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Abstract

Control on spatial location and density of defects in two-dimensional materials can be achieved
using electron beam irradiation. Conversely, ultralow accelerating voltages (<5 kV) are used to
measure surface morphology, with no expected defect creation. We find clear signatures of defect
creation in monolayer MoS, at these voltages. Evolution of E” and A] Raman modes with electron
dose, and appearance of defect activated peaks indicate defect formation. To simulate Raman
spectra of MoS; at realistic defect distributions, while retaining density-functional theory accuracy,
we combine machine-learning force fields for phonons and eigenmode projection approach for
Raman tensors. Simulated spectra agree with experiments, with sulphur vacancies as suggested
defects. We decouple defects, doping and carbonaceous contamination using control (hBN covered
and encapsulated MoS,) samples. We observe cryogenic photoluminescence quenching and defect
peaks, and find that carbonaceous contamination does not affect defect creation. These studies
have applications in photonics and quantum emitters.

Abbreviations

2D two dimensional

TMDs transition metal dichalcogenides
ML monolayer

SPEs single-photon emitters

SEM scanning electron microscope
FIB focused ion beam

TEM transmission electron microscope
e-beam electron beam

PL photoluminescence

DFT density functional theory

MLFFs machine learning force fields.

1. Introduction

Atomically thin TMDs have exciting optoelectronic
properties, including direct bandgaps and tightly
bound excitonic complexes [1-4]. Defect engineer-
ing can further tune optoelectronic properties [5],
and enable creation of novel functionalities [6]. In 2D

© 2023 IOP Publishing Ltd

TMDs, defects can be of zero (vacancies, interstitial
atoms, antisites) or one-dimensional (dislocations,
line defects) type [7]. Specifically, antisites and point
defects in 2D TMDs provide an ideal platform for
making spin qubits [8] and SPEs [9-13] respectively.
Defects can be unintentionally created during mech-
anical and chemical exfoliation, or chemical syn-
thesis. Alternatively, defects can be deliberately intro-
duced and spatially controlled by electron (or ion)
beam irradiation.

E-beam transfers energy to the sample by elastic
and inelastic scattering mechanisms, including sput-
tering (Aspu) and radiolysis (R), and can also lead to
carbonaceous contamination (C) (see figure 1(a)). E-
beam of energy above knock-on threshold (~80 kV
for S atoms) can create chalcogen vacancies by
sputtering [7, 14, 15]. FIB can also create defects
by atomic sputtering [16-18]. However, addi-
tional material removal can occur due to ion beam
bombardment. Hence, FIB is not preferable for
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controlled defect formation, especially for creating
SPEs that require low defect density. Thus, ultra-
low e-beam accelerating voltages (1-5 kV) need to
be explored for controllably creating defects, while
minimizing surrounding lattice damage, resulting in
superior SPEs.

Defects are not expected to be created below
knock-on voltages, and especially at ultralow elec-
tron accelerating voltages. In contrast, there are recent
reports of defect formation at low voltages. One pro-
posed mechanism is defect creation due to localiza-
tion of electronic excitations to emerging defect sites,
which reduces displacement threshold energy of sput-
tering atoms [19]. In another study, 1 kV electron
irradiation followed by annealing resulted in nan-
opores, attributed to carbonaceous contaminants-
induced lowering of activation energy of defect
creation [20]. Contrary to this observation, Parkin
et al [15] reported absence of interaction of car-
bonaceous contaminants with the sample. Further,
Yagodkin et al [21] recently showed formation of
charge-transfer excitons between carbonaceous con-
taminants and the MoS, sample. SPE formation will
benefit greatly from understanding of defect forma-
tion at ultralow accelerating voltages and effects of
carbonaceous contamination [22, 23].

Raman and PL spectroscopy are widely used for
determining layer number and material quality. In
ML MoS,, first-order Raman modes are denoted as B’
and A’; (instead of Elzg and A;g due to altered crys-
tal symmetry in ML) [15, 24, 25]. Typical PL spec-
trum of ML MoS; at room temperature shows A and
B excitons at 1.85 eV and 2 eV respectively, with
the A peak comprising of neutral excitons (X°) and
negatively charged trions (X™) [4]. With increasing
defect concentration in ML MoS,, Raman E’ peak
shifts towards lower wavenumber (k), and full width
half maximum (FWHM, I') increases [15, 18]. How-
ever, A| peak is not significantly affected by mono-
sulphur vacancies. Defects can activate ZO and LO
peaks, on the left and right shoulder of E’ and A’
peaks respectively [16, 18, 26]. For high defect dens-
ities, LA-band is observed [20]. Upon electron dop-
ing, due to strong electron—phonon coupling, A’;
peak shifts to lower wavenumber with increased T’
[27,28]. However, E’ peak is not significantly affected
by electron doping. Defects also result in signific-
ant PL quenching of X° and B excitons [29], with
increase in low-energy defect-bound excitons at cryo-
genic temperatures.

