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Extrinsic Localized Excitons in Patterned 2D Semiconductors

Denis Yagodkin, Kyrylo Greben, Alberto Eljarrat, Sviatoslav Kovalchuk, Mahdi Ghorbani-Asl,
Mitisha Jain, Silvan Kretschmer, Nikolai Severin, Jiirgen P. Rabe, Arkady V. Krasheninnikov,

Christoph T. Koch, and Kirill I. Bolotin*

A new localized excitonic state is demonstrated in patterned monolayer

2D semiconductors. The signature of an exciton associated with that state is
observed in the photoluminescence spectrum after electron beam exposure
of several 2D semiconductors. The localized state, which is distinguished by
non-linear power dependence, survives up to room temperature and is pat-
ternable down to 20 nm resolution. The response of the new exciton to the
changes of electron beam energy, nanomechanical cleaning, and encapsula-
tion via multiple microscopic, spectroscopic, and computational techniques
is probed. All these approaches suggest that the state does not originate from
irradiation-induced structural defects or spatially non-uniform strain, as com-
monly assumed. Instead, it is shown to be of extrinsic origin, likely a charge
transfer exciton associated with the organic substance deposited onto the
2D semiconductor. By demonstrating that structural defects are not required
for the formation of localized excitons, this work opens new possibilities for
further understanding of localized excitons as well as their use in applica-
tions that are sensitive to the presence of defects, e.g. chemical sensing and

1. Introduction

Excitonic complexes in transition metal
dichalcogenides (TMDs) are Coulomb-
bound states of electrons and holes,
which can be broadly classified as either
free or localized. Free excitons move
about the crystal transmitting informa-
tion and energy.! The properties of these
quasiparticles (e.g., neutral and charged,
dark and bright free excitons), including
their binding energies, formation mecha-
nisms, and valley dynamics have largely
been understood both theoretically and
experimentally within the last decade.?]
In contrast, localized excitons are spa-
tially confined by a sufficiently strong
potential. Unlike their free counterparts,
localized excitons do not transfer infor-
mation or energy, couple to both val-
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leys of the TMD, and have a nearly flat

energy dispersion.**l Although these

states were previously largely ignored,
many recent developments suggest that they may determine
critical properties of TMDs, such as the diffusion length, the
doping response, and the lifetimes of various excitonic spe-
cies.'”) Some types of localized excitons feature charge and
spin lifetimes up to microseconds owing to the decoupling
from the host crystal.®°] These states may play a determining
role in the relaxation of excitons in TMD heterostructures
by providing pathways for excitations to tunnel between two
angle-mismatched TMDs.”!% Some localized states behave
as single quantum emitters, driving the interest in potential
applications in quantum technologies.*>!12 More recently,
single quantum emitters based on localized states in TMDs
came under intense scrutiny. These emitters allow precise
patterning of the emitting centers, robust control of the emis-
sion properties via electrostatic gating, and easy integration
with other 2D materials for further photonic processing.[*-]
Nevertheless, the emission from these states has been found
to decay with temperature and completely disappear at room
temperature. Finally, long-lived localized states induced at
the surface of TMDs may potentially be used as sensors of a
TMD’s environment.['®"]

While many different types of localized excitons have been
observed in different TMDs,l the mechanisms leading to
their formation as well as their intrinsic properties remain
largely unknown. These states are near-universally attributed
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to structural disorder in the TMD lattice.’® The prevalent
source of such disorder is lattice vacancies that can be either
nativel¥ or induced using high-energy particles.”?% Only very
recently, combined local probe spectroscopy studies of ultra-
clean encapsulated samples managed to associate a certain
localized state with a structural vacancy defect in TMDs.*21]
Another type of structural disorder appears when a spatially
non-uniform strain locally distorts a TMD lattice.’Z Such a
strain can lead to the formation of a localized state by creating
a spatially varying potential confining the excitons. The nature
of such a localized state and the role of structural vacancies
in its formation remain debated.??’ Finally, the periodic dis-
order arising in angle-matched TMD heterostructures (moiré
lattices) produces periodic potential wells deep enough to
localize excitons. 2]

