 substrate.
Defects, e.g, S vacancies, can be produced by direct ion impacts, by backscattered ions and atoms
sputtered from the substrate.

In the typical experimental setup used for ion bombardment, the 2D target is placed on a sub-

strate, normally a Si/SiO2 slab. However, the experimental data is frequently rationalized using

atomistic computer simulations carried out for free-standing systems.27–30 It is tacitly assumed that

most of the defects are produced from direct interaction of the primary beam with the target, which

as we show below, is not generally true, especially for the case of light ion irradiation in the HIM.

Indeed, the experiments carried out for supported and free-standing 2D MoS2
31 and graphene32

clearly indicate that there are substantial differences in the amount of the beam-induced damage

and the properties of the irradiated samples.
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Contrary to free-standing targets (e.g., graphene33 or MoS2 suspended on a TEM grid15,31),

where all the defects are created by the impinging ions, the substrate can affect defect production

in several ways. Putting aside the case of highly-charged ions34 and swift heavy ions which lit-

erally ‘blow-up’ the substrate so that the 2D material on top is torn apart by the atoms coming

from the substrate,35 defects in the 2D system can be produced at moderate ion energies by two

other mechanisms, in addition to (i) direct ion impacts: (ii) backscattered ions 1 and (iii) atoms

sputtered from the substrate, as schematically illustrated in Fig. 1. The latter two mechanisms are

indirect defect production channels. Moreover, experimental investigations9,32,36–38 using state of

the art focused ion beam technology indicate that the substrate hinders higher patterning resolu-

tions, so that a detailed microscopic understanding of the role of the substrate and its effects on

defect production under ion irradiation is required. The substrate also plays the key role in the

evolution and annealing of defects.39 Several attempts to account for the effects of the substrate

have been carried out for high-energy (MeV) heavy ion40 and 30 keV He32 ion irradiation of sup-

ported graphene, but the trends and physical processes involved were not systematically analyzed.

Computationally, this is a very challenging task, as first-principles approaches cannot be used due

to the high computational costs required to collect representative statistics for systems composed

from a few thousand atoms. Furthermore, analytical potentials developed for multi-atomic systems

are either of limited accuracy or are still computationally too expensive for adequate modeling of

the system.

In this work, we suggest an efficient scheme to model the irradiation of supported 2D materi-

als, which combines analytical potential molecular dynamics (MD) simulations for the 2D mate-

rial, augmented with a universal repulsive potential to account for the effects of the substrate on

sputtered atoms and a Monte Carlo (MC) method. This allows to assess independently the contri-

butions to the damage from backscattered ions and atoms sputtered from the substrate and hitting

the supported 2D system. Using the scheme, we study defect production in graphene and MoS2

1The charge state of the projectile cannot be accounted for in the classical MD simulations. However, in order to
differentiate between target/substrate atoms and primary projectiles, we refer to the former as ’atoms’ and the latter as
’ions’, even though their charge state is unknown.
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sheets, which are the two most widely used 2D materials, deposited on a SiO2 substrate. We pay

particular attention to helium and neon ions since they are used in HIMs for material modifica-

tion, nano-patterning and imaging purposes.23 While for the patterning processes the controllable

production of defects in a narrow region is desirable, minimal defect production should be aimed

at for non-destructive imaging. Using our approach, we access defect production rates of He, Ne

and Ar ions for a wide range of initial ion energies including the HIM-typical energy interval from

1 keV to 30 keV. Our results indicate that in this energy interval defect production in graphene and

MoS2 is dominated by backscattered ions and sputtered substrate atoms rather than by the direct

ion impacts. Consequently the area in which defects are introduced is dramatically enlarged as

compared to the free-standing irradiated material, and in the case of HIM based irradiation, to the

beam diameter (typically 0.5 nm and 1.8 nm for He and Ne, respectively).

