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Abstract
This study is dedicated to the common problem of how to choose a suitable substrate for ion irradiation of two-dimensional materi-

als in order to achieve specific roles of certain defect formation mechanisms. The estimations include Monte Carlo simulations for

He, Ar, Xe, C, N and Si ions, performed in the incident ion energy range from 100 eV to 250 MeV. Cu, SiO2, SiC and Al2O3 sub-

strates were analyzed. The considered substrate-related defect formation mechanisms are sputtering, recoil atoms reaching the inter-

face with a non-zero energy, and generation of hot electrons in close proximity of the interface. Additionally, the implantation of

sputtered substrate atoms into the 2D material lattice is analyzed. This work is useful both for fundamental studies of irradiation of

two-dimensional materials and as a practical guide on choosing the conditions necessary to obtain certain parameters of irradiated

materials.
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Introduction
Ion irradiation of two-dimensional (2D) materials is a versatile

and convenient tool for modifying the material structure

through a controlled induction of lattice defects, cutting or atom

implantation [1-3]. This method is useful for engineering of the

optical, electric and catalytic properties of monolayers [1-3].

For technical simplicity, ion irradiation of 2D materials is

usually carried out on substrates [1]. However, the substrate

choice is known to play a significant (and sometimes crucial)

role in the irradiation process [1-7]. On one hand, it can

increase the stability of a monolayer under irradiation, leading

to reduction of a resultant defect yield [3]; on the other, it can

participate in defect formation in the 2D material through

energy transfer from sputtered substrate atoms moving through

the monolayer [1,4]. When the energy is suitable, these atoms

can become embedded into the 2D material crystal lattice,

leading to a peculiar doping effect, as it was shown for

graphene in [1]. Besides, one cannot exclude participation of

displaced recoil atoms [8] that reach the interface but remain

within the substrate. Moreover, since there is a charge transfer

between the substrate and the monolayer [9-12], the generation

of hot electrons in the substrate within the close proximity of
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the interface can lead to a more intensive electronically stimu-

lated surface atom desorption [13,14], which already occurs

directly in a 2D material under ion irradiation [13,15].

In [16] it was shown by Raman spectroscopy and Transport of

Ions in Matter (TRIM) simulations using 160 MeV Xe ions for

the irradiation of graphene on Cu, SiO2/Si and glass leads to

negligible overall participation of substrate sputtering and a

stronger (but small) role of the substrate recoils. Besides, it was

noted that hot electrons generated in the substrate in the vicinity

of the interface can possibly lead to introduction of additional

defects in the monolayer.

As reported in [1-3,5-8,16], all these effects are generally

known in the experimental literature for a specific irradiation

energy, substrate and ion type, while simulation studies focus

more on defect formation energies and probabilities. At the

same time, comparing the expected extent of each mechanism

can allow not only the exclusion of unwanted effects, but also

the use of them for a more controllable engineering of the

process, in order to obtain a desired result through a simple

method of choosing the substrate/ion combination.

Due to their nature, 2D materials tend to absorb a small frac-

tion of ion energy in the keV–MeV range [15]. This allows

simulations of the bulk substrate effects to be performed inde-

pendent of the monolayer type. Although not directly applic-

able to calculating the defect density in irradiated 2D materials,

TRIM code allows one to perform massive statistical calcula-

tions of damage to bulk targets, such as substrates. Thus, it

allows the relative roles of various substrate-related mecha-

nisms of defect formation to be determined in the irradiated 2D

materials.

The purpose of the present study is to systematically compare

the intensity of defect formation in 2D materials through sub-

strate sputtering, substrate recoils reaching the interface, and

generated hot electrons, in order to make it possible to choose

the irradiation conditions while taking the substrate effects into

account. The analysis was performed for the most common ions

used for monolayer irradiation: He, Ar, Xe, C, N and Si; the

chosen substrates include Cu, SiO2, SiC and Al2O3. Copper is a

widely available metal and is traditionally used as a substrate in

2D material science, initially recognized due to its catalytic

effect in the CVD synthesis of graphene. SiO2, the most

common material for supporting monolayers (usually in the

SiO2/Si alignment), is in turn a typical dielectric, mostly

referred to as introducing a comparatively small effect

on the properties of 2D materials. For the uniformity of the

study, a classical semiconducting material SiC was added as

another commonly used substrate. Al2O3 is also an insulator

that is becoming a more interesting material to support mono-

layers given that is has a small effect on their properties;

besides, comparing it to SiO2 is potentially useful since dielec-

tric substrates are highly essential for nanoelectronic applica-

tions.