Contrary to the examples discussed above, we demonstrate
a controlled and patternable localized state in TMDs that is
not related to the intrinsic disorder. We induce a localized
excitonic state in a broad family of TMD materials via electron
beam irradiation. Multiple key characteristics of this state—
its change with the energy of the electrons, the response to
nanomechanical cleaning, and the response to hBN encapsu-
lation are not compatible with the structural disorder, such
as lattice defects or localized strain. We suggest that the only
mechanism that can explain such a state is the formation of a
charge-transfer exciton between an organic molecule on the
TMD surface and the TMD itself. Our work may potentially
clarify the nature of some previously observed localized states
and provide avenues to patterning and tuning such states in
the future.

MATERIALS
|

www.afm-journal.de

2. Results and Discussion

To fabricate a device containing localized states, a monolayer
TMD flake is mechanically exfoliated and transferred onto
a SiO, or hBN substrate (Methods), loaded into an electron
microscope where electron beam lithography (EBL) is used to
raster an electron beam across the TMD surface. Unless stated
otherwise, the acceleration voltage of the electron beam is
10 keV and the dose (fluence of electrons) is varied in the range
of 0.5-14 mC cm™ (Note S1, Supporting Information). We
raster the beam in a pattern consisting of stripes with a spacing
of 80 nm (Figure 1a, Methods). This pattern is visible in the
atomic force microscopy (AFM) topography images (Figure 1b)
of the TMD’s surface after exposure without any additional
treatment. The exposed regions are =0.3 nm higher (bottom
panel in Figure 1b) than the unexposed regions. The height
profile has a period of =80 nm, consistent with the designed
e-beam pattern. A similar pattern is also observed using scan-
ning transmission electron microscopy (STEM) of suspended
bilayer MoS, exposed to a higher electron dose of 14 mC cm™2
(Figure 1c) where bilayer was used for better mechanical sta-
bility. A single stripe has a width of =20 nm and the period
between stripes is =80 nm (bottom panel in Figure 1c). The
appearance of an extra layer of material after exposure to
e-beam is known and signals e-beam assisted deposition of
molecules onto the surface of MoS,.[2%-31

In the electron-exposed region of all studied TMD materials,
we observe a new peak in the PL spectrum (Figure 1d-f). The
feature is seen even at room temperature under ambient condi-
tions (blue curves). It is absent in unexposed areas of the same

a b ; c
=5 = = °* 2
Electron A
gun _ . : :
oo o i it $ = o5 i 3
o ; ] - - ? y ; - e————
Deposits v ~20 nm g 0,34 S 6 ~20 nm
5 %0, : = L e
[0}
T 0 X, nm 300 5 200 X, nm 400
d e f
MoS, 300 K
3 3
© ©
) )
o o
1,6 E, eV 2,0 1,8 E, eV 2,0 1,5 E, eV 1,7

Figure 1. EBL Nanopatterning. a) Local e-beam exposure of TMDs to generate a new excitonic state. b) AFM topography of a 1L-MoS, on hBN sample
(D1) after e-beam patterning. The period of the lines seen in the image, 80 nm, matches the EBL pattern (vertical lines, cyan arrow). The height
profile along the blue line in the image is shown in the bottom panel. ) STEM image of a suspended MoS, sample (D2) after EBL along with a line
profile (bottom panel). The deposits in the e-beam treated regions of the suspended bilayer MoS, are also visible. The width of the stripes, =20 nm
(bottom panel), and their period, 80 nm, match the parameters of EBL patterning. d—f) Normalized PL spectra from pristine (green curve) and exposed
to e-beam (blue curve) areas of MoS,, WS,, and WSe, correspondingly.
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Figure 2. E-beam-related photoluminescence peak and its fluence- and gate-dependencies. a) Normalized PL spectra of e-beam exposed and subse-
quently hBN encapsulated 1L-MoS, (sample D3) at 15 K, measured at excitation powers ranging from 50 nW (solid blue curve, multiplied by x1.5 for
better visibility) to 2.8 mW. Inset: Power dependence of the area under the E-peak (blue) and A-peak in PL (green). The E-peak has a sublinear depend-
ence on power (linear fit to the data has a slope of 0.4) which is expected for a localized state. b) Low-temperature PL spectra of the modified MoS,
flake on SiO,/Si substrate (sample D4) at back gate voltages from —80 to 20 V.