θ0

Ion

MoS2 monolayer

θ0

MoS2 monolayer

SiO2 substrate

Ion

2

3

4

0

z [Å]

Epot [eV]

MoS2 layer

Potential boundary

SiO2 layer

Potential boundary

10 50

(a)

(b)

(c)

(d)
model

Figure 2: Simulation setup. (a) Atomistic model of MoS2 on a SiO2 substrate. (b) The correspond-
ing system where the substrate is modelled using an external potential. (c) Definition of minimal
irreducible area used for choosing the ion impact points. (d) External potential acting on the atoms
of the 2D target. The MoS2 is positioned at zero z coordinate.
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Results and Discussion

He ion irradiation. MD and MC simulations of impacts of the projectiles (He, Ne, Ar ions as

well as Si and O atoms) onto 2D materials (graphene and monolayer MoS2) were carried out as

described in detail in the Methods section. As we are aiming at assessing the effects of low-dose

irradiation, we assumed that the ions always impinge into pristine material. To collect representa-

tive statistics for different impact points, an irreducible area was chosen as depicted in Fig. 2(c).

In order to include the effects of the SiO2 substrate in the MD simulations and at the same time

have a computationally efficient scheme, we modelled the substrate as an external potential act-

ing on the atoms in the corresponding region (see Figure 2). The potential has no effect on the

impinging ions, while backscattered ions were treated using a statistical approach with the data

collected from the MC simulations. Splitting defect production into two different channels is pos-

sible due to a very small probability for the backscattered ions and sputtered atoms to hit the area

where defects were already produced by that same ion. Due to the geometry of the system, we

independently considered defect production by the ions coming from above the 2D target, with ion

velocity vectors pointing towards the substrate (direct impacts), and from below, with ion velocity

vectors pointing away from the substrate (the case for backscattered ions and sputtered substrate

atoms).

The average number of defects produced by impinging and backscattered particles, along with

those produced by sputtered substrate atoms, were obtained from MD simulations as functions of

ion energy and angle. The results for He ions are presented in Fig. 3. It is evident that the number

of sputtered S and C atoms increases with ion energy, then quickly drops due to a decrease in the

cross-section to displace an atom from the 2D target. This is in agreement with the results of previ-

ous calculations.27,28 The atoms sputtered from the substrate are more abundant than backscattered

ions for typical HIM energies. Detailed statistics data of projectile characteristics obtained from

the MC data, such as energy and angle probability distributions, can be found in the supplemental

material in Fig. 11. The number of sputtered atoms depends also on the incidence angle, with the

maximum in defect production being shifted towards higher ion energies for off-normal incidence.
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Figure 3: Number of atoms sputtered from supported monolayer MoS2 and graphene by energetic
He ions as obtained from molecular dynamic simulation. Impacts of He atoms onto MoS2 from
above (a) and below (b). Impacts of He atoms into graphene from above (c) and below (d).

We performed similar MD calculations for the impacts of O and Si projectiles onto MoS2 and

graphene sheets. Only impacts from ‘below’ were considered. The results are presented in Fig. 4.

The production of defects shows similar trends as for He ions, but the number of sputtered atoms

is considerably higher due to larger atomic masses of O and Si atoms as compared to He.
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Figure 4: Number of atoms sputtered from supported monolayer MoS2 and graphene by O and Si
projectiles hitting the sheets from below as obtained from molecular dynamic simulation. Impacts
of O (a) and Si (b) projectiles onto MoS2. Impacts of O (c) and Si (d) projectiles onto graphene.

Based on the calculated number of atoms sputtered from MoS2 and graphene sheets per single

impact of He, O and Si projectiles, we evaluated the average number of defects produced in the

system by He ion irradiation. To match the usual experimental geometry, normal incidence of He

ions was assumed. Using the MC approach, we obtained the number of backscattered He ions as

well as sputtered O and Si atoms from the substrate as functions of initial energy of He ions. Using

MD simulations we also assessed the number of ions which have passed through the sheet, which

is different from unity at energies below 1 keV. The results for MoS2 sheet are shown in Fig. 5.
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Figure 5: Number of He ions which have passed through MoS2 sheet, the number of ions backscat-
tered by SiO2 substrate, along with the number of sputtered O and Si atoms as functions of initial
He ion energy as obtained from MC calculations. Note that for better visualization the transmission
probability of He ions through monolayer MoS2 is scaled by a factor of 0.2.

