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ABSTRACT It is well established that defects strongly influence properties in two-dimensional materials. For graphene,
atomic defects activate the Raman-active centrosymmetric A,q ring-breathing mode known as the D-peak. The relative
intensity of this D-peak compared to the G-band peak is the most widely accepted measure of the quality of graphene films.
However, no such metric exists for monolayer semiconducting transition metal dichalcogenides such as WS, or MoS,. Here we
intentionally create atomic-scale defects in the hexagonal lattice of pristine WS, and MoS, monolayers using plasma

treatments and study the evolution of their Raman and photoluminescence spectra. High-resolution transmission electron microscopy confirms plasma-

induced creation of atomic-scale point defects in the monolayer sheets. We find that while the Raman spectra of semiconducting transition metal

dichalcogenides (at 532 nm excitation) are insensitive to defects, their photoluminescence reveals a distinct defect-related spectral feature located ~0.1 eV

below the neutral free A-exciton peak. This peak originates from defect-bound neutral excitons and intensifies as the two-dimensional (2D) sheet is made

more defective. This spectral feature is observable in air under ambient conditions (room temperature and atmospheric pressure), which allows for a

relatively simple way to determine the defectiveness of 2D semiconducting nanosheets. Controlled defect creation could also enable tailoring of the optical

properties of these materials in optoelectronic device applications.
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wo-dimensional (2D) single-layer

semiconducting group VI transition

metal dichalcogenides (TMDs) exhibit
remarkably enhanced interaction with
visible light due to an indirect-to-direct
band-gap conversion at the monolayer
limit,' > making these materials attractive
for nanoscale optical device applications.**
Reduced dielectric charge screening, due
to quantum confinement effects in 2D
structures, results in stronger excitonic
interactions, rendering these systems versa-
tile platforms for studying light—matter
interactions.> ® The enhanced sensitivity
of the optoelectronic properties of mono-
layer TMD materials to the surrounding
dielectric environment also provides an
additional handle to optimize these materi-
als for ultrathin transistor'® and chemical
sensor'' applications.

Given the variety of possible applications
of TMDs, it is important to develop a simple
and nondestructive method for characteriz-
ing the defect state of semiconducting TMD
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materials. Such a method has been estab-
lished for graphene, a 2D network of sp*-
bonded carbon, in which atomic defects
activate the Raman-active centrosymmetric
A,4 ring-breathing mode known in the
literature as the D-peak.'? The intensity ratio
of the Raman D to G band peak in graphene
(ie. In/lg ratio)' "2 is now widely utilized as
a metric to quantify the quality of mono-
layer and few-layered graphene films. How-
ever, a similar method to characterize the
quality of 2D semiconducting TMDs is
completely lacking. One group has reported
the appearance of a defect-activated photo-
luminescence (PL) spectral feature in me-
chanically exfoliated TMD monolayers at
low temperatures (77 K) and under a partial
pressure of nitrogen gas.'* However, in their
measurements, such defect-related photo-
luminescence features were absent at
room temperature, and it is unclear how
the intensity of this feature correlated to
defectiveness of the sheet (Supplementary
Figure S1).
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Presently, sample quality in as-grown TMD nano-
layers is established using high-resolution transmission
electron microscopy or by electrical transport mea-
surements, which are complex and time-consuming
and/or involve establishing electrical contacts to the
sample. Consequently, there is a need to develop
simple and reliable approaches to assess the quality
of TMD samples via noncontact and nondestructive
measurements that can be rapidly performed under
ambient conditions. To address this issue, we studied
the role of defects on the PL and Raman spectra of
mechanically exfoliated tungsten disulfide (WS,) and
molybdenum disulfide (MoS,) monolayers as a proto-
typical material system. Defects were introduced in the
monolayer sheets by argon plasma treatment. As a
general trend, we observed both neutral and charged
excitons (i.e., trions) in the untreated samples. With
successive plasma treatments, we observed a new
defect-related spectral feature located ~0.1 eV below
the A-exciton emission peak that consistently grows in
intensity with plasma treatment. The PL and Raman
measurements carried out in this study were per-
formed in air under ambient conditions (room tem-
perature and atmospheric pressure). High-resolution
transmission electron microscopy measurements con-
firmed the generation of atomic-scale defects in the
hexagonal TMD lattice when subjected to plasma
treatment. Such defect-induced photoluminescence
in air at room temperature and atmospheric pressure
is unusual and highlights the richness and magni-
tude of exciton—defect interactions in semiconducting
monolayer TMDs.

