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Abstract

Monolayer two-dimensional (2D) materials have been intensively studied while research on
multilayers is still in its infancy. Here, we induce defects inside bulk MoS:2 through thermal

annealing and near the surface of multilayer MoS: using 375 nm laser irradiation, and investigate



their photoluminescence (PL) and fluorescence lifetime imaging (FLIM). Enhanced emission is
limited within a certain MoS: thickness. The observed enhanced emission is evidenced by a
threshold behavior in super-linear PL intensity increase, strong polarization effects, and increased
lifetime of defect peak. The laser power threshold for enhanced emission is much smaller in defects
near the surface than that inside the bulk of multilayer MoS2. The mechanical strain from a wrinkle
of the sample further lowers the laser power threshold for enhanced emission. By exciting with a
639 nm laser that is close to the fundamental gap between the conduction band minimum and the
valence band maximum, the lifetime of defect enhanced emission increased by 5 times.
Furthermore, one of the competing indirect bandgap emissions disappears, and the defect emission
peak dominates the PL spectrum in the wrinkle area with a strain. The discovered principle can be
applied to future studies on the integration of enhanced emission and single photon emission
involving selectively depopulating the conduction band of the host crystal to defect levels for

quantum emitters.
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Introduction

The advent of two-dimensional (2D) materials has revolutionized the field of nanomaterials,

offering unique properties such as high integration density, tunable electronic and optical

1-3

characteristics, and robust light-matter interactions These materials exhibit intriguing

possibilities due to their point defects, which can bestow them with a diverse array of
6—

functionalities, including tunable electrical conductivity*, ferromagnetism®, memristive behavior

8 and the ability to serve as strain-controlled single photon emitters (SPE) ®!!. In the quest to



harness the full potential of these defects, researchers have primarily focused on 2D monolayers,
where defect emission properties have been thoroughly explored 2%, SPEs have been discovered
in defect states of monolayer transition metal dichalcogenides (TMDs) and h-BN monolayers
mechanically exfoliated or grown by chemical vapor deposition, such as MoS:z 3%, MoSe>'>!7,
WSe 131819 WS, 2021 'MoTez 22, and h-BN 112324 SPEs have also been observed from multilayer
samples of GaSe 2°2°, h-BN?*, and oxidized WS: (i.e.WO3)?’. SPE behavior and a zero-phonon

line clearly separated from phonon sidebands were observed in multilayer h-BN%*,

The practical utility of these defects in monolayers is often hindered by their susceptibility to
oxidation under ambient conditions?®, limiting their long-term stability and potential as single
photon emitters. The pursuit of technologically desirable defects has led to the exploration of
multilayer TMDs, which offer a unique advantage: the ability to embed defects beneath the sample
surface, ensuring their long-term stability as single photon emitters. In a thermal-annealed
multilayer MoS2, the defects embedded inside the bulk can survive under high laser power and the

defect induced PL peak (D-peak) shows a superlinear intensity increase starting at 17 mW?2’.

Although our previously observed defect emission behavior in bulk MoS:2 under thermal strain
is striking * — including strong polarization effects and anomalously strong intensities — the puzzle
remains as to why has this defect not been reported so far, especially considering that TMD optical
properties have garnered the spotlight of 2D research for more than a decade. There are the
following two considerations. (1) The focus of past work on few-layer and monolayer TMD
requires laser powers below ~1 mW to avoid thermal effects and irreversibly damaging the TMDs
sheets . Stronger laser powers in the range of 5— 20 mW lead to surface adsorption or even

thinning and etching *°?. By contrast, bulk MoS> is more resilient to laser irradiation, where laser-