By combining the MD and MC data, the average number of sputtered target atoms 〈Ntotal〉 (Mo,

S for MoS2 and C for graphene) can now be calculated:

〈Ntotal〉 = 〈Ndirect(He)〉+ 〈NBS(He)〉+ 〈NSP(Si,O)〉 (1)

where 〈Ndirect(He)〉 is the averaged number of directly sputtered atoms per He-ion and 〈NBS(He)〉,

〈NSP(Si,O)〉 are the contributions from the backscattered ions and sputtered substrate atoms, re-

spectively. The average number of created S-vacancies from direct impacts is given by 〈Ndirect〉 =

〈Nabove(E0, θ0 = 0)〉, where 〈Nabove〉 is derived from MD simulations with impacting ion starting in

the upper half plane with velocity pointing towards the substrate (see the blue trajectory in Fig. 1).

The average number of S-vacancies created by backscattered ions 〈NBS(E0)〉 in turn is estimated

by averaging over all possible trajectories (defined by energies and angles E1, θ1) of the backscat-

tered ions. This is realized by performing the probability distribution weighted integration of the

average number of defects 〈Nbelow(E1, θ1)〉 (see green trajectory in Fig. 1) over the energies and

angles of the backscattered particles. The integral is further multiplied by the probability PBS(E0)
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for the ion to be backscattered and hit the 2D target again and the transmission probability T (E0)

to obtain the average number of sputtered S atoms

〈NBS(E0)〉 = T (E0) · PBS(E0) ·
∫

dE1 pBS(E1|E0) ·
∫

dθ1 pBS(θ1)〈Nbelow(E1, θ1)〉, (2)

where pBS(θ1) and pBS(E1|E0) are the angular and energy probability distribution of the backscat-

tered ions, respectively. The latter depends on the incident ion energy E0 while the former is

universal.

A similar expression can be used to evaluate the effects of sputtered atoms 〈NSP(E0)〉 on va-

cancy production with the backscattering probability replaced by the average number of sputtered

atoms and summing over the contributions from Si and O atoms (grey and red trajectories in Fig. 1).
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Figure 6: Average number of atoms sputtered from MoS2 (a) and graphene (b) per He ion impact.
The corresponding numbers for free-standing monolayers (grey) and the direct sputtering (red) are
shown for comparison. The insets magnifies for the range of ion energies from 1 keV to 30 keV
He used in HIM.

The results obtained with the combined MD and MC approach are presented in Fig. 6. The

data for damage production by direct impacts and the data for free-standing material are obtained

directly from MD simulations carried out for the same setup. The results for free-standing systems

agree well with the previously published data.27,28 As for MoS2, the average number of sputtered

S-atoms for He irradiation without substrate shows two pronounced peaks which can be attributed

to the sputtering from the top and bottom sulfur layers.27 The data for direct He ion impacts also
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shows two peaks, but the second one is considerably suppressed, meaning that the substrate reduces

the forward sputtering for the second layer. This is supported by the averaged number of sulfur

vacancies per layer obtained by analyzing the defect density and locations after the ion impact

(Wigner-Seitz analysis of the final configurations of the MD data).

As compared to the free-standing system, the direct defect production in supported MoS2 is

smaller in the energy range from 400 eV to 800 eV. This is a consequence of the reduced sput-

tering from S-layer facing the substrate. S recoils generated there (in forward direction) can not

easily leave the sample. Furthermore, for typical HIM energies, see the inset in Fig. 6(a), direct

sputtering is almost completely absent, while defect production is still noticeable in the supported

system. In this energy range indirect sputtering, more specifically the sputtering by substrate atoms

can clearly be identified as the dominant damage mechanism. Oxygen has the largest influence,

but Si sputtering appears to be more efficient, as for a smaller number of projectiles a compara-

ble amount of damage (sulfur sputtering) is produced. Within binary collision approximation this

can be attributed to a larger momentum transfer for mass ratio closer to unity (mSi/mS = 0.875,

mO/mS = 0.5). Likewise, the mass ratio of He to Mo atommMo/mHe = 24 explains the negligible

number of sputtered Mo-atoms found in the combined MC/MD simulations for both direct and in-

direct sputtering. Fig. 6(b) illustrates defect production in free-standing and supported graphene. It

is evident that as in MoS2, the substrate impedes the production of defects at very low energies, but

the effect is stronger than in MoS2, as graphene has only one layer of atoms. At high ion energies

more defects are produced in the supported system with a substantial contribution from sputtered

O and Si atoms. The birds eyes view on the defect production mechanisms of He irradiated MoS2

reveals that the substrate has a dramatic influence on the atom sputtering rate. For MoS2, the sput-

tering rate is approximately five times larger than without substrate in the HIM energy interval.

