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Defect engineering of van der Waals semiconductors has been demonstrated as an effective
approach to manipulate the structural and functional characteristics toward dynamic device
controls, yet correlations between physical properties with defect evolution remain underexplored.
Here, using proton irradiation, we observe an enhanced exciton-to-trion conversion of the
atomically thin WS,. These altered excitonic states are found to be correlated with nanopore
induced atomic displacement, W clusters and zigzag edge termination, which are verified by
scanning transmission electron microscopy, photoluminescence, and Raman measurements.
Density functional theory calculation suggests that nanopores facilitate the generation of in-gap
states that provide sinks of free electrons to couple with excitons. The hypothesis of trion
conversion mechanism is corroborated by our ion energy loss simulation, which predicts a

dominant electron ionization effect with negligible atomic interactions, providing potential

evidence on band perturbations and nanopore formation without destroying the overall crystallinity.

This study provides a route in tuning the excitonic properties of van der Waals semiconductors

using irradiation-based defect engineering approach.

Keywords: defect engineering, proton irradiation, nanopores, transition metal dichalcogenides

(TMDs), excitonic property
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Over the past decade, the emerging two-dimensional (2D) van der Waals (vdWs) materials has
been implemented in practical applications such as flexible optoelectronics, spintronic devices,
quantum computing, taking advantage of the unique characteristics such as spin-orbit coupling,
tunable band structure that are capable of delivering unprecedented functionalities as compared to
conventional bulk counterparts.!® Along with progress in quantum science and physics such as
twistronics, valleytronics and Majorana fermions, 2D optoelectronics such as transistors,
photodetectors, light emitting diodes (LEDs), and single photon emitters have been developed
showing outstanding performance.’”-?° Digging into the fundamental dynamics of excitonic states
in vdWs materials such as trions, dark excitons, moiré excitons, or interlayer excitons provides
fruitful insights in extending and tuning the material properties, as well as in building correlations
between fundamental materials physics and devices.?!-?* Trions, the intrinsically charged quasi-
particles composed of either two electrons and a hole (X ™), or two holes and an electron (X ),
enable transport and manipulation of excitons via external electric or magnetic field. Explorations
of valley and spin dynamics as well as tunable binding energy of these tightly bound trions provide
fundamental insights in many-body phenomena, programmable excitons, and novel optoelectronic

devices.2427

In terms of tuning the structure and properties, defect engineering has shown its effectiveness
in vdWs semiconductors.?®3% Thermal annealing, extrinsic doping, external stimuli such as strain,
irradiation, are capable of generating multi-dimensional defects such as vacancies, dislocations,
nanopores that effectively tune the stoichiometry, band structure, excitonic states, thus realizing
controlled or extended electronic, optical or magnetic properties.>!-37 Irradiation with specific
beam energy and fluence to impact 2D surfaces has been demonstrated as an effective defect

engineering approach. For example, electron-beam irradiation has been conducted in situ inside a
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microscope column to explore the atomic displacement and live evolution of edge states.3¥-4% Ton
beam irradiation is considered as another approach to generate defects at industrially relevant
length scales. Ion species such as swift heavy ions (e.g., Xe, Bi) or light ions (e.g. proton, He™)*!-
42 along with other irradiation parameters such as beam energy, flux, fluence, temperature, and
pressure can be controlled, resulting in changes of crystallinity, defect geometry, phase
transformation and exciton emission.?® 4-47 However, studies providing evidence on ion
irradiation induced defects at atomic scale and their correlation with physical properties, e.g.,

excitonic states, are rare.

To unveil electronic and excitonic properties with defect evolution at the atomic level, we have
performed proton irradiation with predefined energy and fluences across atomically thin (1~2
layers) tungsten disulfide (WS;). By incorporating high-resolution photoluminescence (PL)
mapping and scanning transmission electron microscopy (STEM), we have qualitatively
demonstrated generation of nanopores that contributes to the dominating exciton-to-trion
conversion. These nanopores modify local atomic rearrangements and create significant number
of new edges, giving rise to lattice disorder and carrier redistribution, which are confirmed by our
Kelvin probe force microscopy (KPFM), Raman shift measurements, and density functional theory
(DFT) calculations. Our goal is to understand defect engineering and correlated changes of
excitonic states, which plays a vital role in developing 2D optoelectronics with extendable and

tunable device performance.