Results and Discussion
For each simulation a set of output values was obtained

describing damage to the target substrate implemented through

different processes. Among them, substrate sputtering can be on

one hand effectively regarded as a secondary irradiation of the

adsorbed two-dimensional material in accordance with a

common practice [4]; on the other hand, the substrate recoils

reaching the interface may be considered a source of energy

transferred to the monolayer while remaining within the sub-

strate [8,16]. Both of these fundamentally different interaction

events can lead to introduction of defects to the overlaying ma-

terial, if the energy is sufficient. It is important to underline that

in order to make the results on these mechanisms comparable,

they were normalized to a single form of “total ion energy

transferred to a process” (eV/ion), which is an indicative param-

eter for both of them. This representation, utilized below,

enables one to take into account sputtering yield/amount of

recoils and sputtered atom energy/recoil energy in a single

value, and therefore allows the degree to which each phenome-

non takes place in relation to another to be established. Howev-

er, it does not directly show the energy of a single sputtered

atom/recoil, thus these values are indicated in the text when

describing the key moments of the dependencies.

Figure 1 presents the dependency of the energy transferred to

substrate sputtering or substrate recoils reaching the interface on

the energy of the incident ion for Cu, SiO2, SiC and Al2O3 sub-

strates and He, Ar, Xe, C, N and Si ions. For better clarity, the

curves for lighter ions (He, C, N) and heavier ions (Ar, Xe, Si)

are plotted separately, since for the latter, the maximum values

of transferred energy are up to an order of magnitude larger.

The insets in Figure 1 show details of the low-energy region

(10−1–100 keV) of the dependencies presented.

As the incident ion energy increases, the energy transferred to

both substrate sputtering and recoils reaching the interface

begins to increase notably starting from 10−1–100 keV where

the ion has enough energy to activate these processes. As seen

in the insets, the energy transferred to recoils reaching the inter-

face seems to dominate over sputtering in the low-energy range.

However, it should be noted that since there is a large probabili-

ty of a direct collision interaction within the overlying two-

dimensional material in this range (as it was shown for typical

and common 2D materials such as graphene and MoS2 in [1,4]),

the beginning of the increase is expected to be upshifted on the
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Figure 1: Energy transferred to substrate sputtering (solid lines) or substrate recoils reaching the interface while remaining within the substrate
(dotted lines), as a function of the incident ion energy for Cu, SiO2, SiC and Al2O3 substrates and He, Ar, Xe, C, N and Si ions.
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horizontal axis due to ions partially or fully losing their energy

before reaching the substrate. Therefore, the details in the insets

are shown here to illustrate the uniformity of the presented data

rather than for the following predictions which mostly relate to

energies above 1 keV. At the same time, the domination of

interactions within a 2D material over those in the substrate

quickly softens with further incident ion energy increase, and

after 1 keV, the substrate-related defect formation dominates (as

is commonly reported in other works, e.g., [1,4]). The plots

show a pronounced maximum at 101–103 keV, after which a

decrease is observed until practically the entire energy loss of

the ion becomes transferred to the target electronic excitations

[17].

Depending on the substrate material and incident ion mass,

the maximum energy transferred to sputtering ranges from

≈8 eV/ion (He ions in copper) to ≈2990 eV/ion (Xe in copper),

which corresponds to an average sputtered atom energy of 22.1

and 320.1 eV/atom, respectively. The former value is already

enough to introduce defects into common two-dimensional ma-

terials [18-22], most strongly manifesting for 2D transition

metal dichalcogenides (TMDs) due to the low displacement

threshold barrier [18,19]. The latter is sufficient to create a con-

siderable amount of defects – for example, through initiating a

horizontal (in-plane) recoil cascade in a two-dimensional mate-

rial, which is a chain of successive events of recoil atom energy

transfer to other atoms (secondary, tertiary, etc.) [17]. For

recoils reaching the interface, the maximum transferred ion

energy values are comparable to sputtering, with the most pro-

nounced relative role for SiC and Al2O3 irradiation by xenon.