A similar behavior is observed for graphene. Such an increase in the damage rate was also found

experimentally for the He ion bombarded of graphene supported by a SiO2/Si substrate.32

Ne ion and Ar ion irradiation. Similar to the modeling of He ion irradiation, we carried out

simulations of the impacts of heavier Ne and Ar ions onto a supported MoS2 sheet. We found that
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the number of backscattered ions decreases dramatically as compared to helium, while the average

number of sputtered substrate atoms increases, see Fig. 7. In particular, the probability for Ne ions

to be backscattered from the SiO2 substrate is less than 1% for all the energies and is zero for

Ar. Both observations can be understood within binary collision approximation considering the

projectile-to-target mass ratio, as backscattering is more likely for lighter ions and the momentum

transfer to secondary projectiles is more efficient for a mass ratio close to unity (mHe/mSi = 0.14,

mNe/mSi = 0.71, mAr/mSi = 1.42). As expected, for increasing ion mass the maximum of the

sputtering yield shifts to higher energies.

p
ro
j

p
ro
j

(a) (b)

Figure 7: Transmitted and back scattered ions along with the sputtered substrate atoms as functions
of ion energies for neon (a) and argon (b). Note that the average number of backscattered ions for
Ne is scaled by factor of 50.

Fig. 8 illustrates the effects of the substrate on the defect production for MoS2 and graphene.

The results for free-standing monolayers are also presented for the sake of comparison. The data

for free-standing monolayers, shown as a reference, agrees well with previously published results

for noble gas ion bombarded MoS2 and graphene.27,28 As follows from the data on the abundance of

the available projectiles, Fig. 7, the contribution to the damage in the 2D target from backscattered

particles is negligible, and defect production process is governed by direct impacts of ions and by

atoms sputtered from the substrate.
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Figure 8: Average number of sputtered atoms from MoS2 (left) and graphene (right panels) for Ne
(a-c) and Ar (d-f) impacts. The corresponding numbers for free-standing monolayers (grey) are
shown for comparison.

A salient feature is the suppression of defect production at low ion energies, as the substrate

‘stops’ the atoms sputtered away from the target and increases the probability for immediate re-

combination of the vacancy-interstitial pair. It is also evident from Fig. 8 that while the total

sputtering yield increases due to the higher ion mass, the enhancement in the indirect sputtering

of target atoms is less pronounced than the boost in direct sputtering. This means that for heavier

ions the effect of the substrate on defect production is smaller. Nevertheless, as panels (a-c) in

Fig. 8 – illustrating sputtering of S, Mo and C atoms by Ne – demonstrate, the combined effect

of direct and indirect sputtering is twice as large as the sputtering yield without substrate in the

energy range relevant for HIM (from 1 keV to 30 keV). This indicates that for neon in the HIM the
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substrate still plays an important role, while the processes which enhance or diminish sputtering

compensate each other in case of argon irradiation, as panels (d-f) in Fig. 8 illustrate. For the latter,

a substantial increase in the sputtering yield due to the presence of a substrate cannot be observed.

Spatial distribution of defects with regard to the impact point of the ion. The substrate not

only influences the number of defects produced under ion bombardment, but also has an important

impact on the spatial distribution of defects. From the application point of view, the spatial exten-

sion of the defect region in supported 2D materials is of paramount importance, as it determines

the resolution of the HIM during patterning of 2D materials. Our combined MC/MD simulations

provide direct access to the spatial distribution of defects with respect to the impact point of the

ion. While the impinging ions produce defects only in the immediate vicinity of the impact point

(1 nm range; see the inset in panel (c) of Fig. 9), the backscattered ions and atoms sputtered from

the substrate give rise to the production of defects in a wider region, with the average extension of

the region being dependent on initial energy of He (or Ne) ions.
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Figure 9: Spatial distribution of defects. Average number of S atom sputtered by backscattered
He, Ne ions and Si, O atoms originating from different regions with respect to the impact point.
Panel (a) and (b) show the indirect defect production for different radii from the impact point for
He and Ne ions, respectively. Panel (c) depicts the defect density for three selected energies taken
as cross sections in panel (a) (dashed vertical lines). Defect density with respect to the impact point
is compared to that obtained by direct sputtering (inset), showing increased extension of the defect
region for indirect sputtering. Panel (d) shows the indirect defect density for neon ions.