device before patterning (green curves), as well as in other pris-
tine TMD samples or on e-beam treated bare substrates. The
peak is well-separated from native neutral (“A”) and charged
(“T”) excitons in TMDs.B323% We tentatively label this new fea-
ture “E peak” and turn to the investigation of its properties and
origin. Given the similar behavior of all TMD materials, in fur-
ther discussion, we focus on MoS, as the most studied member
of the group with well-characterized localized states.*1827.28]

We start by studying the low-temperature PL spectra of
the patterned MoS, device. Figure 2a shows PL spectra of
the sample at 15 K under an excitation power of 50 nW —
2.8 mW (Methods). The spectrum at high fluence consists of
a 40 meV wide E peak centered at 1.735 eV and a shoulder of
another peak at 1.77 eV ( Figure S1, Supporting Information).
The 1.77 eV peak is commonly attributed to native defect-
bound excitons in MoS,.['#%728] At lower fluence, emission
of all other excitons is suppressed (Figures 2 and S2, Sup-
porting Information) while sharp features within the E peak
emerge (vertical dashed lines). The FWHM of these features
of =1 meV is much smaller compared to the FWHM of free
excitons, 8 meV (Figure S1, Supporting Information). The
intensity of the E peak exhibits a sub-linear power depend-
ence (I~P%%), compared to the linear dependence of free
excitons (Figure 2a, inset and S2, Supporting Information).
This is a tell-tale sign of a localized state as its density is
limited by the concentration of localized sites.*3*3 The
overall spectral shape is likely a combination of multiple
narrow peaks from individual states distributed between 1.70
and 1.74 eV due to the varying dielectric background.'’:3¢]
Localized emitters with similar power dependence have been
observed in various 2D materials and attributed to structural
disorder.[*7:3537.38] Notably, while previously reported defect-
related excitonic peaks in TMDs are only observed at cryo-
genic temperature, /8202728 the E peak persists up to room
temperature (Figure 1d-f).

Next, we study the dependence of the state on the density of
free carriers. We apply a gate voltage, V,, between the Si back-
gate and the 1L-MoS,. We observe that the E peak intensity is
strongly V,-dependent with the maximum observed at nega-
tive V, (Figure 2b). The E peak is absent in the pristine region
at any voltage (Figure S3, Supporting Information). By exam-
ining the intensities of neutral (A) and negatively-charged (T)
excitonic peaks at 1.93 and 1.90 eV respectively, we estimate the
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Fermi level position, as the increase of T and the decrease of A
peaks indicate the filling of the conduction band.l'®! The E peak
is visible in the range of gate voltages corresponding to the
Fermi level being close to the bottom of the conduction band of
MoS,. Such a gate voltage dependence has also been observed
for other types of localized excitons. It suggests that the E
peak involves a shallow donor state inside the bandgap of MoS,
close to the conduction band which is filled at positive gate
voltage.'®l The donor nature of the state is further supported
by a slight increase of the negatively-charged exciton intensity
after e-beam treatment (that is better seen in Figure le). The
occupancy of that defect state changes with gate voltage pro-
ducing the observed variation in the associated exciton emis-
sion.*3 The electrical tunability of this state provides a simple
tool for its control.l"”!

