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ABSTRACT: The photoluminescence yield of monolayer MoS, was
locally and durably enhanced by prolonged laser exposure, with
significant alterations of the spectral weight of its exciton and trion
subcomponents. Evidence from Raman and photoluminescence spec- (Q,@,

Photoluminescence

troscopy, tip-enhanced photoluminescence, atomic force microscopy, and .. oo

photoemission spectroscopy allows the phenomenon to be rationalized as (0”6 18 20
a photoinduced oxidation of sulfur vacancies mediated by ambient air. A 0. o Energy (eV)
decrease in the trion emission and a marked blue shift of the A] Raman C. >

peak suggest p-type counterdoping. Nanoscale spectroscopies reveal that WS

the enhanced photoluminescence emission comes from the very edge of
the patterning laser spot, where photoinduced oxidation has occurred.

B INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) are a class of layered materials renowned for their
remarkable optical and electronic properties, making them some
of the most studied materials of the past decade."” Semi-
conducting TMDCs, such as MoS, and WS,, exhibit an indirect-
to-direct bandgap transition when thinned down to a
monolayer, leading to a strong photoluminescence (PL)
response in the visible range * Moreover, strong excitonic
effects,” bandgap tunability,”® spin-valley coupling,”'® and
symmetry-dependent effects' "> make semiconducting TMDCs
a fascinating playground for fundamental research and next-
generation electronic and photonic devices.'*™"¢

Defects such as vacancies, dislocations, impurities, and grain
boundaries play a major role in tailoring the optical properties of
any TMDC crystal.'” Defects may hamper the optical
performances of TMDC-based devices; in particular, chalcoge-
nide vacancies mediate the nonradiative recombination of the
excitons, hence lowering the PL quantum yield (PLQY),"*™*°
which is a key figure of merit for optoelectronic devices.
Natural Mo§, can exhibit a surface defect density up to 8% of the
surface area,”” meaning that the tailoring of the optoelectronic
response of these materials almost necessarily involves the
engineering of such chemical or crystalline nonidealities.”***

Many different strategies have been developed to enhance the
PLQY of TMDC monolayers. Thermal annealing was reported
to improve the PLQY of monolayer MoS, (1L MoS,)*® by
means of oxygen adsorption at S vacancies (Vy), leading to p-
doping and consequently switching from trion-dominated to
exciton-dominated emission.”””® Even more pronounced

21,22

© 2025 The Authors. Published by
American Chemical Society

WACS Publications

3 T
"“\r (L.; & (,u

AN =

enhancements can be achieved with chemical treatments,
which often rely on the nonox1d121n§ superacid bis-
(trifluoromethane)sulfonimide (TESI).*"*>*?7*% However,
the harsh chemical behavior of superacids limits the range of
applications of this kind of treatments.”"** The TESI treatment
is believed to induce an electron counter-doping (hole doping),
thereby suppressing the nonradiative trion recombination in
favor of the radiative exciton emission.”> Hole doping capability
is also achieved with other chemical treatments with similar
effects on the PLQY, e.g., 7,7, 8 8-tetracyanoquinodimethane
(TCNQ)*® or hydrohalic acids.”” Another treatment involves
poly(4-styrenesulfonate) (PSS), which was proposed for a Vg
“self-healing” mechanism, in which the hydrogenation of PSS
guides sulfur adatom clusters on the MoS, surface to heal Vy.**
Notably, oxygen plasma treatments were reported to quench the
PL emission in MoS,.”* Similarly, the growth of aluminum or
hafnium oxides results in a significant reduction of the PL
emission, t gether with a broadening of the PL spectral
features.””**” 1t is worth noting that the PL line shape and
the trion emission can be manipulated in several ways. Strain is
known to promote the conversion of exciton into trions*’ and
increase their blndlng energy Slmllarly, gating, *2 substrate-
induced dopmg, chemical treatments,** and the orbital angular
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momentum of the incident light*’ heavily affect the PL line
shape and the exciton/trion ratio.

An alternative to the aforementioned chemical treatments is
laser exposure, which was reported to increase the PLQY of
monolayer TMDCs to variable extents.*™*" Laser exposure is a
versatile method, which can be applied to any kind of sample; it
also allows a selective enhancement on specific micron-sized
areas; indeed, it was proposed as a microsteganography
technique.”’ However, an in-depth and systematic investigation
of the dynamics and physiochemical modifications underlying
the laser-induced PL enhancement is still lacking.