RESULTS AND DISCUSSION

WS, and MoS, monolayers were mechanically
exfoliated from commercially available bulk single
crystals (2D Semiconductors, WS,; Ward's Science,
MoS,) onto ~285 nm thick SiO, on n**-type silicon
wafers (Silicon Quest International, Inc.) that were
previously washed in acetone and 2-propanol and
dried with ultra-high-purity nitrogen. The wafers were
additionally cleaned by UV/ozone treatment for ~10 min
before exfoliation. Monolayer regions were identi-
fied with confocal optical microscopy by their white-
light optical reflectance contrast against the bare
substrate as well as Raman/PL measurements using a
WITec alpha300R spectrometer equipped with a
532 nm excitation line and Si-based CCD detector
(1800 g/mm) in a backscattering geometry. By using
an ~1—2 um laser spot, we carefully ensured that our
optical measurements were collected from homo-
geneous regions of the monolayer to avoid effects
from edges and few-layer regions. To minimize sample
heating effects, we used laser powers less than 40 uW
for all the experiments.

We first describe our results for the exfoliated WS,
monolayers (shown in Figure 1c), which exhibit strong
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Figure 1. (a) Photoluminescence (exc &~ 532 NM, Pjyge, =5 +
1 uW, solid lines, left axis) and differential reflectance
(symbols, right axis) spectra from mechanically exfoliated
bulk (red lines and triangles) and single-layer (black lines,
circles) WS, flakes shown in (c). Spectra are normalized to
the integrated intensities of the 2LA(M) and E129 bands to
highlight PL intensity differences. (b) Similarly normalized
Raman spectra from single-layer (top) and bulk (bottom)
WS, showing a clear WS, Raman peak ratio difference. (c)
Optical micrograph of the WS, flake.

(orders of magnitude more intense than Raman peaks)
room-temperature PL relative to bulk WS, and a small
Stokes shift (Figure 1a). The WS, Raman 2LA(M) and
E1zg bands from the bulk and monolayer samples
exhibit expected peak positions and intensity ratios
(Figure 1b) as previously reported by others.'>'® The
observed ~30 meV blue-shift in the differential reflec-
tance peak upon moving from bulk to single-layer WS,
(1L-WS,) is consistent with previous experimental and
theoretical reports and stems from exciton confine-
ment effects, which cause a slight increase in the
K-point energy gap.>'” The PL spectra from 1L-WS, is
dominated by free neutral A-exciton emission (simply
denoted, X° for WS,) near ~2.01 eV."®° The B-exciton,
arising from the spin—orbit split valence band, is not
observed due to the PL detector range. A significant
low-energy tail to the main PL feature was observed in
all of our exfoliated monolayer WS, samples, which we
attribute to charged exciton (trion, X") emission. This
could result from residual charge doping®®?' or from
charged impurites,?? due to strain®® orimpurity doping
from chemical vapor transport agents (such as I, or Br)
that are commonly used to grow commercially avail-
able bulk single-crystal WS,."”

To study the role of defects on the PL spectrum of
monolayer WS,, we systematically investigated the
PL spectral evolution (Figure 2) after successive ion
bombardment treatments and exposure to air. We
subjected the samples to successive 5 s treatments
in a ~25 W argon plasma (Fischione Instruments,
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Figure 2. (a) Representative PL spectra (normalized to the total integrated PL intensity) from exfoliated WS, monolayers as a
function of plasma treatment time. Curve fitting reveals neutral (X°), charged (X"), and defect-related (XP) spectral
contributions. (b) Curve fitting results for the three spectral contributions as a function of plasma time. (c) Representative
Raman spectra with increasing plasma treatment time. (d) Excitation power-dependent PL measurements from the defective
monolayer sample. (e) Spectral weight of the neutral (X9), charged (X"), and defect-related (X°) spectral PL contributions as a

function of laser power.

Nanoclean model 1070) at ~200 mTorr. Micro-PL and
Raman spectra were measured within a few minutes of
each plasma treatment on the same monolayer region.
We studied the evolution of exciton interactions by
curve fitting of the PL spectra. The optimal line shape
for all spectral contributions was a mixed Gaussian—
Lorentzian function with 83% Lorentzian character.
Figure 2a shows representative WS, PL spectra from
a series of plasma treatment times, with each normal-
ized to the total integrated PL intensity. Such normal-
ization was used to highlight the PL line shape change.
While initially dominated by X° and X" emission, a new
spectral feature arises near ~1.90 eV with increased
plasma treatment.