Having established that the E peak seen in Figures 1 and 2
is caused Dby a localized state, we now investigate its origin.
The most straightforward explanation would be that the state
is related to the structural defect produced by e-beam expo-
sure.#2 To test this hypothesis, we vary the electron energy
from 1.6 to 30 keV while keeping the dose constant and
examine the resulting changes in the PL spectra. We interpret
the ratio between the integrated areas under the E- and A-peak
as proportional to the density of localized excitons (Figure S4,
Supporting Information). We observe a fivefold increase in the
inferred density of localized excitons for the same dose in the
energy range 1.6—4.5 keV (points in Figure 3a). The peak ratio
(and hence the density of localized excitons) remains non-zero
down to low electron energies (<5 keV) and decreases with
energies above 10 keV.

The electron energy dependence of the inferred density of
localized excitons is different compared to what is expected
from structural defects induced by electron irradiation in
2D TMDs. In general, the formation of such defects by a
combination of electronic excitations and knock-on damage
requires electrons with an energy of at least 30 keV, and the
density of structural defects should increase with the electron
energy in the entire energy range.[>*3] The presence of a sharp
peak in Figure 3a contradicts this scenario. These defects can
also appear at lower (=100 eV) energies due to chemical etching
resulting from radicals produced by the beam through elec-
tronic excitations,* but this mechanism is negligible for the
electron energy range used here.

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Probing the origin of localized states. a) Ratio of the areas unde

r the E- and A-peak in PL in the exposed area of the MoS, sample versus

electron beam energy (green dots, left axis). This ratio is proportional to the density of induced localized states. The electron dose was kept constant.
Calculated cross-section of electron scissoring of hydrogen in C,Hg; C¢Hg; CH,; H,O through the ballistic displacement of hydrogen atoms (shades of

blue, right axis). b) PL spectra of a low-dose e-beam treated region of MoS,

on hBN normalized to A exciton (sample D6) before and after mechanical

cleaning with AFM (blue and green curves correspondingly). Inset: spatial maps of integrated E-peak at room temperature before (left) and after (right)
AFM cleaning. The PL spectra are taken at the same point marked “X” before and after nanomechanical cleaning. The E-peak completely disappears
after that procedure. c) PL spectra of the e-beam treated region of MoS, (sample D7) covered with hBN (light blue), and fully encapsulated (green).
The spectra are normalized to A exciton height. The E peak appears in either top- or bottom hBN (Figure. 3c,b) covered samples, but not in fully

encapsulated devices.

The hypothesis that the E-peak is unrelated to TMD struc-
tural defects is further supported by two additional experiments.
In the first experiment, the MoS, flake on hBN (for mechanical
support) is exposed to a low electron dose (0.14 mC cm™) in a
rectangular area (inset in Figure 3b) and the PL spectrum was
recorded (Figure 3b, blue curve). Then, we nanomechanically
clean the surface of the TMD using repeated scanning with
an AFM tip (the “nano-squeegee” techniquel®)) and examine
the resulting changes in the PL spectra. To achieve this, we
imaged the entire device in an AFM while gradually increasing
the contact force up to 35 nN over 12 h. As expected,™! this
procedure squeezed the deposits produced by the e-beam out
of the AFM imaging window (Figure S5, Supporting Informa-
tion). Note that the e-beam dose used in this sample was small,
as we found that nanomechanical cleaning is incapable of
removing the residues for significantly higher doses. After the
procedure, the E peak in the imaged region disappears com-
pletely (Figure 3b, green curve). This would not be expected if
structural defects were the origin of the E peak. In the second
experiment, we used a sample that contains area of MoS, on
SiO, covered with hBN only on top as well as a MoS, flake area
encapsulated in hBN. After electron exposure, the MoS, on
SiO, shows a high intensity of the E-peak suggesting that elec-
trons penetrate the thin (8 nm) hBN layer (Figure 3c). In con-
trast, the E peak does not arise in the region of the same flake
encapsulated in hBN. Again, this behavior is not consistent
with structural defects whose density should not depend on the
presence of a thin bottom hBN layer. We note that this behavior
is not due hBN-related changes in optical properties or dielec-
tric screening (Figure S1, Supporting Information).[21]