induced heat may distribute throughout the bulk and dissipate more efficiently’. This enables us
to probe bulk MoS: defect emission non-destructively under strong laser powers, contrary to laser
power restrictions usually prescribed for monolayers. (2) Out of the two sets of sulfur vacancy
levels — one unoccupied set in the bandgap and another occupied level near the valence band edge
— the latter is typically lower in energy than the valence band local maximum at the K point in
monolayer and bulk MoS: **. In monolayer MoSa, this occupied level is not known to move above
the valence band maximum (VBM) at K under moderate strain (<5%) *>. By contrast, we
previously showed that this occupied level moves above the VBM at K under only 2% thermal
strain (see e.g. Fig. S11 of Reference®®). This in turn sets up an effective two-level system that
allows direct interband emission between the unoccupied and occupied sulfur vacancy levels,
without participation of the bulk valence band edge at K (the other valence band valley at I has a
much smaller optical matrix element with the midgap state). It is the unconventional combination
of strong laser power applied non-destructively to bulk MoS:2 and the occupied vacancy level

lifting off from the VBM under strain (unique to bulk MoS2) that enables strong emission

intensities and polarization effects in activated sulfur vacancies at room temperature.

In this study, to further verify previous theory predictions and exact conditions for the
enhanced emission, we design and produce S vacancies deep inside multilayer MoS2 using two
methods: thermal annealing introduces defects uniformly in bulk MoS2, and UV 375 nm laser
irradiation induces defects near the surface of bulk MoS>. By applying both thermal and
mechanical strain, enhanced emission occurs at much lower laser power for defects near the
surface than those inside the bulk. The defect (D) peak dominates in the PL spectrum while the
indirect bandgap emission disappears. The lifetime of D peak increases by 5 times when it is

excited from VBM to conduction band minimum.



Experimental methods

Preparation of defects through thermal annealing: A free-standing thick MoS:2 was exfoliated
by contacting a scotch tape at the edge of bulk MoS2 (2D Semiconductor) and peeling off. The
peeled sample was pressed onto copper-coated glass by polydimethylsiloxane (PDMS). It was
annealed at 180 °C for 3 hrs on a hot plate and then rapidly cooled to 0 °C in a fridge for 3 minutes?’.
Then the sample was put in an ultrasonic vibration where the uppermost loose layers were

removed. Thickness measurements were performed through profilometer analysis.

Preparation of defects through 375 nm laser irradiation:

Multilayer MoS2 with a thickness of 86 nm was obtained by the exfoliation of bulk MoS2 (2D
Semiconductor). The exfoliation process involved the use of scotch tape and thermal release tape
as the final step. We then placed the exfoliated multilayer MoS: onto a copper-glass substrate and
pressed it with PDMS. The substrate, with the attached material, underwent heating at 100°C until
the thermal release tape released the sample onto the substrate. The MoS2 was then irradiated with
UV 375 nm laser (2 mm beam size, 8 mW) for 6 minutes. Thickness and wrinkle profiles were
performed in the beam profilometer. Because MoS: is not transparent to 375 nm, the UV 375 nm

laser irradiation generates defects near the surface of multilayer MoSo>.

Raman and Photoluminescence Spectra: Most of Raman and photoluminescence (PL) spectra
measurements were carried out at room temperature using a Renishaw inVia Raman Microscope.
We employed an 1800 lines/mm grating for these measurements, covering a wavelength range of
up to 950 nm. For the PL measurement covering wavelengths up to 1050 nm, we employed a 1200

lines/mm grating. Throughout these measurements, a Cobolt Samba 532 nm laser was utilized,



coupled with a 50x objective lens (numerical aperture NA=0.5) with a working distance of 8.2
mm. Precise laser power adjustments on the sample were achieved through a combination of
neutral density filters and laser power control software provided by Cobolt Samba. The exposure
time remained consistently set at 10 seconds. Notably, 1 mW of laser power corresponded to a
laser intensity of 0.59 kWcm™, based on our optical setup; hereafter we use laser power instead of
laser intensity to document our results. To explore Raman and PL polarization effects, a broadband
polarizing beam splitter cube (Thorlabs) was introduced into the optical path of the Renishaw
inVia, effectively handling scattered light. This adjustment was necessitated by the fact that the
built-in polarizer in the Raman spectrometer had been optimized for Raman polarization near the
532 nm wavelength. We also studied the Raman and PL measurement at room temperature using
633 nm laser coupled with a 50x objective lens (numerical aperture NA=0.5). A heating/cooling
stage (Linkam THMS600) was mounted on the microscope for in-situ low-temperature Raman

and PL analysis.