At the same time, individual recoil energies corresponding to

curve maxima have average values from 51.7 (oxygen recoils,

He ions in SiO2) to 204.8 (Xe in copper) eV/atom, with the

former value being an order of magnitude greater than that

needed to damage 2D TMDs [18,19] and more than two times

greater than the amount required to introduce defects in

graphene [20-22]. The values given above indicate that the sub-

strate can participate strongly in defect formation in two-dimen-

sional materials under ion irradiation with a wide range of ion

energies. At the same time, the deliberate use of these phenome-

na opens up broad prospects in the controllability of the

process.

The plots for recoils reaching the interface generally reach a

maxima and start to decrease before those for sputtering. At

energies greater than 104 keV, they cease to make a significant

contribution, except for Xe irradiation, for which the effect is

non-negligible until the upper limit of the studied range

(250 MeV). For the latter, the point of 160 MeV discussed in

detail in [16] shows stronger participation of recoils against the

sputtered substrate atoms for all substrates considered.

Small plot inflections in the high-energy range, such as those

for copper sputtering at ≈1 × 103 keV (Ar ions) or for SiC sput-

tering at ≈1 × 104 keV (Xe ions), are related to the fact that at

these ion energies, the number of recoil atoms per incident ion

is already decreasing, while their average energy is still

growing. Other similar changes in the curvature (second deriva-

tive) are also explained by the fact that the plotted quantities are

mathematically the product of the process yield with the aver-

age atom energy. As the energy of the incident ion increases,

these parameters increase/decrease with different rates, which

leads to an uneven change in the plot curvature. For compound

targets, this effect occurs separately for both atom types,

leading to a more complex structure of the curves.

As shown in Figure 1, the maxima for several compound target

curves split into two components such as those for C ions in

SiO2 or N in SiC. This is connected to different yield-energy

product maxima for each atom type of the compound target – in

the mentioned example of C ions in SiO2, the first component at

≈2.5 × 101 keV on the horizontal axis corresponds to prevailing

participation of sputtered oxygen atoms, while the second one at

≈7.5 × 101 keV indicates the greater role of silicon atoms. In a

similar case of Al2O3 irradiation with carbon ions, components

at ≈2.5 × 101 keV and ≈1 × 102 keV show maximum participa-

tion of sputtered oxygen and aluminum, respectively. The

“unsplit” curves for compound targets indicate that for a given

pair of components, the yield-energy product maxima have

close values, and therefore the curve components merge.

In order to introduce defects into a two-dimensional material,

sputtered substrate atoms and recoils reaching the interface need

to have enough energy to pass the displacement threshold

barrier which shows values from about 4 eV for chalcogen

atoms in WS2 [19] to almost 32 eV for molybdenum in MoS2

[18] (this range includes values of ≈5–7 eV for S and Se in 2D

TMDs [18,19] and ≈22–23 eV in graphene [20-22]). However,

in [1] it was shown that, except for participating in the defect

formation in adsorbed monolayers, the substrate can also

increase the displacement threshold through creating a barrier

for displaced atoms of the two-dimensional material, effec-

tively making them “bounce back” after being displaced. For

example, the threshold for graphene supported by a common

SiO2 substrate increases to 68–196 eV [1], depending on the

carbon atom position relative to the substrate oxygen site.

Considering the fact that the energy transferred to defect forma-

tion in a two-dimensional material upon irradiation with helium

is close to the threshold, an important conclusion can be drawn

that He ions are the most preferred when it is required to irra-

diate supported monolayers desirably avoiding the influence of

the substrate (generation of hot electrons in the substrate should

also be taken into account here, as discussed later).
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A basic type of defect produced during 2D material irradiation

is a vacancy (for 2D TMDs, the most probable vacancy genera-

tion event involves chalcogen atom removal) [23]. If the fluence

is enough, multiple generated vacancies can subsequently

merge through the migration processes [15,24], leading to a

creation of more complex defects. Additionally, the incident ion

can become embedded into the 2D material crystal lattice,

leading to ion implantation (doping) [25]. For the latter to

occur, the ion should have a considerably low energy – of about

20–200 eV, with the most effective implantation occurring at

25–75 eV [1,25-29]. The process peaks in the lower part of this

region for 2D TMDs and in the higher regions for graphene.