The arguments above prove that the E-peak is not related
to lattice defects in the TMD. Other mechanisms commonly
invoked to explain the appearance of localized states such as
strain-, crystalline phase-, or dielectric- related localization can
also be excluded in our case. First, the E-peak-related state does
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not result from the localization of a neutral exciton due to the
varying dielectric environment of MoS,. The observed energy
separation between the neutral exciton and the E peak of
195 meV (Figures S1, Supporting Information and 2a) is much
larger than the maximum energy shift that can be induced by
changes in the dielectric environment, 50 meV.[”%! Second, the
state cannot be explained by the localization of excitons in a
spatially inhomogeneous strain field. While such strain can, in
principle, localize the excitons,[182%3%%4] the maximum strain
estimated from AFM topography is an order of magnitude
smaller than what is required for this mechanism to explain
our data.P% Third, local patterning can result in a structural
phase transition (2H — 1T) breaking the material into indi-
vidual quantum dots,P52 thereby localizing the excitons. Our
STEM imaging (Figure S6, Supporting Information) confirms
the uniformity of the crystal lattice across pristine and e-beam
exposed regions, contradicting such an argument.

We believe that the only plausible microscopic mechanism
behind the localized state consistent with our data is that it
relates to organic molecules on the surface of MoS,. Electron
beam irradiation is known to both break and modifies organic
residues already present on the sample surface.?>1 Such
deposits are observed both in our AFM and STEM images
(Figure 1a,b). The disappearance of the E-peak after nanome-
chanical cleaning (Figure 3b) is consistent with these molecules
being squeezed out from the scanning area. The absence of the
E-peak in the encapsulated device (Figure 3c) is also consistent
with the pristine molecule-free nature of the hBN/TMD/hBN
devices.

What is the chemical nature of the organic molecules on the
surface of the TMD and how do these molecules influence the
E peak formation? We hypothesize that the electron beam radi-
calizes molecular residues present on the surface by ballistic
displacement of H atoms (based on the low energy =4.5 keV
of the peak in Figure 3a). We used density functional theory

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Spatial maps of EELS signal for C, O, Si, Mo, and S (white — more intense) across the e-beam patterned region, sample D2 (blue dashed line
shows region boundaries). While the EELS signal for Mo and S is uniform across the entire specimen, it surges in the patterned regions for C, O, and

Si. Thus, we attributed deposits to organics.