Quantifying defect types and concentrations
based on experimental Raman spectra is challen-
ging, and will greatly benefit from comparison to
Raman spectra obtained from DFT. Unfortunately,
modelling systems with low concentration of ran-
domly distributed defects require very large super-
cells, making calculation of phonons and Raman
tensors via conventional computational methods
impossible. To reduce computational cost of Raman
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tensors, Hashemi ef al [30] recently developed a
method (called Raman-tensor weighed I'-point dens-
ity of states, denoted RGDOS) based on projection of
large supercell phonons onto those of the unit cell,
and it has already been applied to Mo, W;_,S, and
ZrS,Se;_y alloys [30, 31], defects in MoS, [32], and
SnS [33]. There also exist methods to accelerate the
calculation of phonons, for example using classical
potential [34] or MLFFs 34, 35]. Using projection of
vibrations with MLFFs lead to a very efficient scheme
to study large supercells containing small density of
defects.

We investigate the creation of defects in mech-
anically exfoliated ML MoS, using e-beam irradi-
ation at ultralow accelerating voltages (<5 kV). We
employ Raman and PL spectroscopy to character-
ize and quantify defects, without creating additional
defects. Evolution of E’ peak with electron dose is
attributed to defect formation, whereas A’; peak
changes are related to interplay of defect formation,
doping due to oxygen adsorbates (physisorption and
chemisorption) and e-beam. To understand defect
types and concentrations, we combine MLFFs and
RGDOS methods to simulate Raman spectra of MoS,
at realistic defect distributions, yet still retaining DFT
accuracy. Sulphur vacancies with concentrations up
to 2%—3% lead to good agreement with experiments.
To decouple effects of oxygen adsorbates, carbon-
aceous contaminants, and sulphur vacancies, control
samples of hBN covered and encapsulated MoS§, are
measured. Similar Raman peak evolution with elec-
tron dose for hBN covered and uncovered ML MoS,
suggests lack of interaction of carbonaceous contam-
inants with the sample. Quenching in PL intensity
with electron dose at both room and cryogenic tem-
peratures, and emergence of defect-bound excitons
at cryogenic temperatures confirms defect forma-
tion. We observe narrowing of defect-bound exciton
peak linewidth with hBN covering and encapsula-
tion, confirming creation of localized defects ideal
for quantum applications. Our work demonstrates
a simple approach to create localized defects in ML
MoS; via electron irradiation at ultralow accelerating
voltages.

2. Results

MoS; flakes were mechanically exfoliated from bulk
crystal onto SiO,/Si substrate using scotch tape
method. The inset of figure 1(b) shows optical image
of MoS, flake on substrate. Layer numbers were
determined by measuring flake optical contrast com-
pared to substrate [36]. For pristine ML MoS,, E’
and A’} Raman peaks are 386 cm~! and 404 cm™!
respectively.

To study defect formation at low accelerat-
ing voltages, we irradiated different regions of ML
MoS, with varying electron doses. We fix acceler-
ating voltage to 3 kV, unless mentioned otherwise.
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Figure 1. Raman and photoluminescence (PL) spectra of pristine and electron irradiated ML MoS;. (a) Schematics of
electron-beam-induced processes in ML TMDs, including sputtering (Asput), radiolysis (R), and carbonaceous contamination
(C). Sulphur vacancies and adsorbed oxygen are denoted as V and O,, respectively. (b) SEM image of the irradiated sample
(sample S1) showing e-beam irradiated regions in SEM at 3 kV accelerating voltage. The yellow box corresponds to an electron
dose of 2.6 x 10* e~ nm™2. The inset shows optical micrograph of the pristine MoS, sample. (c), (d) Raman spectra of the
pristine (¢) and irradiated S1 sample ((d), yellow box in (b)). The data is fitted with four Lorentzian peaks (solid lines). (e), (f) PL
spectra of pristine (e) and irradiated S1 samples (f), respectively. The data is fitted with four Lorentzian peaks (solid lines). X°,
X7, B, and L denote neutral A exciton, negative A trion, B exciton, and low energy broad peak, respectively. All spectra were

Figure 1(b) shows SEM image of an irradiated sample
(S1). The yellow box corresponds to an electron dose
of 2.6 x10* e~ nm™2. For details of the dose calcu-
lation, see supporting information (SI)-III. Carbon-
aceous contaminants deposited during irradiation
result in different contrast for irradiated regions,
compared to non-irradiated regions (also confirmed
by Raman spectroscopy and atomic force microscopy,
for details see SI-VII).