Fluorescence Lifetime Imaging (FLIM): The fluorescence lifetime imaging (FLIM) and its
lifetime histogram for A-peak and D-peak in the sample of defects near the surface of multilayer
MoS: were measured in a Micro Time 200 time-resolved confocal fluorescence microscope.
Photon detection events were meticulously recorded using a PicoQuant PicoHarp 300 time-
correlated single-photon-counting system. Two Picosecond(PS) lasers were used for the excitation
of PL. One picosecond laser has a wavelength of 639 nm, a repetition rate of 80 MHz, and an
average power of 1.63 mW. The other has a wavelength of 405 nm, a repetition rate of 80 MHz,
and an average power of 3.84 mW. The confocal microscope was equipped with a 20x objective
lens (numerical aperture NA=0.4). The confocal microscope used a 20x objective lens (numerical

aperture NA=0.4) with a working distance of 12.0 mm. To reduce the height variation effect



around the wrinkle, the piezo-stage was set to scan the crest of the wrinkle. Scanning a large area
results in the variation of lifetime event number. Data acquisition and subsequent analysis were

seamlessly executed using SymPho-Time 64 software.
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Figure 1. (a) Optical image of Multilayer MoS2 sample with various thickness regions with
embedded thermal defects. (b) PL spectra under laser powers of 4, 8, 12, 16, 20, 25, 32, and 34
mW for sample thickness of 210 nm. (¢)PL spectra under laser powers of 4, 6, 9, 13, 18, 25, and
30 mW for sample thickness of 360 nm. (d) PL spectra under laser powers of 14 and 25 mW for
sample thickness of 680 nm. (e-f) Ratio of D peak to I peak, computed via peak fitting, as a

function of laser powers for regions with thicknesses of 210 nm (e) and 360 nm (f).

Results of PL. measurement and enhanced emission in thermally annealed MoS;

In this section, we focus on the first type of defective samples obtained by thermal
annealing and explore the relationship between the thickness of our multilayer MoS2 sample and
the enhanced emission arising from defects. Figure 1a shows an optical image of the multilayer
MoS: sample, showcasing various thickness regions obtained through profilometer analysis. Laser
power dependent PL spectra across three different regions of the sample, as depicted in Figures

1b, 1c, and 1d, corresponding to thicknesses of 210 nm, 360 nm, and 680 nm, respectively. In Fig.



1b and 1d, the D peak is around 751 nm (1.65 eV) excited by a low laser power, associated with a
defect that has been tentatively attributed to Vas (di-sulfur vacancy) following the calculated
bandgaps of the oxygen passivated S-defects in Table S2 in the supporting information of a
reference 2. The D peak in Fig. 1c is around 713 nm (1.74 eV), which we attribute to Vs (sulfur
vacancy) following the atomic force microscopy (AFM) images**, comparison of PL measurement
and density functional theory (DFT) calculations 2*** (also in Table S2 of the reference®®). All
samples and defects survive under high laser powers up to 34 mW. The PL intensities of the A-
peak (free exciton peak) and Ii peak (indirect bandgap emission) increase linearly with the laser
power®’. There is no enhanced emission from the sample with a thickness of 680 nm in Fig. 1d as

the ratio of the D peak intensity over the Ii-peak intensity is the same under 15 and 25 mW.

Figs. le and 1f illustrate the intensity ratio of D-peak over li-peak, computed via peak
fitting, for regions with thicknesses of 210 nm and 360 nm. The intensity ratio shows two linear
increase regions fitted with two different slopes, as indicated by the dashed line in Fig. 1e for 210
nm thickness. The D-peak is considered to exhibit enhanced emission, initiating at a laser power
threshold of 19 mW. This transition was previously attributed to the Kc valley replacing the Qc
valley as the CBM as it becomes populated by carriers, relaxing them from Kc valley to defect
levels, and consequently leading to enhanced emission in three-level energy system®. A similar
intensity ratio with two distinguished regions occurs in Fig. 1f for the sample with a thickness of
360 nm. The enhanced emission of D peak is triggered at a laser power of 24 mW. These results
underscore the profound influence of sample thickness on the thermal strain-enabled enhanced
emission. Specifically, thinner multilayer samples (210 nm) exhibit enhanced emission at