Here, we present a comprehensive investigation of the laser-
induced PL enhancement mechanism on 1L of MoS,. We show
that a careful tuning of the experimental parameters can lead to a
PL enhancement up to 1 order of magnitude with respect to the
pristine sample. This enhancement is accompanied by a sharp
shift from trion to exciton emission, the suppression of the B
exciton contribution, and a blue shift of all the PL peaks. Tip-
enhanced photoluminescence spectroscopy (TEPL) and atomic
force microscopy (AFM) demonstrate that the enhanced PL
emission does not come from the entire circular area
corresponding to the laser spot, but from the very edge of a
micrometric hole created on the TMDC monolayer by the laser
beam. Chemical mapping, performed by means of X-ray
photoelectron spectroscopy (XPS) with submicrometric reso-
lution at the ESCA Microscopy beamline at the Elettra
synchrotron light source,” allows linking this enhancement
with laser-induced oxidation of the Vg at the edge of the hole.
Finally, intermittent laser irradiation allows understanding the
time evolution of the PL enhancement phenomenon in terms of
a photoinduced process, triggered after the formation of a pit in
the TMDC monolayer and ruling out thermal oxidation at a
specific threshold temperature.

B EXPERIMENTAL METHODS

Large-Area MoS, Exfoliation. Large-area 1L MoS, flakes
were exfoliated from a bulk synthetic crystal (HQ Graphene,
Netherlands) on APTES-functionalized SiO, (285 nm)/Si
substrates, adopting the exfoliation recipe reported in our
previous work.” In our method, a thermal release tape (TRT) is
used to peel off a 150 nm thick Au layer from a Si substrate;
immediately afterward, the Au/TRT stack, exposing a fresh,
hydrophilic gold surface,”* is gently pressed onto a freshly
cleaved bulk MoS, crystal and subsequently pressed on the
APTES-functionalized silicon substrate. The TRT is detached
by heating the system above the TRT release temperature, and
the gold film is etched away, leaving a large-area crystal on the
functionalized substrate. The APTES functionalization is critical
for the process to be successful: indeed, without this step, the
gold film would detach from the substrate due to the strain
induced during the heating stage of the TRT, preventing the
successful transfer of the 1L MoS, from the gold film to the Si
substrate. We deposit APTES on our substrates with 30 cycles of
atomic layer deposition (ALD); alternatively, equivalent results
were achieved by immersing the substrates in a 0.5% (v/v)
APTES/ethanol solution for 20 min and subsequently rinsing
them with clean ethanol.

Imaging Spectroscopic Ellipsometry. Imaging spectro-
scopic ellipsometry (iSE) mapping was performed with a Park
Systems Accurion EP4 imaging ellipsometer equipped with a
laser-stabilized xenon lamp and a grating monochromator. iSE
mapping was performed while operating the instrument as a
rotating compensator ellipsometer; hyperspectral maps were

acquired at 129 selected wavelengths in the 360—1000 nm range
with a 50° angle of incidence. A relatively small angle of
incidence was chosen to optimize the signal-to-noise ratio. The
focus of the 5X objective was scanned over the probed area, thus
achieving a fully focused iSE map while operating the optical
system at oblique incidence.

Laser Irradiation, Raman and Photoluminescence
Spectroscopies. A Horiba XploRA Plus Raman spectrometer,
equipped with a DPSS 532 nm laser, was adopted for the laser
irradiation of 1L MoS,. The excitation power of 10 mW was
focused to a spot with a diameter of about ~2 ym using a 50X,
0.5 NA objective, yielding ~0.6 MW/cm?® power density. Raman
and PL hyperspectral mapping were performed with the same
instrument, equipped with a motorized sample stage. For Raman
mapping, the 532 nm laser was focused by a 100X, 0.9 NA
objective, with a nominal power of 0.1 mW delivered to the
sample. Raman scattered light was dispersed using a 2400
grooves/mm grating and detected by a Peltier-cooled EMCCD.
To achieve a good lateral resolution, Raman mapping was
performed with a 0.3 ym step size. Raman spectra were
corrected for spectral shifts by using the Si peak from the
underlying substrate at 520.7 cm™".