Representative Raman spectra of pristine
and electron irradiated samples are presented in
figures 1(c) and (d), respectively. Raman spectrum
of the irradiated region (yellow box in figure 1(b))
shows redshifts of E’ and A’; peaks with respect to
the pristine sample even at 3 kV accelerating voltage,
well below knock-on voltage for formation of defects
in Mo$S, [14]. Evolution of LO and ZO Raman modes
in the irradiated sample (figure 1(d)) is attributed
to defects. We note that two and three peak fitting
were explored initially, but satisfactory fitting was
not achieved. It is important to consider LO and
ZO peaks as well (see SI-IV). Defect-induced LA-
band (~227 cm™!) is also observed, but with very
low intensity (see SI-VIII), indicating that density of
defects created in sample is low.

Figures 1(e) and (f) show PL spectrum of pristine
and irradiated ML MoS,, respectively. The over-
all quenching in PL intensity after irradiation sup-
ports the formation of defects [29] and activation
of non-radiative decay pathways. X’ intensity is also

reduced due to conversion to trions via n-type doping
by e-beam. An additional broad peak around 1.6 eV
was observed in the irradiated sample (figure 1(f)),
tentatively labelled as L peak (discussed extensively
later). Raman and PL data are also plotted in log-
scale to confirm all peaks are accounted for, above the
background (see SI-XIX).

To understand defect formation mechanisms, we
recorded a series of Raman spectra (figure 2(a)) of
ML MoS, irradiated at electron doses ranging from
0¢ to 18 (¢ = 1.3 x 10* e~ nm~2, 0 = pristine
sample). Raw Raman spectra for all doses are presen-
ted in SI-V. The fitting of E’, A’}, LO and ZO peaks are
indicated in figure 2(a). The inset shows integrated
LA-band intensity normalized with integrated E’ peak
intensity, showing minor contribution of LA-band,
which increases with dose (see SI-VIII for details).
The evolution of k, I', wavenumber separation (Ak),
and intensity ratio of E/ and A’; peaks with elec-
tron dose are tracked. To better understand the evol-
ution of these parameters, we focus on two different
dose ranges, (I) 0-2¢, and (II) 2€ to 18£. In dose
range I, we observed redshift of k, and increased I
of both E’ and A’y peaks (figures 2(b) and (c)). To
achieve even lower dose, irradiation was carried out
at different magnifications while keeping the same
beam current (see SI-XI). The small (<0.2 cm™!)
variations in FWHM of first-order Raman peaks of
pristine samples (figure 2(c)) can be attributed to
the sample preparation process and local substrate
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Figure 2. Evolution of Raman spectra of ML MoS, with electron dose. Series of Raman spectra of the pristine and irradiated
sample irradiated at 3 kV (S1) and 5 kV (S2) accelerating voltage. (a) 3 kV data shown with varying doses, along with fitting of E’,
A1, LO and ZO peaks. All spectra are normalized with respect to the Si Raman peak. Variation of Raman peak parameters with
electron dose (b) peak shift from pristine sample (Ak), (c) full width at half maximum (FWHM, I') of E’ and A’; modes. These

parameters are obtained by fitting four Lorentzian peaks.

variations. For example, we observed ~0.1 cm ™! spa-
tial variations in FWHM across a single sample attrib-
uted to variations of local environment. For a particu-
lar pristine sample, the indicated FWHM is the mean
of FWHMs of different points in the sample. Please
also see Raman measurements on other samples in
SI-XXI. Further, to study spatial variation in electron
irradiated areas, spatial mapping of frequency and
FWHM of E’ and A’; Raman modes were also per-
formed (see SI-XXII for details).