The exfoliated WS, flakes were dry transferred onto 285 nm amorphous (a-)SiO,/Si (highly
doped) substrates inside a glove box. A 100 keV proton beam with a moderate fluence of 104
ions/cm? was carefully selected to ensure that the irradiation predominantly introduced mild

defects from each ion strike with little chance of defects overlapping from different ions, and that
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the protons would be implanted far deep in the substrate. According to Stopping and Range of Ions
in Matter (SRIM) estimation (Figure S1), ion energy loss to electronic ionizations/excitations is
dominant in the 1L-WS, as compared to that to atomic displacements and phonon productions.
Optical microscopy (OM) images (Figure la) of pristine (non-irradiated) and irradiated WS,
suggest no noticeable change of contrast or microstructural damage to the material, both flakes
appear clean and uniform coverage. Figure 1b shows the PL spectra of 1L-WS, at room
temperature (RT) excited by 2.330 eV photons. Two features can be retrieved upon proton
irradiation, i.e., quenching of the overall PL intensity with comparable peak linewidth, and a 14
meV redshift by comparing the major emission peak between pristine WS, and irradiated WS,.
These changes can be potentially correlated with generation of defect or disorder after being

irradiated by the 100 keV proton beam, which will be discussed in more details.

Next, KPFM was performed to reveal the local work function of the pristine and irradiated WS,
at the um scale. Figure 1c,d displays the KPFM mapping at selected areas of pristine and irradiated
1L-WS, supported by the 285 nm a-SiO,/Si substrate (marked rectangles in Figure 1a). Aside from
the gaps introduced during sample preparation, the mapping indicates desirable homogeneity and
uniform surface coverage without drastic variations in surface potential. The color contrast
indicates a mild drop of contact potential difference (CPD) of WS, after proton irradiation, from
which a lowered work function can be inferred.**-° Line profiles by integrating signals from the
dashed area in Figure 1c,d are shown in Figure le,f. A general comparison reveals differences of
CPD across the a-Si0,/WS; lateral interface, 0.39 V for pristine sample, and 0.27 V for the proton
irradiated sample (blue arrows). Interestingly, there is a gradual increase of CPD (cyan shades)
from the edge towards the center of the WS, flake. We attribute this CPD variation to the

redistribution or modification of the charge state of WS, upon irradiation, which is consistent with
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the quenched PL emission. We also noticed a pronounced drop at the irradiated a-SiO, surface
close to the WS, edge (yellow shades), which may be originated from band bending along the

interface between a-SiO, and WS, due to trapped charges upon irradiation.>!- 32

To construct the emission property over the entire flake, PL mapping (Figure S2 shows area
selection) with the excitation energy of 2.330 eV (532.3 nm) has been conducted on pristine and
irradiated 1L-WS,/a-Si0, at room temperature. Figure 2a-h display the OM images and
corresponding maps of peak amplitude (counts/s), peak width (full width at half maximum, nm)
and peak position (eV) for pristine and irradiated WS,, by fitting the mapped spectra at 2.02 eV.
Upon irradiation, there is a noticeable quenching of PL over the entire flake (Figure 2b,f), while
still exhibits strong emission with uniform distribution. The peak width mapping (Figure 2c,g)
indicates an ideal homogeneity within pristine WS, the minor variations of irradiated WS, could
be caused by potential disorder or defect generation especially near edges or gaps (Figure S2c¢).
Interestingly, from the peak position mapping (Figure 2d,h), there are lower-energy emissions in
both pristine and irradiated WS,, which could be explained by thickness variations due to folding
or defects induced excitonic states near edges.> To identify the peak distribution, the integrated
PL spectra from the mapped area are displayed in Figure 2i,j. Two major emissions, including the
neutral exciton emission (X) at 2.019 eV and the trion emission (X ™) at 1.981 eV for the pristine
flake, as well as X at 2.014 eV and X~ at 1.975 eV for the irradiated flake, have been identified
using Lorentz peak deconvolution.>* The weak trion emission from pristine WS, can be correlated
with intrinsic defects such as sulfur (S) vacancies.> At the same scale, the intensities of the peaks
reveal a noticeable increase of trion emission while a decrease of exciton emission after irradiation.