Laser patterning of the S X S5 array used for XPS
measurements was performed by using a Jasco NRS-4100
Raman spectrometer, equipped with a DPSS 532 nm laser. A
laser intensity of 25 mW was focused to a spot with a diameter of
about 3 um using a 20X, 0.4 NA objective, yielding a ~0.7 MW/
cm® intensity. Subsequent PL mapping (Figure 6d) was
performed using a 100X, 0.9 NA objective, with 0.25 mW
excitation power at 532 nm, and the resulting PL signal was
dispersed onto a Peltier-cooled CCD by a 900 grooves/mm
grating.

Tip-Enhanced Photoluminescence Spectroscopy and
Atomic Force Microscopy. TEPL measurements were
performed with a Horiba XploRA Plus Raman spectrometer
combined with the AIST-NT SmartSPM 1000 atomic force
microscope. A 532 nm laser was focused by a 100X, 0.7 NA
objective onto a silver-coated tip in a side-illumination
geometry, with a 65° incidence from the sample normal. The
experimental protocol involves the acquisition of PL spectra
with the tip in contact with the sample, corresponding to the
sum of the near-field and the far-field signals, and with the tip
lifted, corresponding to the far-field signal only. The TEPL
analysis is then carried out on the spectra resulting from the far-
field subtraction,”™*® thereby isolating the tip-enhanced
contribution. All data shown are background-subtracted.
TEPL was performed in nongap mode due to the insulating
nature of the SiO, substrates. The magnitude of tip-enhance-
ment was not sufficient for TERS. The AIST-NT SmartSPM
1000 setup employed for TEPL measurements was also used as a
standalone instrument for AFM measurements, performed using
a regular tapping-mode AFM tip.

X-ray Photoelectron Spectroscopy. High-resolution XPS
spectra and photoelectron microscopy maps were acquired at
the ESCA Microscopy beamline of the Elettra Synchrotron
Light Source.””” The experimental setup allowed both the
acquisition of high-resolution XPS spectra on a selected area, the
size of which can be varied through the beam focusing system,
and the acquisition of chemical maps, in which the spectroscopic
capability is achieved through a 48-channel detector while
raster-scanning the sample.”” Therefore, elemental mapping
comes with spectral analysis within the few-eV energy range of
the detector. During the acquisition of high-resolution XPS
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Figure 1. a) Optical microscopy image of a large-area exfoliated 1L MoS, crystal onto a SiO, (285 nm) substrate. b) Thickness mapping obtained by
means of iSE, corresponding to the area marked with the white rectangle in (a). Most of the area exhibits a fitted thickness of 0.7 nm, corresponding to

1L MoS,, with few small bilayer areas.

spectra, the X-ray spot was intentionally defocused to a diameter
of 9 ym to mitigate sample damage from the X-ray beam by
decreasing its brilliance. During the subsequent chemical
mapping, the X-ray beam was focused by a zone plate and an
order sorting aperture down to a diameter of 150 nm, thereby
resolving the fine structure of the pattern. Further details are
provided in section SI6. All measurements were performed with
an incident photon energy of 688.9eV. Binding energy
correction of the high-resolution XPS spectra was performed
adopting 284.5 eV peak from adventitious carbon as a reference.
High resolution spectra were fitted with the CasaXPS software
using the U2 Tougaard background and the symmetric Voigt-
like LA(1.53, 243) line shapes for peak fittings.

B RESULTS AND DISCUSSION

Optical Microscopy and Imaging Spectroscopic
Ellipsometry. Large-area 1L MoS, flakes were fabricated by
means of a gold-assisted exfoliation technique, as detailed in the
Experimental Methods. Figure la displays the optical micros-
copy image of a representative sample, showing a large, uniform
monolayer with a few cracks and some multilayer or bulk-like
regions. The image was obtained by stitching together 4 X 4
optical microscope frames. The 285 nm thick layer of silicon
dioxide on top of the substrate enables a good optical contrast
between the MoS, monolayer, the small multilayer areas, and the
surrounding substrate.”®

To confirm the monolayer nature of the MoS, crystal, we
performed iSE and fitted the resulting ellipsometric data with a
suitable optical model,”” following a method presented in our
previous works.”>*”°" Figure 1b displays the thickness map of
the area within the white rectangle in Figure la, obtained by
fitting iSE data. Figure 1b shows a uniform layer of MoS, with a
fitted average thickness of 0.7 nm, hence monolayer, with few
holes and few small multilayer traces.