The changes in E’ and A’y peaks are attributed
to defect formation [15, 32] and electron doping [27]
respectively. For dose range 11, E’ peak continues to
redshift, attributed to increased sulphur vacancies. In
contrast, A’| peak blue shifts with decreased I', which
is attributed to reduced n-type doping due to removal
of oxygen atoms from sulphur vacancy sites, and res-
ulting increase of p-type doping due to increased sul-
phur vacancies. The role of carbonaceous contam-
inations in Raman spectra evolution is minor, and
is discussed later. The increase in peak separation
(kas, — kg+) with electron dose (SI-VI) can be attrib-
uted to an overall rise in sulphur vacancies [15]. How-
ever, if defect formation and doping effects are sim-
ultaneously present, separation of E’ and A’} peaks
may not be a good measure of defect formation (also
see SI-VI).

To understand accelerating voltage-dependent
defect creation, we used two different accelerating

4

voltages (3 and 5 kV). We did not observe any qualit-
ative differences in 3 kV (sample S1) and 5 kV (sample
S2, SI-II) irradiated samples, suggesting similar defect
formation mechanisms (also see SI-VI). The intens-
ity ratio (I / I, /) of E’ and A’} modes reduce more
for 5 kV irradiation, as compared to 3 kV irradiation
(SI-VI). I increase is also higher for 5 kV irradiation,
compared to 3 kV irradiation. In contrast, wavenum-
ber separation (Ak) change with electron dose for
3 kV and 5 kV irradiated samples are similar (SI-VI).
Overall, irradiation at 5 kV seems to cause slightly
more damage than 3 kV irradiation, as also evidenced
by room temperature PL data (SI-XX). We note that
the comparison of 3 kV vs 5 kV is influenced not just
by displacement cross-sections, but by beam width
and beam penetration. Suspending samples on a TEM
grid may help alleviate this issue, but are beyond the
scope of this study.

Recent studies have discussed the reduction of
displacement threshold energy of sputtering atoms
due to localization of electronic excitations to emer-
ging defect sites [19]. Adsorbed oxygen atoms on
sulphur vacancy sites may result in lowering the
threshold for damage, by increasing localization of
electronic excitations. Further, for ionization and
radiolysis processes, the energy transferred to the
medium increases as accelerating voltage decreases,
scaling as 1/E, then levelling off and eventually
decreasing at low acceleration voltages of about 1 kV
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Figure 3. Simulated Raman spectra. (a) Simulated spectra of MoS, at 5% defect concentration (S vacancy, O at S site, or O
adatom), and comparison to the peak positions in pristine MoS,. (b) Raman peak shifts as a function of % of unit cells with
defects. (c) Illustration of the spatial mapping of E/ vibrational mode amplitude in the case of 3% S vacancies. The size of the
circle denotes the magnitude of the eigenvalue in Mo (blue) and S (yellow) atoms. Position of the S vacancies are highlighted with
red circles. (d) Strain distribution in the case of 3% S vacancies. Mo—Mo bonds are coloured by the bond length (or lattice
constant) relative to the pristine MoS, value. The atomic structure is also shown underneath.

[37]. Since ultralow accelerating voltages are inter-
esting for a growing number of researchers, further
theoretical studies are sorely needed for understand-
ing the competing defect formation mechanisms at
these voltages (also see SI-XVIII for more discussion
on other mechanisms).

To investigate direction and magnitude of the
shifts upon introduction of defects, we carried out
simulations of Raman spectra based on DFT. Model-
ling effects of randomly distributed defects on vibra-
tional spectra requires large supercells and to this end,
we have adopted two advanced methods. First, MLFFs
were trained using small defective systems and with
those, the vibrational modes of large supercells could
be readily evaluated (for details see SI-I and SI-XIV).
Second, Raman tensors of the supercell modes were
obtained using RGDOS method, which relies on the
projection to unit cell modes and summing up the
corresponding Raman tensors. The simulated spectra
for three defects, S vacancy, O substitutional in S-site,
and O adatom on top of S, at 5% defect concentra-
tion are shown in figure 3(a). The simulated spectra
for other concentrations, along with added discussion
are given in SI-XV and SI-XVI. In addition, the evol-
ution of the peak positions as a function of % of unit
cells with defects are shown in figure 3(b).