Quantitatively, the X~ /X shows an increase from 0.142 (pristine) to 0.676 (irradiated), which
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provides direct evidence that the energy transfer from excitons to trions caused by irradiation is

predominant as compared to the intrinsic S vacancy induced transfer.

The CPD variation (Figure 1f) suggests that the supporting a-SiO, layer potentially plays a role
in affecting the local electronic property of WS,.5¢ Therefore, additional measurements were
performed with WS, flakes transferred onto holey silicon nitride (SiN) TEM grids (200 nm-thick
amorphous SiN (a-SiN) coated on 200 pum Si). PL of a free-standing pristine 1L-WS; is displayed
separately in SI Figure S3, showing comparable peak positions and X~ /X ratio with features of
supported pristine WS, (Figure 21). Figure 3a shows a free-standing thin WS, flake after proton
irradiation, containing both monolayer (1L) and bilayer (2L) regions. PL spectra were collected at
RT and 4K, with the laser focus at the hole (green arrow). Interestingly, the X~ /X ratio maintains
a comparable value between SiO, supported (0.676) and free-standing (0.708) WS, upon
irradiation, indicating that the exciton-to-trion conversion is not significantly affected by the
underlying substrate. whereas a significantly enhanced exciton-to-trion conversion, i.e., X~ /X
increases from 0.708 (RT) to 3.122 (4K), suggests a more efficient trion conversion at cryogenic
temperature.®’ It is noted that another broad emission peak located at lower energy (1.870 eV)
could be assigned to the defect-bound state and/or background noise.’® > At 4 K, we mapped the
PL peak amplitude (counts/s), peak width (nm), and peak position (eV) for free-standing irradiated
1L-WS,. The PL emission (Figure 3d) is majorly localized at two regions, i.e., WS,/a-SiN (right)
and WS,/void (left) with slightly higher intensity, referring to the area as marked in Figure 3a. The
peak width mapping (Figure 3e) of the 1L-WS, suggests a minor peak broadening of WS,/void
(left), which indicates more defects or disorder without supporting substrate. From the peak
position mapping (Figure 3f), there is a sharp contrast between the free-standing (left) and

supported (right) region, suggesting that the major emission peak (composed of X and X ™) of
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WS,/void shifts to the lower energy (redshift). It is inferred that proton irradiation induces more
defects or electron interactions with the free-standing WS,, correspondingly, more trions are
formed by coupling excitons with free electrons. Temperature dependent PL and corresponding
areal intensity maps (Figure S4) for 1L-WS,/void indicate continuous redshift and attenuation for

the major emissions, which have been consistently observed in monolayer TMDs.%°

We summarized the room temperature Raman spectra of (A) pristine 1L-WS,/a-Si0,, (B)
irradiated 1L-WS,/a-Si0O,, (C) irradiated 1L-WS,/a-SiN and (D) irradiated 1L-WS,/void (free-
standing) in Figure 3g. The major vibrational modes have been identified. Two first-order modes
at the Brillouin zone center including Eig(l“) and A1,(T), represent the in-plane displacement and
the out-of-plane displacement (inset illustrations), respectively. The LA(M) mode belongs to the
longitudinal acoustic mode that is activated by disorder.®! A minor enhancement of LA(M) has
been visualized for the irradiated 1L-WS, which indicates more disorder. The Ejy(I') exhibits a
slightly dropped intensity (Figure S5), which can be interpreted as less active in-plane interactions
upon irradiation. The remaining peaks, including the longitudinal optical (LO) mode of Si (Figure
S6), appear to be comparable without noticeable changes. Obvious enhancement for LA modes
and the A4(T") modes (red arrows) have been observed in irradiated 1L-WS,/void, which indicates
defect induced disorder and out-of-plane atomic displacement could be more pronounced without
supporting substrate. But in between the two spectra there is no observable lateral shift of these