Laser Patterning and Time Evolution of the Photo-
luminescence Spectra. To obtain the desired PL enhance-
ment, we focused a 532 nm laser to a ~2 ym circular spot, with a
power density of ~0.6 MW/cm?® The experiments were
performed in air using intermittent laser irradiation to assess
the nonthermal nature of the process. In particular, each
irradiation cycle involved the exposure of the sample to laser
light for 1s, followed by a 59 s cool-down time. During this
intermittent exposure process, PL spectra were regularly
acquired by using the same optical setup used for irradiation,
hence recording the time evolution of the PL peak.

Figure 2a shows a typical evolution of PL over time. A sudden,
strong increase in the PL intensity occurs after 235 min of the
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Figure 2. Time evolution of the PL spectra of 1L MoS, under
intermittent laser exposure, with a 59s pause after each 1s CW
exposure. a) PL spectra vs time (vertical axis: PL energy; horizontal
axis: laser exposure time; color scale: PL intensity), and energy position
(white traces) of the neutral A exciton (A°), the A trion (A™), and the B
exciton (B°). b) Time evolution of each PL-subcomponent area. Three
stages of the process have been identified, and labeled in (b): an initial
phase, during which no major change of the spectral line shape occurs
(stage I), a sudden increase of the PL intensity (stage II), and a slow
decrease of the PL intensity (stage III). c) Representative PL spectrum
at the beginning of the process (stage I). There is a prominent
contribution from the B exciton and an overall low PL yield. d)
Representative PL spectrum at the maximum PL intensity (stage IT). All
peaks are blue shifted with respect to (c); the contribution from the
neutral A exciton is dominant. e) PL spectrum at the end of stage III.
The line shape is comparable to that of (d); however, the overall
intensity is lower.

irradiation process, i.e., after 235 s of effective laser irradiation,
since each minute corresponds only to 1s of direct exposure.
The corresponding continuous irradiation experiment, as in
Figure SI1, displays analogous behavior with the PL enhance-
ment starting after 80 s of irradiation.

Peak fitting was performed over the PL data set shown in
Figure 2a to investigate the time evolution of the spectral
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components, i.e., the neutral A exciton (A°), the A trion (A7),
and the B exciton (B). The evolution of their energy positions is
plotted in Figure 2a; Figure 2b shows the evolution of the
corresponding peak areas. Three stages of the enhancement
process can be identified, as labeled in Figure 2b: stage I, where
the PL response does not undergo any major change; stage I,
where a sudden increase of the PL intensity occurs and its
spectral shape changes; and stage III, where a gradual decrease in
the PL intensity is observed. All peaks underwent a sharp blue
shift in correspondence of stage II; afterward, the peak energy
first decreased and then blue shifted again, eventually stabilizing
at an energy higher than the initial value. The time evolution of
stage IIl is included for completeness; however, laser irradiation
can be stopped after stage II to obtain a higher PL.

Figure 2 panels c—e show examples of PL spectra recorded at
each stage, deconvolved to identify the contributions from the
neutral A exciton (A°), the A trion (A™), and the B exciton (B°).
In particular, Figure 2¢ shows the PL emission at the beginning
of the process, when no enhancement had yet occurred (stage I).
The overall intensity is relatively low and there is a prominent
contribution from the B exciton, which is a fingerprint of a high
defect density.’” After a few minutes, during which the PL
intensity remained almost unchanged, it underwent a sharp,
sudden increase (stage II), followed by a gradual drop (stage
III). Figure 2d shows the PL emission in correspondence of the
maximum intensity, during stage II: the PL emission
dramatically increased and the relative weight of the B exciton
and the A™ trion were lowered. Figure 2e shows the PL emission
at the end of stage III, when the overall line shape is preserved,
but with lower intensity and a slightly increased B exciton
contribution.

During stage I, the peak areas of the A’ and A~ components
remained rather stable, while the B exciton exhibited a slight
decrease, possibly related to the desorption of physisorbed
molecules under laser light. Nothing suggests any ongoing
damage during this stage, despite the relatively high excitation
power.