(DFT)-based molecular dynamics to calculate the displacement
threshold, T; (the minimum kinetic energy needed to perma-
nently displace an H atom). We evaluated the displacement
thresholds for a range of organic molecules (C,Hq, CsHg, CHy,
and H,0) for the constrained and free (in parentheses) mole-
cules: T3(C,Hg) = 6.6 (6.8) eV, T3(Ce¢Hg) = 6.8 (6.8) eV, Ty(CHy,)
=71 (75) eV, and T3(H,0) = 75 (79) eV. The values for the con-
strained molecules proved to be slightly lower, as expected,
because no energy can be transferred to the motion of the
center of mass of the molecule. Then we used the McKinley—
Feshbach formalism to calculate the cross-sections of radical
formation (Methods) using the computed values of Tj as input
parameters and compared them with the experimental data. For
a range of organic hydrogen-containing molecules, the depend-
ence of the simulated cross-section on electron energy (curves
in Figure 3a) was found to be very similar to the experimen-
tally observed energy dependence of the localized state density
inferred from the E- to A-peak ratio (points in Figure 3a). We
further investigated the energetics for adsorption of different
single atoms (H, C, N, O, and Si) and radicals (OH, CH,, CHj,
C¢Hs, and SiH) on the pristine MoS, monolayer. The DFT
results indicate that adsorption of oxygen and carbon atoms
are strongest among the considered ad-atoms (Figure S7, Sup-
porting Information), corresponding to the binding energy of
3.96 and 2.64 eV, respectively. Also, the binding energy follows
the order O > C > N > Si > H. In the case of radicals, the most
favorable binding was found for CH, and SiH adsorption with
an energy gain of 1.85 and 1.15 eV (Figure S8, Supporting Infor-
mation). Our electronic structure calculations showed both
carbon and silicon adatoms produce states at the conduction
band minimum (0.18 and 0.24 eV respectively below the min-
imum) while oxygen has little influence on the density of states
(Figure S7, Supporting Information). Qualitatively similar sig-
natures are seen for radicals containing C, Si, and H, such as
CH,, CH;, C¢H;, and SiH (Figure S8, Supporting Information).
The position of the states in the gap obtained from the calcula-
tions is consistent with the experimentally-observed energy sep-
aration of E and A peaks (Figures 2a and S1, Supporting Infor-
mation) and the response of PL to electrical doping (Figure 2b).
The presence of such organic molecules is furthermore
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confirmed by high-resolution electron energy loss spectroscopy
(EELS) across the patterned region of MoS, on a TEM grid
(Figure 4). It shows a fivefold increase of the oxygen and carbon
content and a tripled amount of silicon in e-beam treated areas
(Figure S9 and S10, Supporting Information). Maps of the Mo
and S signals (Figure 4) do not show any variation between pat-
terned and non-patterned regions beyond additional scattering
on Si (Figure S10a), confirming the absence of e-beam induced
structural defects. Again, these signatures point toward organic
molecules interacting with the sample.

Overall, all our data suggest that the E peak is related to
carbon- and silicon- containing radicals formed after ballistic
displacement of hydrogen in residues on the sample surface.
One possible scenario is that the E peak is a charge-transfer
exciton between the TMD and the state provided by the organic
radicals (Figure S7,S8, Supporting Information). In fact, such
excitons with a binding energy similar to that of native excitons
previously been observed between TMDs and organic molecules
on their surfaces.”>>¥ These excitons are expected to have prop-
erties similar to that of the E peak: they only appear in the pres-
ence of and change with the concentration of external materials
(Figure S4, Supporting Information),>3 blueshift at high exci-
tation powers (Figures 2a and S2b, Supporting Information),l*’!
and become a ground state at low temperature (Figures 2a
and S1, Supporting Information). The state is expected to appear
in a comparable spectral range in all TMD materials.

3. Conclusion

To conclude, we patterned bright, room-temperature, local-
ized excitons in 2D semiconductors using conventional
electron beam lithography. This easy-to-use method fea-
tures nanoscale resolution along with the potential of wide
tunability and scalability. We investigated the nature of the
localized state using a combination of techniques and con-
cluded that it is not related to structural defects in the TMD.
Instead, the state emerges due to the ballistic displacement
of hydrogen atoms from molecules present on the surface
of the sample. The resulting organic radicals bonding to the

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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TMD give rise to an in gap state. The E-peak-related state
could be a charge transfer exciton formed between a hole
in the TMD and an electron in such a state provided by the
organic radical. The observation of this state opens many
interesting possibilities. First, its expected out-of-plane orien-
tation should result in a large Stark shift in an out-of-plane
electric field, further extending its spectral tunability. In the
future, it will be interesting to measure this shift to establish
the dipole moment of the state. Second, the localized nature
of the state and the narrowing of PL peaks hints at its use
as a single quantum emitter in applications toward quantum
technologies. Unlike previously-demonstrated TMD-based
single-quantum emitters, the E state survives up to room tem-
perature, potentially extending the applicability of the devices
based on it. In addition, we expect the spectral position of the
state to depend on electric field, which can be controlled in a
transistor-type device. These traits may prove critical in real-
izing entangled-photon devices. Third, it will be interesting
to controllably pattern closely spaced deterministic arrays of
electrically controlled localized excitons and study the effects
caused Dby exciton interactions. Finally, as the observed state
originates from molecules localized right at the TMD’s sur-
face, we expect a stronger response to the dielectric screening
compared to that of free excitons. Such a response, combined
with the observed room-temperature photoluminescence and
environmental stability, may be interesting for biological and
chemical sensing.