active Raman modes.°!: 62,

The atomic structure of the free-standing irradiated WS, was probed by aberration-corrected
high-angle annular dark field (AC-HAADF) STEM to unveil defect morphology. Raw images at
low magnification can be found in Figure S7, where a wide distribution of nanopores have been

observed over the entire irradiated 1L-WS,, resulting in approximately 22% area fraction. The
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high-resolution STEM (HRSTEM) micrographs were processed to filter out background and
detector noise. Figure 4a-d display the local atomic stacking close to the nanopores, where a few
interesting features, represented by agglomeration of W atoms (brighter contrast) forming dangling
nanoclusters inside the nanopores, as well as folded W—W stacking at the pore edges, have been
identified. Away from the pores, multiple W vacancies and W—W folding can be traced as marked
by green arrows and dashed circles. Lattice disorder, majorly located at the pore edges where
atomic displacements break the original hexagonal symmetry, has been confirmed by our
hypothesis on the enhanced LA(M) and A;4(I") Raman modes. Reported studies suggest that
(heavy) ion bombardment induces sputtering of S atoms out of covalent bonded S—Mo-S, forming
S vacancies and/or Mo displacement. 41 63- 64 Qur SRIM simulation (Figure S1) indicates a mild
atomic sputtering effect upon proton irradiation which contributes to the nanopore formation
without breaking the overall lattice integrity, but the underlying mechanism could be more
sophisticated. Figure 4e shows a bilayer region where the bonding between W and S atoms can be
identified. The two individual nanopores only occur at the top 1L-WS, while the bottom monolayer
remains intact, potentially indicating that our proton irradiation recipe is effective in defect
generation with controlled ion—matter interaction. The zoomed atomic micrograph (Figure 4f)
away from the nanopore shows a hexagonal stacking that matches well with the perfect WS, model.
It is worth noting that atomic termination (e.g., zigzag or armchair) at the edge is known to affect
the local electronic properties.® % Here, we found that the imaged nanopores (Figure 4g) exhibit
a zigzag alignment with W exposure at the long edges as marked by the overlaid atomic model.
Overall, the coalescence of nanopores generate a series of defects: S vacancies, W vacancies, W

nanoclusters and W-W folding (disorder), broken lattice symmetry at the edges (disorder), and
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zigzag edge exposure. More HRSTEM micrographs collected at different sample regions are

displayed in Figure S8.

It is noted that W clusters will not contribute to the change of photoluminescence due to their
metallic nature. Therefore, by excluding the disorder related defects (W cluster, and W-W folding)
and rather randomly reoriented lattices at the edges which is too sophisticated to predict, the
remaining defects that could affect the local electronic band structure would be W (less common)/S
vacancies, zigzag W edge, and nanopore itself. We then performed DFT calculations of the density
of states (DOS) mimicking each defect type to predict the changes of band gap behavior. Figure
4h-j displays a DOS plot for three major types, including a perfect monolayer WS,, monolayer
WS, with a single S vacancy, a nanopore and a zigzag W edge. Additional calculations and atomic
models are summarized in Figure S9. Perfect 1L-WS, without defects shows a typical band gap of
1.3 eV, whereas calculated DOS of defect contained 1L-WS, exhibit generation of an in-gap state,
represented by the yellow shaded region. Although S vacancy is not the highlighted defect type,
we intended to include it because it is known that the chalcogen vacancies of as-grown or
engineered TMDs play a role in changing the emission properties, which is the origin of our

observed trion peak from both pristine and irradiated 1L-WS,/a-SiO, (Figure 2i).5