Subsequently, a sharp increase of both the A° exciton and the
A trion contributions was observed, correlated with a blue shift
of all three excitonic components by more than 15 meV and a
decrease of the trion binding energy (defined as the energy
difference between the A° and the A~ peaks®®) from 53 meV
during stage I to 39 meV during stage III. Notably, the B exciton
contribution was not enhanced at all, hence dramatically
lowering its relative weight. The apgarent trion binding energies
are higher than in previous reports.”*®* This might be linked to a
significant biexcitonic contribution, originating from the high
excitation power.éé’67

The reduction in the trion binding energy with a simultaneous
PL enhancement is consistent with O, reacting with MoS, and
acting as a p-dopant and a suppressor of nonradiative
recombination sites,””*”*® thus providing efficient pathways
for radiative recombination.”® The exciton energies apparently
red shifted after a first sharp blue shift and then slowly blue
shifted again, finally stabilizing at a final energy slightly higher
than the respective initial value, possibly due to subsequent
evolution of the O-MoS, chemical bonds, which affects the
charge transfer mechanism between oxygen and MoS,. Oxygen
bonding can indeed induce a screening of the Coulomb
interaction, ultimately changing the exciton binding en-
ergy.””*” During stage III, a slow photoquenching affected
all three components, compatible with the well-known damage
process of TMDCs under high-power laser excitation.”"

According to this picture, the presence of environmental
oxygen molecules is instrumental in the laser-induced PL
enhancement. In order to confirm this hypothesis, we performed
an analogous process under low-vacuum conditions. In
particular, the same sample was continuously exposed to laser
light while kept inside a sealed Linkam THMS600 cell, held at a
pressure of ~10™" mbar. Figure SI2 shows the spectra and peak
fitting results for continuous exposure in low vacuum, analogous
to Figure 2 for pulsed exposure in air, and to Figure SII for
continuous exposure in air. In low vacuum, the enhancement
process was significantly slower with respect to experiments
performed in air, with the PL increase starting after 50 minutes
of continuous irradiation. The overall PL enhancement is lower
with respect to atmospheric experiments, and the spectral shifts
are more contained. The degradation of the PL intensity after
reaching the maximum is slower, too, as shown in Figure SI2b.
This demonstrates that the ambient atmosphere plays a key role
in both the enhancement process (stage II) and subsequent
degradation (stage III).

Raman Spectroscopy. In order to gain further insight,
Raman hyperspectral mapping was performed over a previously
patterned area. The patterned spot shown in this section
originates from the intermittent excitation process shown in
Figure 2a, and was measured after the end of stage IIL

Figure 3a shows representative Raman spectra at the edge, at
the center, and in a pristine area, in the spectral region of the E’
and A[ peaks. These peaks in monolayer MoS, (point group
D,;,) correspond to the E%g and A;; modes in bulk MoS, (point
group Dy,,).”>~"* 1t is apparent that the central area shows no
Raman signal; both the edge of the pattern and the pristine area
display identical E,; peaks, albeit with distinct A; peaks. The full
Raman spectra are shown in Figure SI3. To investigate the local
behavior of the Raman peaks, spectral fitting was performed with
two Lorentzian components, corresponding to the E’ mode at
385 cm™! and A] modes at 405 cm ™. The energy shift between
the two peaks unambiguously confirms the monolayer nature of
the MoS, film, as the separation between the E’ and the A]
Raman modes is a fingerprint of the number of layers.””°
Raman shift and intensity maps for the aforementioned modes
are shown in Figure 3b—e. The central region of the irradiated
area shows no trace of the MoS, Raman peaks due to a complete
ablation of the material. In the surrounding area, the E’ mode
shows no relevant intensity pattern, whereas the A| exhibits a
prominent intensity increase over an annular area around the
circular ablated hole. Similarly, the E' mode undergoes no
relevant shift, whereas the A] mode blue shifts by ~0.5 cm™
with respect to the pristine area. It is worth noting that the E’
mode is more sensitive to strain, while the A] mode is more
sensitive to doping.77’78 Indeed, the blue shift of the A} mode,
with the E’" mode unaffected, is a clear fingerprint of p-type
doping,””"*™*" suggesting that the PL enhancement process is
accompanied by a local change in the doping level, as already
suggested by the time evolution of the PL spectra and further
confirmed by the spatially resolved PL investigation presented in
the next section. Notably, Rao et al. observed a similar evolution
of the Raman peaks under low-power laser irradiation, which
they attributed to oxygen passivation of chalcogen vacancies
leading to p-type doping.*’