For S vacancy, E’ peak downshifts fairly strongly,
which agrees with experimental observations. Quant-
itatively, 1-1.4 cm™~! downshift of E’ peak would
correspond to about 3%—4% vacancy concentration,

which seems reasonable under irradiation condi-
tions considered herein. The E’-mode eigenvector
and strain distribution for the case of 3% S vacan-
cies are shown in figures 3(c) and (d). The eigen-
vector is seen to be localized to regions away from
the vacancy. Therein the lattice is tensile-strained,
owing to lattice contraction at the vacancy, and this
tensile strain translates to a decrease in E’ frequency
(SI-XVI). The A’; peak downshifts much less when
defects are introduced, which agrees with the much
smaller shift with strain. Part of the initial down-
shift seen in experiments could also arise from vacan-
cies, but the eventual change in direction of the shift
cannot, and thus we think this is explained by the
doping as discussed above. Extracted peak widths
(SI-XVI) indicate stronger broadening for E’ peak
than A’y peak, which also qualitatively agrees with
experiments.

We also consider a scenario where the sample ini-
tially contains O at S-site, which irradiation could
effectively turn into S vacancies. Since the downshift
of B’ peak for O at S-site is only slightly smaller than
for S vacancy (0.5 cm™! less for 5% defect concen-
tration), such conversion cannot solely explain the
experiments, as that would necessitate unrealistically
high O concentration of more than 10%. Moreover,
that would be accompanied by a large upshift of A",
peak, inconsistent with experiments. Alternatively,
part of the redshift of E’ peak could also arise from
O adatoms remaining on the surface after leaving the
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Figure 4. Evolution of Raman spectra of bare, hBN covered, and encapsulated ML MoS; with electron dose. (a)—(c) Schematics
showing the effect of hBN protection and carbonaceous contamination deposition on defect formation and doping in irradiated
ML MoS;. (d), (e) show variation in peak positions (Ak), full width at half maximum (FWHM, I') of E/ and A/ Raman peaks
with electron dose, respectively. Ak again indicates that the wavenumbers of E/ and A peaks are subtracted from their respective
wavenumbers in the pristine sample. The change in " of E/ and A] Raman peaks with electron dose are shown in (f) and (g),
respectively. These parameters were obtained by fitting four Lorentzian peaks to the data. Electron irradiation is performed at

5 kV accelerating voltage. Here, £ = 1.3 X 10* e~ nm™

S-site. The peak shift from adatoms is relatively small
but should contribute additively when both adatoms
and S vacancies are present.

To decouple effects of carbonaceous contamin-
ants and substrate from doping and defect creation,
we prepared hBN covered and encapsulated samples
(see SI-I and II for methods and optical images).
Thickness of hBN (~8 nm) is chosen to allow e-
beam interaction with MoS,, while restricting car-
bonaceous contaminants deposition on MoS,.

Figure 4 compares E’ and A’} peak changes with
electron dose for bare, hBN covered and hBN encap-
sulated ML MoS,. The possible interactions of these
different samples with contaminants and substrate
are schematically presented in figures 4(a)—(c). k and
I for B’ and A] Raman peaks in dose range I and
IT (figures 4(d)—(g)) have similar trends for bare and
covered MoS,, suggesting lack of interaction of car-
bonaceous contaminants with MoS,. Hence, decrease
in " of A] peak in dose range II is not due to carbon-
aceous contaminant doping effects. Instead, carbon-
aceous contamination results in increasing Raman
background (SI-VII).

Sulphur vacancies in ML MoS, are shown to be
acceptors [19] and can cause p-type doping [38-40].
In contrast, oxygen adsorption can fill the S-vacancy
site, and result in the usually observed n-doping in
MoS;. Then, removal of oxygen atoms by e-beam can
cause reduced n-type doping. As a result, at higher

irradiation time, p-type doping due to sulphur vacan-
cies and removal of oxygen atoms dominates over n-
type doping due to e-beam, and causes blue shift and
decreased T" of A{. We note that evolution of E’ and
A{ peak shifts for hBN encapsulated Mo$; is not con-
sistent across various samples, whereas I" is consist-
ent (SI-IX). The various doping processes involved in
the electron irradiation of MoS, and their contribu-
tion for dose range I and II are illustrated in SI-XII.
Further, Monte Carlo simulations of electron traject-
ories are performed at 3 kV accelerating voltage using
CASINO software [41], providing insights into inter-
action of e-beam with ML MoS, in presence of hBN
and carbonaceous contamination (SI-X), and backs-
cattered electrons (SI-XVII).