To explain the mechanism of trion emission affected by defects, electronic band structures are
illustrated in Figure 4h-j (insets). Perfect 1L-WS, and energy required to excite exciton (electron-
hole pair, e-h) and trion (e-h-e) are shown in different colors. By generating S vacancies within
1L-WS,, a small in-gap state could provide a sink for free electrons, which allows excitons to be
coupled with these electrons to form trions at a lower energy. When nanopores are introduced, we
could expect that the in-gap state further narrows the band gap and induce band perturbations,

which facilitate free carriers coupling with excitons, thus enabling an enhanced exciton-to-trion
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conversion. These predictions are corroborated by our SRIM simulations in terms of proton
induced electronic ionizations/excitations. As compared to S vacancy induced trion emission, we
want to clarify that the nanopore induced trion emission is more dominating, as evidenced by the
PL spectra in Figure 2(i,j). Considering the entire flake of which 22% area is covered with
nanopores, we could imagine 146% increase in the edge length, which significantly alters the
electronic and optical properties. Compare to nanopore generation using thermal annealing, laser
injection, or in situ electron beam injection,’* % % proton irradiation induces formation of
nanopores in wafer scale within a few minutes, while the crystallinity of the material is still
maintained. Potential interactions such as atomic displacement, strained bonds (Si—O or Si—N), or
trapped charges with the supporting substrate are minimized at our selected energy and doses of
proton injection to ensure that the observed change of excitonic properties are mainly originated
from the atomically thin WS, layer.”® 7! Although generation of nanopores with broken lattice
symmetry degrades the overall integrity or homogeneity, proton irradiation as demonstrated here
can be considered as an effective defect engineering method to manipulate excitonic properties of
2D semiconductors and could potentially realize emergence of physical properties such as

ferromagnetism.3¢- 72, 73

To summarize, we have demonstrated that proton irradiation serves as an effective defect
engineering method to introduce nanopores that can be correlated with tuning of physical
properties. We highlight the photoluminescence mapping for both a-Si0O,/Si supported and free-
standing WS, monolayers to demonstrate interesting observations represented by enhanced
exciton-to-trion conversion without deteriorating the material homogeneity or crystallinity. The
nanopores have been clearly observed at atomic resolution, and density of states calculations based

on defects including vacancies, nanopore and zigzag edge termination suggest the generation of
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in-gap states that explain the enhanced trion formation. In general, these defects are intercorrelated
and collaboratively modify the optical and electronic properties. Future directions are open to
realizing controllable generation of defects and understanding the evolution of atomic structure at
the pore edges upon irradiation, such that the exact energy level of excitonic states can be predicted
precisely by defect engineering approach. Our results support fundamental materials physics

toward developing tunable 2D electronic and spintronic devices.

Sample Preparation. Monolayer WS, flakes were prepared using mechanical exfoliation by
scotch tape method. 2H-WS, crystals (>99.995% purity, a = b = 0.315 nm, ¢ = 1.227 nm) were
purchased from HQ graphene. WS, flakes were first exfoliated on polydimethylsiloxane (PDMS)
films sticked on glass slides at ambient atmosphere, and then transferred onto 285 nm a-Si0O,/Si
(highly doped Si for conduction) substrates using the transfer system (HQ Graphene) inside the
glove box. PELCO SiN grids, with 0.1 x 0.1 mm? windows with hole dimensions of 1.25 um,
were applied for free-standing transfer. The grids are composed of 200 nm-thick amorphous SiN
film grown on 200 pm Si wafer. The specimen viewing area is created by etching away a window
in the silicon wafer substrate underneath the SiN membrane, leaving a perfectly smooth, resilient,

and chemically robust SiN film (8 nm).