Raman shifts can be used to estimate strain and doping
levels.””**™*> A correlative plot of the Raman peak positions is
shown in Figure SI4, revealing a narrow dispersion of the E’
mode, associated with strain, and a pronounced blue shift of the
Al mode for points closer to the spot center, consistent with p-
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Figure 3. Raman mapping of the E’ and A] modes over a patterned spot.
a) Raman spectra of representative points: at the edge of the patterned
spot, at its center, and over a pristine area. The central area shows no
Raman signal. The pattern edge and the pristine area show identical E’
peaks, whereas the A] peak is higher and blue shifted on the spot edge
with respect to the pristine area. b) Peak intensity of the A{ mode,
showing a local enhancement on the edges of the spot and no Raman
signal from its center. c) Raman shift of the A{ mode, showing a notable
blue shift around the patterned spot. d) Peak intensity of the E’ mode,
showing no significant intensity pattern. ¢) Raman shift of the E’ mode,
showing no relevant peak shift.

type doping. Following the assumptions adopted in ref 72, the
electron density near the spot edges and in the pristine area is
estimated to be —3 X 10'' cm™ (p-type doping) and 3 X 10
cm™? (n-type doping), respectively, as detailed in Section SI4.

Tip-Enhanced Photoluminescence Spectroscopy. The
Raman mapping already suggests that different subregions with
different properties are present on irradiated samples. In order to
probe the optical response with high lateral resolution, TEPL
was performed to investigate the observed local enhancement of
the PL. Indeed, TEPL allows overcoming Abbe’s diffraction
limit and resolve lateral features smaller than the light
wavelength.*°

TEPL measurements were performed on a spot previously
patterned by continuous irradiation in air under the same
experimental conditions of the process shown in Figure SI1. For
these experiments, laser exposure was stopped during stage III,
when the intensity was approximately halved with respect to the
maximum achieved during stage 1L

Figure 4a shows the TEPL intensity map over the patterned
area. It is apparent that the TEPL enhancement occurs on an
annular area with micrometric size, whereas the central region
provides little to no PL signal and the surrounding area provides
the same PL signal as that of a pristine monolayer. Figure 4b

displays a high resolution TEPL intensity map across the annular
profile shown in Figure 4a, clarifying that the high-PL area is an
~300 nm wide streak. The spatially averaged PL spectra,
corresponding to representative areas in Figure 4b (labeled 1, 2,
and 3), are reported in Figure 4c—e, respectively. We note that
PL spectra shown in Figure 4c—e were acquired under moderate
excitation intensity, whereas spectra shown in Figure 2c—e were
acquired under high-power excitation to achieve Vg healing, and
high laser intensity is known to alter the PL line shape.’>*’
Moreover, TEPL may alter the PL line shape, in particular at
longer wavelengths.®”

The spectra were fitted with two Lorentzian components,
corresponding to neutral exciton A’ and trion A™.

It is apparent that the relative weight and the width of the
exciton and trion components change as a function of the radial
distance from the laser spot. Table 1 summarizes the fit results.
The energy of the neutral exciton remains stable, whereas the
trion blue shifts in the regions with enhanced PL (regions 1 and
2). Moreover, the enhanced PL regions feature a lower FWHM
for both the components and a lower weight of the trion
component.

AFM images of the same patterned region investigated by
TEPL are shown in Figure SIS, revealing that the MoS, layer was
ablated by the laser in a circular spot, while the pattern edges
exhibit no morphological modifications. Experimental observa-
tions suggest that ablation occurs at the beginning of stage IT and
that no enhancement can be observed before the formation of a
hole.

XPS Microscopy. To investigate the chemical processes
underlying the PL enhancement, the chemical state of 1L MoS,
under both the pristine and laser-exposed conditions was
investigated by means of spatially resolved XPS measurements.
Details about data acquisition and processing are available in the
Experimental Methods section and in Supporting Information
section SI6.

A MoS, crystal was patterned with a square 5 X 5 hole array
consisting of 25 equally spaced laser-irradiated spots, the centers
of which are S ym apart from each other. The decision to pattern
a hole array rather than a single hole is purely technical,
motivated by the necessity to have a relatively large area with a
large density of laser-processed regions. Laser patterning was
performed in air under continuous laser exposure. After
patterning, all of the spots in the pattern showed the typical
PL enhancement behavior, with high PL emission from annular
regions corresponding to the edge of each spot (Figure 6d).