We attribute this feature to excitons bound to
defects (X°) that were created by the ion bombard-
ment. Similar subgap defect-related peaks have been
observed in certain quantum-confined systems such as
quantum-well structures®* and nanostructured Zn0?>
materials but never reported for TMD monolayers at
room temperature.

Figure 2b shows the change in individual PL spectral
contributions, obtained from curve fitting, for the
WS, sample with successive plasma treatments. We
observed two regimes within the extent of our plasma
treatment study. During the first half of the treatment,
the PL is dominated by X° and X' emission. The
increase (decrease) in X° (X") emission along with
low XP intensity suggests irradiation-induced conver-
sion from charged to neutral exciton emission. As the
untreated monolayer is likely electron-doped, typical
of exfoliated MoS,'"?° and WS,3" on SiO, substrates,
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the interaction between defects and the ambient
chemistry (i.e., O,, Ny, H,0) could serve to dope the
crystal toward the opposite polarity (e.g., hole dop-
ing).'*?% Such a compensation doping process would
reduce the free carrier concentration and, therefore,
the spectral weight of the charged exciton peak, X'.
The slight increase in the PL intensity during the first
15 s of treatment (Supplementary Figure S2) is also
in agreement with this compensation doping mechan-
ism. After approximately 15 s of plasma treatment,
the X peak rises rapidly, while the X° and X" peaks
decrease markedly in weight. We provide data from
another WS, sample in Supplementary Figures S3
and S4 to further confirm this trend for X° growth with
plasma irradiation time. Note that we did not observe
changes in the Raman spectra, collected using 532 nm
excitation, as a function of plasma treatment time
(Figure 2c). Additional testing over a wide range of
wavelengths is necessary to conclusively establish
whether or not defects affect the Raman spectra of
monolayer TMD materials. Unlike a previous report,
we observe the defect-induced XP peak in air at room
temperature and atmospheric pressure, which clearly
increases in spectral weight with irradiation time.

We explored the origin of the PL spectral features by
examining the excitation power (P|,se;) dependence of
the PL spectrum (Figure 2d,e) from the defective WS,
monolayer. Peak-normalized spectra and curve-fitting
results are shown in Figure 2d and e, respectively. The
XP peak contribution initially rises to a maximum
(Figure 2e) and then decreases, suggesting defect site
saturation with trapped excitons. The presence of the
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Figure 3. (a) Optical micrograph of the WS, flake used for PL and Raman mapping. The scale bar indicates 4 um. (b) Integrated
PL intensity map (inset) from the dashed rectangular region in (a) for the untreated (top) and plasma-treated (bottom) WS,
flakes. The individual pixels are smoothed using linear interpolation. The color scale indicates intensity with arbitrary units.
Spectra with solid lines are from the region circled in the PL map with a solid circle. Dashed-line spectra are from the region
encircled by a dashed line. Plasma treatment was performed for ~30s. Scale bar indicates 2 um. (c) Raman peak intensity map
(inset) from the combined 2LA(M) and E’ 29 mode from untreated (top) and plasma-treated (bottom) WS, flake. Raman spectra
shown here are from the monolayer region only. The scale bar indicates 2 um.

XP feature without significant X" contribution suggests
that excitons bound to defects are charge-neutral. We
also observed a ~10 meV blue-shift in the X° peak
emission energy at low laser powers, which tends
toward an eventual plateau with excitation power. This
blue-shift is inconsistent with increased photocarrier
screening of excitons, which should cause an increase
in the energy of all PL peaks due to a decreased exciton
binding energy in the monolayer. This effect may stem
from mutual interaction between the defect-bound
excitons, but further work is necessary to understand
this phenomenon. We additionally point out that the
XP peak does not result from radiative transitions
associated with impurity levels in the 2D semiconduc-
tor. This is because our defect-free samples displayed a
large trion (X") spectral contribution (likely due to
impurities) but did not exhibit the XP feature. This
suggests that the plasma treatment induces radiative
defect states with distinctly lower energy than the
optical band-gap value for untreated layers. The spec-
tral location of the X° peak below the free and charged
exciton emission indicates that defects created by our
plasma treatment act as exciton traps, effectively
reducing the electron—hole pair interaction. It should
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also be noted that the X" spectral contribution clearly
increases with excitation power, as indicated in
Figure 2d,e. This is the expected behavior of trions, as
formation of a charged three-body state is more prob-
able at high photoexcited carrier densities. The greater
line width of the X° peak (fwhm ~0.12 eV) than the X"
(~0.08 eV) or X° (~0.05 eV) indicates a more contin-
uous energy distribution, probably due to the fact that
defects created by plasma bombardment are likely
inhomogeneous and therefore do not give rise to a
sharply defined energy level.