Proton Irradiation. 100 keV proton beam irradiation was carried out on 200 kV Danfysik
Research Implanter at the lon Beam Materials Laboratory in Los Alamos National Laboratory.
The irradiation was performed under room temperature with a fluence of 10'# ions/cm?, a beam
flux of approximately 10'3 ions/cm?/s. The target chamber was maintained under vacuum of 6107
torr during the irradiation. A thermocouple attached on the copper sample stage indicated no
appreciable temperature change above room temperature. 100 keV energy was chosen to ensure

that only simple point defects were generated within the specimens (no protons stopped in the
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specimens as unwanted hydrogen doping impurities) and within the implanter’s optimum

operating energy range.

Optical Characterization. Photoluminescence and Raman spectroscopic measurements were
conducted in reflection mode using 532.3 nm continuous wave excitation (100 mW, Oxxius LCX-
532S-100, CW single longitudinal mode diode pumped solid state laser), in a Horiba LabRAM
HR Evolution high resolution confocal PL/Raman microscope fitted with volume Bragg gratings.
The sample temperature was controlled by a continuous flow cryostat (MicrostatHiRes variable
temperature optical cryostat system, Oxford Instruments). PL was measured using a 600 mm-!
holographic grating blazed at 500 nm and a 300-700 mm confocal hole diameter, and either a 60x,
0.7 N.A. cover glass-corrected objective (cryostat) or a 100%, 0.9 N.A. objective (ambient). Raman
experiments were configured using a 2400 mm-! holographic grating blazed at 250 nm, a 50 pm
confocal hole diameter. Spectral calibration was performed using the 1332.5 cm’!' band of a
synthetic Type Ila diamond’, and spectral intensity was calibrated using a VIS-halogen light
source (NIST test no. 685/289682-17). Instrumental linewidth broadening was measured using a

Hg(Ar) spectral calibration lamp (Oriel 6035) to be ~0.9 cm! in the configuration used here.

Kelvin Probe Force Microscopy (KPFM). The measurement was conducted at room temperature
and ambient atmosphere using Bruker Dimension Icon atomic force microscopy (AFM) system.
The work function mapping was performed in PeakForce Tapping mode using highly doped Si
(PFQNE-AL) tips. A topography scan with a feedback force deflection setpoint of 7.99 nN was
first used to map the height variation of the sample. The AFM probe was subsequently lifted to a
height of 40 nm above the surface and retraced over the sample. During this lift mode trace, the
KPFM feedback was performed utilizing a direct current (DC) bias voltage applied to the sample

to minimize frequency sidebands resulting from the mixing of mechanical oscillations of the probe
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(~300 kHz) and an 5V alternating current (AC) potential applied to the sample at a frequency of 2
kHz. The contact potential difference (CPD) is related to the work function (WF) between the tip
and sample Vcpp(mV) = (WFgample — WFyip)/q where q is elementary charge unit. The
measurements for all samples were conducted using the same alignment and tip to avoid

instrumental and environmental variations.

Scanning Transmission Electron Microscopy (STEM). A double-aberration-corrected scanning
transmission electron microscope (TEAM 1), i.e., a modified FEI Titan 80-300 microscope
equipped with a high-brightness Schottky-field emission “X-FEG” electron source, was applied
for high-angle annular dark field (HAADF) STEM imaging with an accelerating voltage of 80kV.
HRSTEM image processing (color coding and filtering) was completed based on openNCEM
package (developed by scientists at National Center for Electron Microscopy and accessible

through GitHub, https://github.com/ercius/openNCEM).