F For both He and Ne ions with energies below 1 keV almost all sulfur vacancies are produced

within a 8 nm radius from the impact point. However, for typical HIM energies the defective region

is more extended: up to two thirds of defects are produced outside the 8 nm region, as is evident

from Fig. 9, panels (a) and (b). Although defect density decays rapidly with increasing distance R

from the impact point, defects can be created at typical HIM energies even outside the 10 nm range.

As compared to the free-standing material, where defects are expected only in the close vicinity of
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the impact point, this result agrees well with the previous experimental observations and indicates

that backscattered ions and sputtered substrate atoms are the main reason for resolution limitations

in patterning of supported 2D materials.9,36,38 It is interesting to note that spatial extend of the

damage also depends on ion mass. As is evident from our results (see Fig. 9) that higher energies

(e.g., 30 keV) would give a better spatial resolution for He, while it is the other way around for Ne.

For the latter, the lowest energies still attainable in HIM (e.g., 5 keV) are preferable.

Comparison to the experimental results. To validate our approach, we analyzed the available

experimental data on the amount of damage produced in supported graphene and MoS2 under ion

irradiation. It should be pointed out that the direct comparison of the theoretical and experimental

defect densities is not straightforward. On the one hand, in-situ annealing of defects even at room

temperature is possible, and on the other hand, at high irradiation doses more defects can be pro-

duced, when defects already exist in the area where the ion hits the sample. Neither of these effects

can easily be accounted for in simulations, but one can assume that they cancel each other to the

first order. The accurate determination of defect concentrations in the experiments from Raman

spectra or EDX data is also a challenge.

Irradiation of free-standing MoS2 flakes by 30 keV He ions gave rise to the loss of about 50%

of the S atoms at a dose of 1018 He+/cm2, while an order of magnitude smaller dose was required

for the sample on a substrate.15 Our results (Fig. 6) indicate that Y ∼ 0.008 S atoms are sputtered

away by 30 keV He ion. A dose of 1017 He+/cm2 corresponds toNI ∼ 90 ions hitting the primitive

cell area. Correspondingly, the relative number of atoms which should still remain in the system is

(2− Y ·NI)/2 ∼ 0.6, which is in a very good agreement with the experimental data.

As for He ion irradiation of graphene, our simulations indicated that the number of defects

should be larger in supported samples (as compared to free-standing) by a factor of about three,

which qualitatively agrees with the experimental ratio32 for doses below 1015 He+/cm2. Our results

for 500 eV Ar irradiation on MoS2 were also in order-of-magnitude agreement with the dose (about

5× 1015 Ar+/cm2) required to sputter ca. 25% of the S atoms.19 The agreement with the published

experimental values for higher Ar energies is even more striking: while for bilayer graphene on
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SiO2 substrate irradiated with 100 keV argon ions a carbon sputtering yield of 0.25 atoms per

ion in the top layer (0.13 due to enhanced annealing in the second layer) is determined in the

experiment,39 our results – not accounting for annealing effects – yield 0.28 carbon atoms per

Ar ion. For free-standing system the model suggests only half of this value. Furthermore, our

predictions for graphene are consistent with the data extracted by Li et.al.40 from the Raman spectra

of irradiated graphene samples: the sputtering yield in graphene bombarded with 35 keV carbon

ions is estimated as 0.150 C atoms per incident ion,41 which is slightly smaller than our predicted

value of 0.22 C atoms per (heavier) neon ion. A similar observation can be made for graphene

irradiated with 30 keV N ions (0.186 atoms/ion),42 which is in line with our simulation results

for 30 keV Ne ions (0.25 atoms/ion). In both cases the calculated sputtering yield of C atoms for

free-standing graphene samples is much smaller than the experimental value.