Outside this range, the probability of a direct substitution

decreases, although it does not fully vanish [1]. This value in-

creases for supported monolayers since the presence of the sub-

strate can lead to ion backscattering [1]. Simultaneously, the

sputtered substrate atoms can receive energy optimal for the

implantation as well, leading to doping of the 2D material with

the substrate atoms at much greater incident ion energies (for

example, 5 keV Si into graphene on SiO2 [1]; similar is natu-

rally expected for 2D TMDs). Table 1 presents simulation

results for sputtered substrate atom doping, showing the range

of incident ion energy in which sputtered substrate atoms have

the energy most suitable for the implantation into common 2D

materials (25–75 eV/atom [1,25-29]). At the same time, in order

to get the information on how actively this process is taking

place considering the yield, one should refer to the solid curves

for sputtering in Figure 1 within the range specified in Table 1.

The results presented in Table 1 are in agreement with molecu-

lar dynamics simulations on the subject [1].

Table 1: Incident ion energy ranges (in keV) which correspond to the
most effective sputtered substrate atom implantation into various 2D
materials, i.e., sputtered atoms have energy in the 25–75 eV/atom
range.

Substrate He Ar Xe C N Si

Cu 8–85 2–18 21–159 3–28 3–25 2–16
SiO2 Si 1–7 5–39 15–103 1–4 1–4 3–18

O 3–19 18–228 44–347 3–21 3–31 11–224
SiC Si 1–10 6–55 20–142 1–6 1–6 3–24

C 1–6 3–37 9–85 1–9 1–12 2–26
Al2O3 Al 2–20 12–117 31–257 1–11 1–13 6–56

O 3–25 20–235 48–345 2–23 3–31 12–142

It should be noted that the sputtered substrate atoms can still

have energy within the 25–75 eV/atom range at greater incident

ion energies of above 103 keV/ion as well, when the energy

transferred to sputtering already decreases; however, the

implantation in this case can be expected to be negligible due to

a very small yield, since most of the incident ion energy loss is

transferred to the substrate electronic subsystem [15,17].

Besides, it is important to understand that although the sput-

tered substrate atom implantation can be negligible, it still does

not fully vanish in the whole conventional incident ion energy

range. This could be due, for example, to possible events of the

sputtered atom giving most of its energy to a 2D material atom

during a collision.

The results presented above phenomenologically and qualita-

tively agree with other works published on the subject for

graphene or 2D TMDs [1-3,6,30] and show the same energy

regions of active substrate participation in the defect formation

in 2D materials, as well as a similar scale and energy-depend-

ent dynamics of the effect. However, the most useful compari-

son can be performed with the results given in a recent work

[31] for graphene, where it underwent ion irradiation both when

free-standing and supported with silicon. In order to compare

the simulation with the experiment, the results for irradiation

with 30 keV He ions were used [31]. The simulation gives us a

silicon sputtering yield of 3.73 × 10−2 with the average energy

of about 164 eV/atom. According to defect yield/stopping

power dependencies from [7], this energy corresponds to a

defect yield of 5.65 × 10−3. For a fluence of 1015 cm−2, an esti-

mated difference of defect density was obtained for free-

standing and supported graphene of 2.1 × 1011 cm−2, with the

experimental value being about 4.6 × 1011 cm−2 [31]. Consid-

ering that this estimation takes into account only damage from

the substrate sputtering (not substrate recoils reaching the inter-

face or hot electrons generated in the vicinity of the interface),

this is a very reasonable result.

Figure 2 demonstrates dependencies of the energy transferred to

the target electronic subsystem (electronic stopping power [17])

on the incident ion energy for Cu, SiO2, SiC and Al2O3 sub-

strates and He, Ar, Xe, C, N and Si ions. The obtained curve

forms are typical for the description of inelastic collisions of a

penetrating ion with the target electrons, resulting in electron

excitations and atom ionizations [17].

For all ions except xenon, the pronounced maxima are ob-

served at the incident ion energy of ≈5 × 102–5 × 104 keV

reaching stopping power values of up to 1185 eV/Å (Ar ions in

copper). After the maxima, the electronic stopping power

decreases long after the nuclear stopping has become negligible

[17], indicating the decrease of defect-productive interactions.