DFT calculation. Density functional theory (DFT) based first-principles electronic structure
calculations were carried out by using the pseudopotential projector-augmented wave method
implemented in the Vienna ab initio simulation package (VASP).”> We used an energy cutoff of
500 eV for the plane-wave basis set. Exchange-correlation effects were treated using the Perdew-
Burke-Ernzerhof (PBE) Generalized Gradient Approximation (GGA) density functional. Spin-
orbit coupling effects were included self-consistently. Starting with a single layer WS,, the
following cases were considered: a single-W vacancy (in a 4 X 4 X 1 supercell); a single-S
vacancy (ina 4 X 4 X 1 supercell), a pinhole of the size of 18 WS, formula units (ina 12 X 12 X 1
supercell), and both armchair and zigzag edge strip of the width of about 80 A (rectangular unit

cell). Except for the pinhole structure, for which the calculation was with I" point, the first Brillouin

zone sampling was performed with Monkhorst-Pack (MP) I'-centered 8 X 8 (single-atom vacancy),
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and 12 X 12 X 1 (armchair strip) and 20x20x1 (zigzag strip) k-point meshes. The self-consistent
simulations used a total energy tolerance of 10 =7 eV for convergence. We note that for the zigzag
structure, edge ferromagnetism was reported for MoS, and WS,. In our calculations, only
nonmagnetism was considered for the sole purpose to study the low-energy electronic states. In
addition, the PBE GGA underestimates the band gap is a known fact. However, it does not change

our conclusion on the existence of in-gap electronic states at vacancies or edges.

Supporting Information

(1) SRIM simulation of proton irradiation. Ion energy loss profile of WS,/Si0,/Si and WS,/SiN/Si.
(2) Room temperature PL of a pristine free-standing 1L-WS, flake. (3) Temperature dependent PL
of the irradiated free-standing 1L-WS,. (4) Raman results. (5) Additional HAADF STEM
micrographs of irradiated WS,. (6) Atomic models for defect contained 1L-WS, and additional

DOS profile.
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Figure 1 (a) Microscopic images of pristine WS, and proton irradiated WS, transferred onto a Si
substrate with 285 nm-thick a-SiO,. (b) Room temperature PL spectra of pristine (black) and
irradiated WS, (red) on a-SiO,/Si. Inset shows the normalized intensity profile at the peak
position. (¢,d) KPFM mapping, (e,f) areal contact potential difference (CPD) profile of pristine

1L-WS, (black) and proton irradiated 1L-WS, (red) on a-SiO,/Si.
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Figure 2 PL mapping. (a-d) OM image and peak amplitude (counts/s), peak width (nm) and (c)
peak position (eV) mapping of pristine WS,, (e-h) of irradiated WS, flake. (i,j) PL spectra of

pristine WS, and proton irradiated WS,. Flakes are supported by 285 nm a-SiO,/Si substrate.
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Figure 3 (a-f) PL of free-standing WS, after proton irradiation. (a) OM image. Black dashed area
shows the transferred WS, flake, blue rectangle shows the region selected for P mapping and
green arrow shows the position for PL spectra collection. (b,c) PL spectra at room temperature
(298 K) and at 4 K, respectively. (d-f) PL mapping of peak amplitude (counts/s), peak width (nm),
and peak position (eV) at 4 K. White arrows present regions of free-standing (void) and supported
(a-SiN) WS,. (g) Stacked Raman spectra. A: Pristine 1L-WS,/a-Si10,, B: irradiated 1L-WS,/a-
Si0,, C: irradiated 1L-WS,/a-SiN, D: irradiated 1L-WS,/void. Colored dot lines indicate Raman

active modes. Blue: Ay, cyan: Aj, + LA modes, pink: LA modes, green: E%g mode. Insets
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Figure 4 (a-d) HAADF HRSTEM micrographs and zoomed view of irradiated 1L-WS, with

nanopores. Defects include atomic displacement (disorder), formation of W nanoclusters, W
vacancies, and folded W-W. (e) HAADF STEM micrograph at a bilayer WS, region showing
nanopores. (f) Atomic arrangement of WS, away from the nanopore, (g) at the nanopore edge.
(h-j) DOS profile of pristine monolayer (black), single W vacancy (orange), nanopore with WS,
stoichiometry (purple). Insets illustrate excitation energy of excitons and trions, predicted band

structure of pristine 1L-WS,, 1L-WS, with S vacancies, and 1L-WS, with nanopores.
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