We studied the spatial extent of the plasma-induced
defect signatures by measuring the PL and Raman
spectra as a function of the position of the excitation
laser spot on a separate WS, flake, shown in the optical
micrograph in Figure 3a. The integrated PL intensity
map (Figure 3b, inset) for the untreated WS, flake
shows contrast that stems only from the light brown
monolayer region in Figure 3a (this is to be expected
since only the monolayer displays a large PL response).
The top portion of Figure 3b shows example spectra
from regions of strong (solid line corresponds to
spectrum from solid circle region in PL map) and
weaker (dashed circle) PL intensity. The nonuniformity

ACRT A RN
VOL.9 = NO.2 = 1520-1527 = 2015 A@@L%{\)

WWwWW.acsnano.org

1523



Intensity (a.u.)

20
Energy (eV)

R 60F o O X C |
= O-- <
= )
D a0t VX 1
2 XOA
= O. ---O
© [5‘0-—-0"'0 R D
£ 20} X n ]
Y ol o XT ]
1 " 1 " 1 " 1
0 10 20 30
Plasma time (s)
E)
S
2
w '
[ q 4 /|
2 et
£ | 30s AR g
PRl g bl

250 300 350 400 450 500
Raman shift (cm™)

Figure 4. (a) Optical micrograph of the mechanically exfoliated MoS, flake used for PL and Raman study. (b) Representative
photoluminescence spectra (Pi,ser = 5 + 1 uW) for the exfoliated MoS, monolayer (normalized to the total integrated PL
intensity) for various plasma treatment times with curve-fitting results. Curve fitting reveals contributions from the B-exciton
(X©B), A-excition (X°%), charged exciton (X"), and defect-related (XP) spectral contributions. (c) Spectral weight of the four PL
peak contributions as a function of plasma treatment time for the complete data set. (d) Representative Raman spectra
showing the dominant MoS, Raman modes and no change in peak position with plasma treatment.

in the PL intensity is likely due to natural doping
variations in the monolayer, as we observe larger trion
(X") contribution (low-energy PL shoulder) in regions
with weaker PL intensity. We repeated the analyses of
the PL spatial variation for the same sample after
plasma exposure. The absolute intensity of the inte-
grated PL intensity is diminished by plasma treatment,
but still strongly emanates exclusively from the mono-
layer region (inset Figure 3b, bottom). This indicates
that the plasma treatment does not induce any photo-
luminescence in multilayer regions of the flake. PL
spectra from the defective WS, clearly show (Figure 3b,
bottom) a significant defect-induced contribution (X°)
near 1.9 eV, despite variations in PL intensity, for
all pixels in the defective WS, monolayer map. This
indicates that the plasma bombardment created
defect signatures over the entire monolayer flake
within our spatial resolution (~1—2 um). Variations in
PL intensity, as observed for the untreated WS,, was
also observed in the defective sample, indicating that
the natural doping profile in the untreated monolayer
is preserved to an observable extent despite defect
creation.

CHOW ET AL.

We also studied the spatial variation of the 532 nm
excitation Raman spectra by mapping the peak inten-
sity of the convoluted 2LA(M) and E’zg modes
(Figure 3c, insets). As expected, the Raman maps for
the untreated and defective sample show weaker
intensity in the monolayer compared to the few-layer
regions, as is commonly observed for MoS, and
WS,."'® Representative Raman spectra, taken from
the monolayer regions, are shown in the main portions
of Figure 3¢, which indicate that the plasma treatment
does not affect the Raman spectra within our spec-
tral resolution. These data, and our results shown in
Figure 2, further confirm the dominant effect of the
defect treatment on PL rather than on the Raman
spectra under 532 nm excitation used here.