PL spectroscopy gives direct insights into the
MoS; excitonic states, including intra-gap defect-
bound excitons. To decouple defect formation and
doping effects, we measured cryogenic PL (4 K) of
the three irradiated samples i.e. bare, hBN covered,
and encapsulated ML MoS,. The cryogenic PL of
pristine bare ML MoS, (figure 5(a), 0¢) shows X°
and X~ peaks, and a broad PL peak (L, 1.75 eV)
corresponding to adsorbates bound to chalcogen
vacancies [42]. A slight exposure of e-beam or mild
annealing can remove the adsorbates and open the
MoS, surface for defect formation. Evolution of
PL spectra with electron dose for irradiated bare
ML MoS; is shown in figure 5(a). The quenching
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Figure 5. Cryogenic photoluminescence (PL) of irradiated bare, hBN covered, and hBN encapsulated ML MoS,. Evolution of
cryogenic PL with electron dose for bare, hBN covered, and encapsulated ML MoS; are presented in (a), (b), and (c), respectively.
All spectra are taken at 4 K temperature. Electron irradiation is performed at 5 kV accelerating voltage. Some regions of the
sample are not intentionally irradiated, however receive an average electron dose of 0.1 during SEM (denoted as §€ ). Inset of
(c) denotes the zoomed in spectra of L peak, indicating sharp defect peaks. Here, £ = 1.3 X 10* e~ nm 2.

of PL intensity with electron dose is attributed to
defect formation and activation of nonradiative decay
channels.

The cryogenic PL spectrum of pristine hBN
covered MoS, (figure 5(b), 0£) shows well distin-
guished X° and X~ peaks, along with a diminished
L peak, indicative of high sample quality. For low
electron dose (6¢), reduction in X° and X~ peak
intensity is observed, along with increase in broad L
peak. With further increase in electron dose, high PL
quenching is attributed to increase in defect density.
The PL spectrum of pristine encapsulated ML MoS,
(figure 5(c), 0¢ ) shows X peak along with low intens-
ity broad L peak. The absence of X~ peak is due to
blockage of charge transfer from SiO,/Si substrate by
bottom hBN layer. For low electron dose (figure 5(c),
5¢), the X° PL intensity is quenched along with
appearance of X~ peak, attributed to defect forma-
tion and electron doping respectively. With further
increase in electron dose, the excitonic PL continues
to quench and relative intensity of L peak increases
due to increase in sample defect density. However, the
extent of damage (compared to bare and hBN covered
ML MoS,) has reduced due to hBN encapsulation
[43]. Further, inset of figure 5(c) shows sharp defect
peaks in irradiated encapsulated samples. The hBN
layer protects the created defect sites from surround-
ing environment and substrate, and thus, defect
density and linewidth of defect-bound excitons are
reduced. These sharp peaks may be promising for
SPEs, but detailed studies are beyond the scope of
this paper. Power and temperature dependent stud-
ies signifies bound nature of the L peak (SI-XIII). L
peak shows linear dependence with laser power for
bare and hBN covered samples (due to high density of
defects), but saturates for hBN encapsulated samples.
Also, the intensity of L peak reduces with temperat-
ure, signifying the defect origin. Further, appearance
of L peak in PL spectra of all irradiated samples (bare,

hBN covered, and encapsulated ML MoS;,) confirms
that L peak corresponds to excitons bound to sul-
phur vacancies (or other defects) and the interac-
tion of carbonaceous contaminants with sample is
negligible.

3. Conclusion

We have demonstrated defect formation in ML MoS,
by e-beam irradiation at ultralow electron accelerat-
ing voltages (3-5 kV), and characterized the defects
using Raman and PL spectroscopy. The evolution
of B and A] Raman modes and overall quench-
ing in PL intensity indicate defect formation. Defect
formation also activates ZO and LO Raman peaks.
We have developed a model for simulating Raman
spectra in low defect density samples, using a com-
bination of DFT and MLEFF calculations, with good
agreement with experiments. Further, we decoupled
doping effects due to carbonaceous contaminants,
defect creation and e-beam using hBN covered and
encapsulated MoS, control samples. Carbonaceous
contaminants do not participate in defect creation
or contribute to PL. Interestingly, defect density and
corresponding PL linewidth of defect-bound excitons
can be reduced via hBN covering and encapsulation.
Our work demonstrates a novel approach for creat-
ing isolated defects using ultralow electron accelerat-
ing voltages in 2D materials ideal for quantum applic-
ations. We hope our work will motivate researchers to
perform further studies for understanding the defect
formation mechanism at ultralow electron accelerat-
ing voltages [44].
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