XPS spectra were acquired with a 9 ym diameter X-ray spot,
while chemical mapping was performed with a 150 nm spot for
high spatial resolution. Spectra of the Mo 3d and S 2p peaks over
a9 pm circular area centered over one of the 25 patterned spots
are shown in the upper half of Figure Sab, respectively. The
lower half of the same figure provides a direct comparison with
the corresponding spectra on a nearby pristine monolayer area.
Both the patterned and the pristine areas show a prominent Mo
3ps/2/3ps/, doublet with a binding energy (BE) of 229.3 eV/
232.5eV, clearly originating from the MoS, layer, and
accordingly ascribed to Mo(IV) states in MoS,.*~"* A further
Mo 3p doublet with higher BE, located at 230.6 €V/233.8 eV
can be observed only in the patterned area and can be ascribed to
Mo(V) states.”* This doublet is attributed to mixed compounds
of molybdenum, oxygen, and sulfur” belonging to the patterned
edges. Any Mo(VI) states, such as those in MoO; commonly
reported at BEs around 232.7 eV,”*?7 would account for less
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Figure 4. High resolution TEPL imaging and spectral analysis of a patterned spot. a) TEPL intensity over a 3.5 X 3.5 ym? area around a patterned spot.
The map shows the maximum intensity of the spectra acquired at each spatial point. b) Zoom over a 2 X 0.5 um? area of the map shown in (a). c)
spectral average corresponding to zone 1 as marked in panel b, representing the maximum PL enhancement. d) spectral average corresponding to zone
2 as marked in panel b, representing medium PL enhancement. e) spectral average corresponding to zone 3 as marked in panel b, representing pristine

MoS,.

Table 1. PL Fitting Results from the Regions Marked in Figure 4b

Region E.. (eV) Eion (€V) FWHM,,. (meV) FWHM,;,, (meV) Area;,,/Area
1 1.861 + 0.001 1.840 + 0.002 44 +2 68 +2 1.0+0.2
2 1.861 + 0.001 1.836 + 0.003 47 £2 75+3 0.8 +£0.2
3 1.862 + 0.001 1.827 + 0.004 49+3 92+6 1.3+03
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Figure S. a) Spectra of the Mo 3d/S 2s XPS peaks from a 9 um o.d. area centered on a patterned spot (upper panel) and on a pristine area (lower
panel). Both areas show a prominent Mo(IV) doublet from the MoS, monolayer. The patterned area shows an additional Mo doublet related to
Mo(V) states. b) Spectra of the S 2p XPS peak over the same spots. In addition to the prominent S doublet linked to the MoS, layer, the patterned area

shows a second doublet with higher BE.

than 3% of the total Mo contribution and are not included in this

fitting.

XPS spectra of the S 2p region, shown in Figure Sb, exhibit a
prominent S 2p;,,/2p, /, doublet with BEs of 162.1 and 163.3
eV, respectively, as expected for MoS,.”””* On the patterned
spot, a further doublet at 163.2 and 164.4 eV can be observed.

Consistent with the Mo case, this doublet can be linked to the
presence of molybdenum oxysulfides.” Indeed, elemental sulfur
or sulfates would be located at higher BEs.”®”” Given the
increased width of the S 2p peaks in the patterned region, we
cannot exclude the presence of further sulfur states linked to the
oxidation process. Concerning the oxygen peaks, the contribu-
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Figure 6. XPS Mo 3ds/, intensity maps and comparison with the PL response. Brighter colors correspond to higher intensities. Scale bars: S ym. a)
Map of the Mo 3d;/, chemical distribution over an array of laser-patterned spots. The XPS signal is higher on annular regions corresponding to the
edges of each spot. b) Intensity map of the higher BE subcomponent of the Mo 3d;, XPS peak, clearly localized on the edges of each spot. c) Intensity
map of the lower BE subcomponent of the Mo 3ds,, XPS peak, showing uniform intensity over the untreated MoS, area and not changing over the

edges of the spots. d) Map of the PL peak height over the same area.

tion from the underlying SiO, layer limits the extent to which
they can be meaningfully interpreted.

Figure 6a shows the Mo 3ds/, chemical distribution. This
mapping was performed at high lateral resolution and low
spectral resolution over an array of laser-exposed spots with
S pm pitch. The analysis procedure is detailed in Supporting
Information section SI6. Figure 6 panels b and c depict the
higher and lower BE contributions to the Mo 3d peak,
respectively. Figure 6d shows the PL peak area over the same
zone. The PL intensity behavior correlates very well with the
structures observed in the chemical maps. An annular region
around each spot shows an enhanced PL emission, where a more
intense Mo 3d;,, peak is observed. Figure 6 panels b and ¢
highlight how the enhancement is associated with the
appearance of the high-BE component of the Mo 3d peak
already seen in the high-resolution XPS spectra. The low-BE
component (Figure 6¢) is uniform over the whole area and
simply disappears within the holes due to MoS, ablation. On the
contrary, the high-BE component (Figure 6b) is prominent on
the annular regions corresponding to the high-PL areas. These
two maps complement the spatially averaged high-resolution
spectral analysis shown in Figure S, demonstrating that the high-
BE Mo 3d peaks observed in high-resolution spectra originate
from the annular edge of the patterned spot.