relatively lower laser powers (19 mW), while the 360 nm sample, although exhibiting enhanced



emission, did so at higher laser powers (24 mW). Notably, the 680 nm thick region failed to

manifest enhanced emission even under the influence of higher laser power (25 mW).
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Figure 2. (a) PL spectra from 210 nm sample under 45 mW under VV (vertical vertical, dark blue)
and VH (vertical horizontal, light blue) setups, where their intensities normalized relative to 1. (b)

The spectral ratio VV/VH and difference VV-VH for 210 nm sample.

We checked the Raman spectrum under laser power of 4 mW and 25 mW as shown in Fig.
Sla for the sample thickness of 210 nm and in Fig. S1b for 360 nm. The Raman Ez¢ and Aig peak
wavenumbers change by 3.02 and 2.67 cm™! for the sample with a thickness of 210 nm,
respectively, when the laser power is changed from 4 mW to 25 mW. For the sample with a
thickness of 360 nm, E2, and A1 peak wavenumbers change by 3.22 and 2.87 cm™! for laser power
from 4 mW to 25 mW. Usually the Raman peak red-shifts with increasing temperature from lattice
thermal expansion?. It means the thicker sample (360 nm) may have a higher temperature than
the 210 nm sample, due to more absorption in a thicker sample. The defect type is the same in Fig.
1b and 1d so we compare the Raman peak under the laser power of 25 mW. The Raman E2g and
Aig peaks are located at 380.69 and 406.55 cm™!, respectively, for 210 nm thickness, while they
are at 380.35 and 405.97 cm™! for 680 nm thickness. Again, this may be attributed to the thicker
sample (680 nm) having a higher temperature. Considering both temperature and thickness effect,

the sample thickness plays a crucial role in the observation of enhanced emission.



We also measured the polarization effect for the 210 nm sample under a laser power of 45
mW. Fig. 2a shows normalized PL spectra relative to the I1 peak for polarizations of VV (vertical
excitation, vertical scattered signal) and VH (vertical excitation, horizontal scattered signal). The
A, D, and Ii peaks are clearly separated in Fig. 2a. The ratio of the VV spectrum over VH and the
difference of VV and VH spectra are shown in Fig. 2b. Polarization effects can be seen wherever
the ratio deviates significantly from unity. Clearly, VV/VH and VV-VH curves have peaks
centered at D-peak. There is no feature at wavelengths for A and I peaks. As seen from Fig. 2, the
D-peak in the PL spectra is highly polarized, presumably due to it originating from enhanced

emission.

10



Results from MoS; with defects induced by UV laser irradiation

Next, we focus on the second type of defective samples obtained by UV laser irradiation.

The thickness of the multilayer MoS2 sample is determined to be 86 nm using profilometer as
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Figure 3. (a) PL spectra of UV laser irradiation-induced defects in flat multilayer MoS2 under
laser powers of 1, 3, 7, 10, 12, 14, 16, 18, and 20 mW from bottom to top. (b) PL peak intensity
for A-peak (squares), D-peak (tringles), and I-peak (circles) as a function of laser power. (c) The
ratio of D peak to 1 peak intensity, computed via peak fitting, as a function of laser powers. (d)
PL peak positions as a function of laser power where primary axis represents the peak positions
for D-peak and A-peak, and secondary axis represents the peak position for [1-peak.

shown in Fig. S2a for the optical image and in Fig. S2b for the height profile. A wrinkle in the
sample can be seen in the bottom right corner of Fig. S2a and is characterized separately in Fig. S3.
Figures S3a and S3b show the optical image and height profile for this wrinkle in the sample,

respectively. The wrinkle has a height of 3.53 um and a width of 27.1 pm as shown in Fig. S3b

where PL and FLIM were taken. After the sample is irradiated by UV 375 nm laser for 6 minutes,

11



S vacancies have been generated. For the long-term stability of defects and for data management

purposes, we coated the sample with 30 nm Al2O3 by atomic layer deposition at 150 °C.