For Xe irradiation, the maxima are clearly reached at incident

ion energies beyond the studied range, with the point of

160 MeV showing a significant amount of energy transferred to

substrate electrons as it was assumed in [16]. The overall most

pronounced effect is naturally observed for the copper substrate,

with the results for Al2O3 being remarkably close.
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Figure 2: Electronic stopping power dependence on the incident ion energy for Cu, SiO2, SiC and Al2O3 substrates and He, Ar, Xe, C, N and Si ions.
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While inelastic collisions with the electronic sea naturally do

not change the ion trajectory, the maxima in Figure 2 corre-

spond to the strongest relative contribution of this mechanism to

the total stopping cross section. At large incident ion energies,

more than 99% of the ion energy loss can be attributed to the

electronic stopping. As its role increases with the ion energy,

massive atom ionization occurs, leading to the generation of hot

electrons in the target media. When the distance to the 2D mate-

rial is smaller than the thermalization length of these high-

energy particles (i.e., the hot electrons are generated in the sub-

strate in the vicinity of the interface), they can contribute to the

defect formation by electronically stimulated surface atom de-

sorption in 2D material through charge transfer effects

[9-12,16]. It is important to note that the electronically stimu-

lated surface atom desorption is a mechanism that basically

occurs in unsupported 2D materials under ion irradiation [13]. It

principally relates to any non-central collision event with a

reduced direct kinetic energy transfer [13], but in practice, it

will be most effective for incident ion energy regions in which

the electronic energy loss dominates (for example, MeV light

ion irradiation or 101–102 MeV heavy ion irradiation in unsup-

ported graphene or 2D TMDs). Substrate hot electrons gener-

ated in the vicinity of the interface will intensify this mecha-

nism as an additional charge source, leading to a vacancy con-

centration increase in the irradiated material as long as the

threshold for a vacancy formation by electrons is overcome (for

example, ≈80 eV for graphene [13]).

Taking the hot electron mean free path as the minimal require-

ment of distance to the interface, one can easily estimate the

amount of energy transferred to substrate electrons in the

vicinity of the interface by an incident ion. For the hot electron

mean free path dependencies given in [32], we obtain about

114, 885 and 5328 eV/ion for a copper substrate under irradia-

tion by 5 × 102, 5 × 103 and 5 × 104 keV Ar ions (the third ion

energy corresponds to the dependency maximum in Figure 2).

For SiO2 substrates (mean free path dependencies from [33]),

the corresponding values are 380, 1277 and 2835 eV/ion. As

shown, even at a comparatively low ion energy of ≈102 keV,

substrate electrons can obtain enough energy to overcome a

vacancy formation threshold for 2D TMDs or graphene.

It should be noted that since the hot electron thermalization

length is generally greater than its mean free path, the distance

over which the electrons can participate in defect formation will

be in practice greater as well. Correspondingly, this further in-

creases the amount of energy transferred to defect formation in

the 2D material that can be expected in practice. This demon-

strated participation of the substrate hot electrons in the defect

formation in monolayers is in accordance with the previously

reported experiments [34]. The effect is expected to be more

pronounced for semiconducting 2D materials, such as MoS2

and other 2D TMDs, where the electronic energy dissipation is

less rapid than, for example, in graphene [34]. The simple logic

demonstrated in the discussion above can be utilized to calcu-

late the amount of substrate hot electron energy that can be

transferred to a monolayer for a specific case (using the depen-

dencies presented in Figure 2) as well as hot electron mean free

path or thermalization length (depending on the accuracy re-

quired) that can be easily found elsewhere due to the wide

availability of this data.

According to the presented results, substrate electrons intro-

duce the weakest effect for SiO2 and the strongest one for

copper, among the substrates analyzed. The maximum energy

lost due to electronic stopping varies from 36 eV/Å for He ions

to 4090 eV/Å for Xe irradiation. The estimated numbers show

the importance of taking into account the generation of sub-

strate hot electrons when choosing substrate material, ion type

and energy for the irradiation of supported 2D materials.

Given the results presented, extending the above discussions for

other, less common ion or substrate types, as well as other inci-

dent ion angles or ionic charge states, can be considered a

promising direction in the search for the best combinations of

conditions that are optimal for a desired extent and type of 2D

material structural modification by ion irradiation.