We also created defects in exfoliated monolayer MoS,
flakes on SiO,/Si substrates using the same argon plasma
treatments as those employed for WS,. Figure 4 shows
representative PL spectra, normalized to the total inte-
grated PL intensity, for the MoS; flake shown in Figure 4a
for different plasma treatment times. The lower PL
intensity than for the case of WS, films is due to the
lower PL efficiency of MoS, monolayers."*” We limited
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our excitation power to 5 uW, above which we observed
laser-induced spectral changes in defective samples.

We similarly employed curve fitting using mixed
Gaussian—Lorentzian curves to deconvolute the PL
spectra. The large and broad contribution near 2.01 eV
stems from B-exciton emission (X°F) from the
spin—orbit split valence band at the K-points of the
Brillouin zone." This peak is absent in the WS, spectrum
due to its larger spin—orbit splitting than MoS,.” In
addition to this contribution, we model the PL spectra
using the same contributions as in the case of WS,
including the neutral free A-exciton near 1.89 eV (XOH,
the negatively charged trion (X"),*° and finally, a
defect-induced feature (XP). Figure 4b,c shows the
evolution of the spectral distribution from the curve-
fitting results for each successive plasma treatment. As
in the case of WS,, we clearly observed the emergence
of a low-energy feature with successive plasma treat-
ments, which we assign to defect-induced PL. Interest-
ingly, however, we note a monotonic decrease in the
X8 spectral weight with monotonically increasing X°
weight (Figure 4c). Additionally, the X°* and X'
weights change less dramatically than in the case of
WS,. This could result from an increased preference
toward recombination of photogenerated excitons via
a lower-energy defect-assisted mechanism.

Similar to the case of WS, the Raman spectra
collected using 532 nm excitation (shown in Figure 4d)
remain unchanged within our experimental resolution.
The E'5g and A4 peaks show no detectable shift in
position or relative intensity. We acknowledge another
study®? in which, using oxygen plasma, the authors
demonstrated strong PL quenching in exfoliated MoS,
monolayers as well as an oxidation-induced Raman
feature near 225 cm ™' under 532 nm excitation. How-
ever, no defect-related PL feature was reported.
We believe that this particular study involved more
aggressive plasma irradiation than used in our work
here, where the PL spectral changes, as observed in
this work, are largely masked by drastic decreases in PL
efficiency due to nonradiative exciton recombination.
Additionally, the laser power densities used were
2 orders of magnitude higher than those in this
work, bringing about the possibility of differences in
laser—sample interactions. The defect-dependent PL
and Raman results from exfoliated MoS, monolayers
confirm the conclusions drawn from WS,.

To obtain an atomistic understanding of the effects
of our plasma treatment on the crystallinity of TMD
monolayers, we performed high-resolution transmis-
sion electron microscopy (HR-TEM) analysis of pristine
and defective WS, monolayers. We employed a poly-
mer-free transfer method (Materials and Methods
section) to prepare suspended monolayer WS, sam-
ples for HR-TEM imaging (Figure 5a). Whereas the
untreated samples (Figure 5b) exhibit a highly crystal-
line structure (d;1000; ~ 0.34 nm), those treated by ion
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Figure 5. (a) Optical micrograph of the WS, flake used for
high-resolution-TEM (HR-TEM) imaging with the monolayer
region indicated by a dotted line. The inset shows the
same flake after a polymer-free transfer to the TEM grid
(see Materials and Methods). (b) HR-TEM image of the
as-transferred (untreated) monolayer WS, film. (c) HR-TEM
image of the same monolayer WS, sample after ~10 s of
plasma irradiation treatment. The generation of atomic-
scale point defects in the WS, lattice is highlighted by the
red circles.