The D peak at the flat sample region has a wavelength of 718.8 nm at 0.5 mW. Fig. 3a
shows the PL spectra at a flat multilayer MoS2 region under different laser powers of 1, 3, 7, 10,
12, 14, 16, 18, and 20 mW. The A and B peaks (both from free excitons), D peak, and I peak are
observed. Notably, for lower laser powers, the I-peak exhibited higher intensities compared to the
D-peak. As the laser power increased, the D-peak intensity surpassed that of the I peak. We
presented peak-fitted data in Figures 3b and 3c, illustrating laser power-dependent PL intensities
and their ratio, and in Figure 3d, illustrating power-dependent PL peak positions. From Figure 3b,
both the A-peak (squares) and the I-peak (circles) exhibited linear growth from 1 to 15 mW,
whereas the D-peak (triangles) demonstrated a super-linear increase. Enhanced emission occurs
above a laser power of approximately 11 mW, again attributed to efficient relaxation of carriers
from Kc valley to defect levels which cause population inversion in the defect level®. Due to the
cross-over of Kc and Qc valley (Qc valley is higher in energy than the Kc valley after the
transition), the steady-state carrier population becomes depleted in Qc valley, which decreases I
intensity. That is exactly what we have observed for I intensity above 15 mW (indicated by the
second dashed blue line in the vertical direction). The ratio of D/I intensities in Fig. 3¢ also shows

the laser power threshold of 11 mW for the enhanced PL emission.

We next fitted the PL spectrum to extract wavelengths of all peaks. As seen from Fig. 3d,
the wavelengths of the A peak (squares) and the D peak (triangles) increase with the increasing
laser power due to laser-induced thermal strain, as predicted previously by density functional

theory calculations®. At the threshold laser power of 11 mW, the D peak wavelength is 740 nm,

12



almost the same as the calculated threshold wavelength of 738 nm. The decreasing of I-peak
wavelength slows down after 11 mW in Fig. 3d after the cross-over of Kc and Qc valley, as

indicated by dashed red lines for slopes.

We also studied the shift in Raman peaks of Exgand Aig as we increased the laser power in
Figure S4. Increasing the laser power from 0.5 to 11 mW (starting point for the enhanced
emission), E2g and A1g peak wavenumbers changed by 3.52 and 3.27 cm™, indicating an effective
temperature increase locally under laser irradiation by 265 K?°. The increased thermal strain

enables the cross-over of Kc and Qc valley, leading to enhanced emission®.
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Figure 4. (a) Photoluminescence (PL) spectra of UV exposed wrinkled multilayer MoS: at various
laser powers of 1, 3, 5,6, 7,9, 10, 12, and 14 mW from bottom to top using 523 nm Laser. (b) PL
peak intensity for A-peak (squares), D-peak (triangles), and I peak (circles) as a function of laser
power. (c) The ratio of D peak to 11 peak intensity, computed via peak fitting, as a function of laser
powers. (d) Peak positions as function of laser power where primary axis represents the peak

positions for D-peak and A-peak, and secondary axis represents the peak position for I-peak.

To understand the effect of mechanical strain, we then studied PL on a wrinkle in our

multilayer MoS:2 sample. It is a naturally formed wrinkle that occurred during the squeezing of air