Conclusions

We suggested a computationally efficient scheme which combines analytical potential MD and MC

simulations to model the irradiation of supported 2D materials. The scheme makes it possible to

assess independently the contributions to the damage from backscattered ions and atoms sputtered

from the substrate. The approach can in principle be applied to any 2D material/substrate combi-

nation, provided that the potential for the 2D target exists. The method does not require to explicit

account for the interaction of the substrate material with the target, as the substrate is replaced by

an effective repulsive potential. Using this scheme, we studied defect production in graphene and

MoS2 sheets on a SiO2 substrate. Our results, which agree well with the available experimental

data, demonstrate that depending on ion mass and energy the number of defects produced in the

target by the impinging ions can be smaller or larger than in the free-standing material, that is

deposited on top of a trench in the substrate or on a TEM grid. For helium and neon ions with a

wide range of initial ion energies including those used in commercial helium ion microscope, we

showed that defect production in 2D systems can be dominated by backscattered ions and sputtered
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substrate atoms rather than by the direct ion impacts. The last statement is especially true for light

ions. In particular, this is the case for 30 keV He ions, most widely used for imaging and pattern-

ing of 2D targets. We also studied the factors which limit the spatial resolution of the patterning

process. Our results provide microscopic insights into defect production mechanism, along with

the quantitative information, which can be used for the minimization of damage during imaging or

optimization of the patterning process.

Methods

Molecular dynamic (MD) simulations were carried out using the LAMMPS43 package to extract

the statistics of defects produced by impacts of the projectiles (He, Ne, Ar ions and Si O atoms)

onto the 2D materials (graphene and monolayer MoS2). The MD calculations of ion impacts onto

targets were performed as described previously.27 At minimum 320 impact points per energy and

angle configuration were chosen. A modified Stilinger-Weber (SW) potential44 with a smooth

transition to the Ziegler-Biersack-Littmark (ZBL) potential45 for small distances was used. For

collisions of ions with the target atoms the ZBL part dominates at high energies, so that ZBL

potentials were also used to describe impacts of atoms sputtered from the substrate. This approxi-

mation is further validated by a rather weak interaction of O and Si adatoms with pristine graphene

and MoS2: the adatoms are mobile on graphene46 and MoS2
47 surfaces, so that they should form

compounds and desorb from the system. The MD calculations for ion bombardment of graphene

were carried out using the combined Tersoff and ZBL potential.

The effects of the SiO2 substrate were modelled as an external potential acting on the target

atoms (Mo,S or C) in the corresponding region (see Fig. 2). The potential in this approximation

can be expressed as

U(z) = A
(
e β(z−z0) − 1

)
, (3)

where the coefficients are determined by the boundary of the potential region z0 = 2Å, the surface

approximation energy – the energy required to approach a surface located at d = 3Å (distance

18



from the monolayer)48 from infinity U(z = d) = 10 eV, and a defined kinetic energy loss of the

incident particle with U(z = 4Å) = 50 eV. This yields the coefficients A = 10/3 eV ≈ 3.33 eV

and β = 2 ln 2Å
−1 ≈ 1.38Å

−1
.

The MD approach was combined with the Monte Carlo method implemented in the SRIM

code49 to account for projectile properties and their statistics (e.g. backscattering probability, en-

ergy and angle distributions). The MD and MC approaches were combined by treating the impacts

of the projectiles on the 2D target material in detail with MD (accessing short time and length

scale), while the projectiles statistic was sampled according to the results of MC calculations (cov-

ering larger time and length scales).
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Supplemental Material

(a)

(b)

(c)

Figure 10: Distribution functions for backscattering/sputtering energy E1 and angle θ1 for
He, Si and O recoils (from SRIM simulation). The relative backscattering energy distribution
p(E1/E0|E0) for the He ion (a) slightly depends on the incident energy E0 while the sputtering
energy distribution p(E1|E0) for Si and O (c,b) show a pronounced dependence on it. The an-
gular distribution appears to be independent of the incident ion energy. The backscattering angle
distribution for the helium ion can be nicely approximated by cos2 θ1
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