Putting all the evidence together, we suggest the following
model for the laser-induced PL enhancement. We start from the
evidence that the pristine layers employed in this study house a
certain amount of defects (V) that give rise to a superposition of
A-exciton, trion, and B exciton in the original PL spectrum. The
collected data and literature suggest that the oxidation at Vj sites
promotes an increase of the neutral A exciton emission, a
decrease of the B exciton and A~ trion emission, a decrease of the
trion binding energy, and a blue shift of the A] Raman peak.
Notably, O-substituted V5 do not introduce states in the
bandgap, whereas single Vg and paired Vare associated with one
(at 440 meV below the conduction band) and two (at 303 and
633 meV below the conduction band) bandgap states,
respectively.'”’™'% Our experiments indicate that such an
oxidized region, under the above specified irradiation con-
ditions, has an annular shape concentric with the laser spot. We
suggest that the system dynamics under laser irradiation is the
following. Laser exposure induces a nonequilibrium state that
increases the reactivity of MoS,. In correspondence with the
highest irradiation intensity (at the spot center), the TMDC,
probably after reacting with atmospheric oxygen, is locally
ablated. The ablation edges possess increased reactivity, and the
ablation spot, once created, quickly enlarges, leading to more

oxidation and more ablation. The ablation stops once the MoS,
ablated edge reaches the edges of the spot, where the laser
intensity becomes insufficient to sustain more photoinduced
reaction, and hence more ablation. This leaves behind an ablated
spot and an annular region where Vs are healed by photoinduced
oxidation and, outside this region, the pristine monolayer.
Evidence of the correlation between the PL emission and this
oxygen-healed state is coherently provided by Raman spectros-
copy (blue shift of the A} peak), AFM (ablated spot and absence
of morphological features in the annular region) and XPS
(appearance of additional Mo and S chemical bonds), all with
spatial resolution. All of these results consistently indicate a
defect-healing phenomenon associated with p-type counter-
doping due to laser-induced oxygen bonding at Vj sites.

Bl CONCLUSIONS

This work investigates the mechanism of the laser-induced PL
enhancement of 1L MoS,. The most evident result is an increase
of the PL intensity by up to 1 order of magnitude with respect to
the untreated area. A comprehensive investigation of the
phenomenon allowed clarifying that the process relies on
ambient air exposure and it is not a purely thermal process
induced by laser-induced heating. The observed enhancement is
associated with a sharp shift from trion to exciton emission, a
strong reduction of the B exciton emission, and a blue shift of all
PL peaks. The high lateral resolution enabled by TEPL
spectroscopy made it clear that the enhanced PL emission
comes from the very edge of a micrometric hole created on the
TMDC monolayer by the laser beam, as confirmed by AFM
imaging. Raman analysis and TEPL fitting consistently show the
PL enhancement phenomenon is associated with a p-type
counterdoping of the interested region, with a blue shift of the A]
Raman mode and a blue shift of the trion PL peak. A local
chemical investigation through XPS analysis with high lateral
resolution and imaging capabilities allowed linking this
enhancement with laser-induced oxidation of the Vy at the
edge of the hole.**%%7%1%* We note that no enhancement was
observed without hole formation; this could be a limiting factor
for the large-scale exploitation of this phenomenon for defect
healing. The prolonged laser exposure (stage I) may create
additional defects, allowing them to reach a critical density at
which a sudden breakage of the monolayer occurs, exposing
dangling bonds that rapidly bind to oxygen. The reaction stops
at the edge of the laser spot, where the light intensity becomes
insufficient to continue it.

These results help us to understand the role of defects in 2D
TMDCs and underline how their interplay with intense light
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beams, be it intentional or accidental, can lead to local, yet
extremely significant, modifications in their chemical, electronic,
and optical features. The observed PL enhancement can be
exploited to locally tailor the properties of 2D TMDCs in any
application where a clear, localized spectral feature can be
exploited as an optically readable marker.
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