bombardment clearly show signs of damage, contain-
ing many defect sites (indicated by red circles in
Figure 5c). The highlighted defects appear as points
of moderate contrast between three bright spots.
These features are characteristic of the phase contrast
from single-vacancy defects and are the result of
a single sulfur or tungsten atom missing from the
otherwise complete hexagonal WS, lattice. To deter-
mine whether we are generating sulfur or tungsten
vacancies, we performed TEM simulations by using the
same settings that were employed in the HRTEM
measurements. More specifically, we simulated sulfur
single-vacancy, tungsten single-vacancy, and sulfur
divacancy configurations. The results (Supplementary
Figure S5) indicate that the pattern of points of mod-
erate contrast between three bright spots is best
represented by a sulfur single vacancy. It should be
noted that such sulfur vacancies could also interact
with foreign gas species during air exposure. Despite
these obvious differences with ion bombardment, we
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see that the hexagonal WS, lattice is mostly preserved.
This could help explain why the Raman signatures are
largely unchanged throughout our plasma treatment
study. We mention that we did not observe electron
irradiation  effects with our non-plasma-treated
TEM samples while using a 200 keV beam energy even
after long exposure times (>20 min), similar to other
reports.??° Interestingly, others®*® have reported
noticeable irradiation effects at 80 keV in MoS,, sug-
gesting a nonmonotonic energetic cross-section for
electron knock-on damage. We did, however, observe
some irradiation effects in the TEM sample after plasma
treatment, such as defect migration.>® In general,
we found that the imaging quality was the highest
and beam-induced structural changes were minimal
when imaging far from large-scale structural defects
such as monolayer sheet edges or tears in the TMD
sheet.

CONCLUSIONS

In summary, we have explored the effect of atomic-
scale point defects, created by simple plasma treatments,
on the PL spectra of semiconducting TMD monolayers.

MATERIALS AND METHODS

Raman and Photoluminescence Spectroscopy. Raman and PL spec-
troscopy were performed using a WITec alpha300R spectro-
meter equipped with a 532 nm excitation line and CCD detector
in a backscattering geometry. To minimize sample heating
effects, laser powers of less than 40 uW were used for all the
experiments. All measurements were performed in air at ~25 °C
and atmospheric pressure.

Differential Reflectance and Optical Microscopy Measurements. Dif-
ferential reflectance measurements were performed using an
LED white light source by measuring the difference in reflected
intensity from the WS,/SiO, and bare silicon wafer substrate
and normalizing this to the substrate-reflected intensity. For
optical microscopy we used white light and a 100x objective
lens. All measurements were performed in air at ~25 °C and
atmospheric pressure.

Transmission Electron Microscopy Characterization. We used a
Shottky field emission equipped high-resolution transmission
electron microscope (JEOL 2010F, 200 keV) to study the effect
of our defect treatment on the structure of the TMD mono-
layers. We employed a polymer-free transfer method to pre-
pare suspended TMD samples for HRTEM imaging. Once a
suitable WS, monolayer was identified, it was cleaned in
n-methylpyrrolidone and 2-propanol and dried in N, A
300-mesh Cu grid with a carbon film containing 2 um holes
(Quantifoil) was placed directly over the monolayer WS, flake
on a SiO,/Si wafer with the carbon grid facing the wafer. A drop
of 2-propanol was deposited directly over the TEM grid, pulling
it into contact with the monolayers while naturally drying. We
heated the adhered grid at 120 °C for at least 20 min to remove
residual water or solvent. Once cooled to room temperature,
the underlying SiO, film was completely etched away by
concentrated (49%) hydrofluoric acid, releasing the TEM
grid/WS, from the silicon wafer. The floating grid was cleaned
in a deionized water bath and dried in air. The TEM grid was
heated in a vacuum oven for several days at 120 °C to remove
residual water/solvent/polymer residue and to prevent the
buildup of contamination. All processing was performed un-
der Class 100 cleanroom conditions except for ~5 min of TEM
sample loading time.

CHOW ET AL.

We report the evolution of a distinct defect-related
spectral feature located ~0.1 eV below the A-exciton
peak in the disulfides of tungsten and molybdenum
(WS,, MoS,) prepared by mechanical exfoliation.
As exemplified by our study, interactions between
atomic-scale defects and excitons in monolayer
(semiconducting) TMDs occur with sufficient strength
in air at room temperature and atmospheric pressure to
enable the evolution of the aforementioned defect-
related peak in the PL spectra. We found that the Raman
spectra of the TMD monolayers are not as sensitive to the
defects compared to a photoluminescence spectrum
under 532 nm excitation. Our high-resolution electron
microscopy study provides atomistically resolved evi-
dence of plasma-induced point defects in the monolayer
lattice, suggesting their role in the defect-related PL
feature. This feature could be used as a sensitive indicator
of the “state of defectiveness” of semiconducting TMD
nanosheets. The evolution of a new extrinsically induced
defect state in the band gap brings to light largely
unexplored opportunities for tailoring the optoelectronic
properties of two-dimensional semiconducting TMDs
through control of defect density, type, and distribution.
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