Conclusion
Monte Carlo simulations were performed to estimate the role of

Cu, SiO2, SiC and Al2O3 substrates in the defect formation in

2D materials under irradiation with He, Ar, Xe, C, N and Si

ions in the incident ion energy range from 100 eV to 250 MeV.

The effects of substrate sputtering, substrate recoils reaching the

interface with a non-zero energy, and hot electrons generated in

the substrate in a close proximity of the interface were shown to

be non-negligible, considering defect formation energies in

common 2D materials. For all ions except Xe, the most signifi-

cant role for sputtering was found at 101–103 keV, for recoils at

100–102 keV, and for hot electrons at 103–105 keV. For Xe, the

most active participation of both sputtering and recoils was at

102–104 keV, while the role of hot electrons gradually in-

creased in the whole studied energy range. He ions were shown

to be the most preferred when supported monolayers are to be

irradiated, desirably avoiding the influence of substrate sput-

tering and recoils. SiO2 was the substrate with the smallest

effect of the analyzed mechanisms. In addition, incident ion

energy ranges were presented in which the implantation of sput-

tered substrate atoms into the 2D material crystal lattice effec-

tively occurs. The present work is useful both for providing a

fundamental insight into the relative roles of various substrate-

related defect formation mechanisms in two-dimensional mate-
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rials and as a convenient way to choose the irradiation condi-

tions necessary to obtain certain parameters of irradiated materi-

als during nanoelectronic device engineering.

Modelling
The calculations were performed using a binary collision Monte

Carlo approach implemented in TRIM code [35]. TRIM code

uses a quantum-mechanical collision treatment that considers

screened Coulomb interaction between the incident ions with an

effective charge and the target atoms, including exchange and

correlation interactions for the overlapping electron shells, as

well as creation of electronic excitations or plasmons inside the

target [35].

TRIM treats a target as an amorphous matrix with a homoge-

nous mass distribution and calculates collision impact regard-

less of collision density. Thus, it is very important to underline

that when applied in a straightforward manner, this method fits

bulk materials only and is not applicable for direct modelling of

defect formation in the freestanding 2D material [15]. However,

the statistical Monte Carlo approach is very useful when it

comes to substrate-related effects [3,4,7,16]. It allows one to de-

termine number and energy of sputtered substrate atoms or sub-

strate recoils reaching the 2D material–substrate interface with a

non-zero energy, as well as information on hot electrons gener-

ated in the substrate in the vicinity of the interface. Conse-

quently, these results can then be used to estimate an impact on

a 2D material, utilizing the known dependencies for the defect

formation in freestanding 2D materials such as that in [7]. Since

the substrate is a bulk material, its displaced atoms can reach

the surface from a considerable depth, depending on the inci-

dent ion type and energy. The statistical approach of TRIM

allows such recoils to be taken into account without having to

utilize significant computing power, which in turn makes it

possible to build resultant dependencies over a wide incident

ion energy range for a variety of ions and substrates.

In the present study, the monolayer collision mode (in which

every collision is calculated without any approximations) with

100,000 incident He+, Ar+, Xe+, C+, N+ or Si+ ions was utilized

for Cu, SiO2, SiC or Al2O3 substrates with a thickness of 300 Å

for a 0° angle (i.e., normal incidence). The parameters

describing the substrate material or ion were assigned within the

framework of a built-in TRIM database. During the calculation,

the sputtering of the substrates was taken into account through

the two basic TRIM output parameters for the monolayer colli-

sion/surface sputtering mode: average sputtering yield (atoms/

ion) and average resultant target atom energy (eV/atom). Multi-

plying these parameters obviously gives the ion energy trans-

ferred to sputtering. For compound targets, the total energy to

sputtering was summarized. The data on recoils reaching the 2D

material–substrate interface with a non-zero energy while

remaining within the substrate was obtained using two TRIM

calculation output distributions: the recoil distribution, which

shows spatial recoil positions and therefore can be utilized to

find the average number of recoils reaching the interface per

incident ion, and the spatial plots of ion energy transferred to

recoils. Using these parameters allows one to compare the two

mechanisms on a single scale in terms of both energy and yield.
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