4. Experimental Section

Fabrication: The MoS, on SiO, samples was obtained by mechanical
exfoliation of bulk material (>99.9% pure synthetic crystals from
HQ graphene) onto the 300 nm SiO,/Si using scotch tape or PDMS
methods. The samples were washed with acetone and IPA to remove the
organic residues. Then, they were loaded into a Raith Pioneer Il SEM/
EBL for patterning. The dose and accelerating voltage specified in the
main text with a beam current of 0.22 nA and 30 um apertures were
used. Patterning was done in the dot-by-dot regime with an 18.9 nm
step between dots in a row and an 80 nm step between rows. Afterward,
the presence of the E peak in the room temperature PL spectrum of
the sample confirms successful modification. Finally, the samples were
annealed in vacuum at 230 °C for =12 h.

Photoluminescence Spectroscopy: The room-temperature PL data
(Figure 1 and 3) were measured with a XploRA™ HORIBA using 532 nm
excitation at 16 UW focused into a diffraction limited spot (=1 um
diameter). Low-temperature experiments were performed with the Witec
Alpha confocal spectroscopy setup in an optical cryostat with 532 nm
green laser excitation focused in a =0.6 um diameter spot. Low power
PL spectra were fitted with four exponentially modified Gaussians to
account for phononic sidebands.

AFM: Mechanical cleaning (nanosqueegee) and topography scans
were performed with a NanoWizard® AFM in ambient conditions. For
nanosqueegee non-contact tips (Tap300Al-G from BudgetSensors)
were used in the contact regime applying above 100 nN and contact
tips (CONTPt-10 from NanoWorld) below 100 nN. The topography
scan (Figure 1a) was taken in contact mode with a 2 nN setpoint,
two consecutive scans were always recorded. Afterward, polynomial
background subtraction and line matching were applied to the scan.

Theoretical Results: DFT calculations were performed using the Vienna
ab-initio  Simulation Package (VASP)P%5% using the Perdew-Burke—
Ernzerhof (PBE) exchange-correlation functional.®® Ab-initio molecular
dynamics simulations of the radical formation from small organic
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molecules were carried out with high accuracy (high precision, plane wave
cutoff 400 eV, gamma point approximation for non-periodic system, time
step 0.1 fs). For the calculation of the displacement cross-section from the
displacement thresholds the McKinley-Feshbach formalism to account for
thermal vibrations as discussed previously was employed.®" Further details
of the calculations can be found in Note S2 (Supporting Information).

STEM and EELS: The 2L-MoS, sample was mechanically exfoliated
on PDMS and transferred onto a Quantifoil grid. Prior to its insertion
into the electron microscope, the sample was baked for several hours
at an elevated temperature (=130 °C) in a high vacuum (=2 x 107° Torr).
STEM-EELS experiments were carried out using a Nion HERMES
microscope. This instrument was equipped with an aberration corrector,
a cold-field-emission-gun, a monochromator at ground potential, and
a hybrid-pixel direct-detection camera (Dectris ELA). For the spectra
presented in the main text, an energy dispersion of 0.8 eV channel™ was
used and the acceleration voltage was 60 keV. The probe convergence
and EEL spectrometer aperture semi-angles were both =36 mrad. To
avoid influence from the amorphous carbon film of the TEM grid the
spectra was acquired on suspended regions of the TMD, several tens
of nanometers away from the film. Model-based quantification of the
spectra was performed after multiple scattering deconvolution, using
multi-linear least square fitting. The fitted model contains a power-law
background function and Hartree-Slater generalized oscillator strength
functions for the edges; carbon and oxygen K, silicon and sulfur L3-1,
and molybdenum MS5-1. In this manner, absolute values for atomic
ratios were obtained for the above-mentioned species.[6263]
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