13



between MoS: and substrate. The D peak on the wrinkle has a wavelength of 704.7 nm (1.76 eV)
at 0.5 mW, same wavelength as the one produced by UV lamp . Figure 4a shows the PL spectra
on the wrinkle at various laser powers of 1, 3, 5, 6, 7, 9, 10, 12, and 14 mW. Similar to the flat
region discussed above, the two free exciton peaks A and B, defect peak D, and indirect bandgap
peak I are observed. Also similar is the D peak surpassing the I peak in intensity at high laser
powers as observed in the flat region. To get a clearer picture of this phenomenon, we present the
peak fitted data in Figures 4b and 4c indicating the laser power-dependent PL peak intensity and
their ratio, and in Figure 4d, the laser power-dependent PL peak position. From Figure 4b, we
noticed a linear increase in PL peak intensity for the A peak (square) and I peak (circle) from 1 to
10 mW whereas the D peak (triangles) showed super-linear behavior with increasing laser power.
From the D peak intensity change, the enhanced emission can be estimated to start at 8.5 mW. The
laser power threshold of 8.5 mW for the enhanced PL emission is also confirmed in the ratio of
D/I1 intensities in Fig. 4c. Due to the mechanical strain from the wrinkle in addition to the
generated thermal strain, the laser power required to enable enhanced emission in the wrinkle is
lower than that in the flat region. It corresponds to lower laser power of 8.5 mW for the enhanced
emission in Fig. 4b than 11 mW in Fig. 3b. In multilayer MoSez, the threshold laser power is near
2 mW when the MoSez is under both thermal and mechanical strain*®. Above 12 mW laser power
in Fig. 4b, the I peak intensity increases sub-linearly, indicated by the second vertical blue line. It

is again due to strain enabled shifting of the Qc valley above Kc valley.

The fitting of the PL spectrum gives D peak wavelength of 738.9 nm on average and A
peak wavelength of 718.0 nm at 8.5 mW laser power in Fig. 4d, almost the same as the previously
calculated values of 738 and 717 nm, respectively, at 1% strain. The decreasing of I peak

wavelength slows down after the threshold laser power of 8.6 mW after the cross-over of Kc and

14



Qc valley, as indicated by dashed red lines for slopes in Fig. 4d. We also studied the shift in
Raman peaks of Ezg and Aig as we increased the laser power in Figure S5. Increasing the laser
power from 0.5 to 9 mW, Ezg and A1¢ peak wavenumbers change by 4.52 and 3.98 cm™!, indicating

an increase in the effective local temperature by 331 K*°.
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Figure 5. Polarization dependent PL spectra on UV exposed wrinkle region on multilayer MoS2
with 532 nm laser, at 12 mW (a) and 5SmW (b) under VV (blue) and VH (red) setups, where their

intensities normalized relative to the I-peak.

To confirm that the enhanced emission started at the laser power of 8.5 mW on the wrinkle,
we conducted polarization studies®?’. We examined the polarization-dependent
photoluminescence (PL) spectra at two laser powers one below the threshold (5 mW), and one
above the threshold (12 mW). Figures 5a and b illustrate the polarization-dependent PL spectra
acquired at 12 mW and 5 mW, respectively on the wrinkle. We aligned the I peak of the spectra
from both vertical-vertical (VV, blue) and vertical-horizontal (VH, red) polarization setups. From
Figure 5a, it is evident that the intensity of the D peak (760 nm) for VH (red) is notably lower than
the intensity of the D peak (760 nm) for VV (blue) at 12 mW. Conversely, Figure 4b shows that
the VV (blue) and VH (red) curves exhibit similar D peak (730 nm) intensities at 5 mW. We did
peak fitting for both graphs and checked the intensity ratio of the D peak (VV/VH) for both 12

mW and 5 mW. The intensity ratio for D peak is found to be 1.03 for 5 mW and 2.38 for 12 mW.
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This shows that there is a polarization effect for D peak at 12 mW but not at 5 mW due to 8.5 mW
threshold of enhanced emission on the wrinkle. We also studied the polarization dependent Raman
spectra to prove that the VV and VH setups provided us with the parallel and perpendicular
polarization PL spectra, respectively, in Figure S6. Raman spectra in the VH setup do not contain

Ai1g modes.

Discussions

In the thermally-annealed multilayer MoS2, we also observed the enhanced emission for a
defect level near 784 nm as shown in Figure S7. However, there is no enhanced emission from the
defect levels when both PLs from Vs defect (labeled as Di in Figure S8) and one near 810 nm
(labeled as D2) appear in multilayer MoS2 near the edge of 210 nm sample in Fig. 1a, due to the
splitting of electrons from Kc to two defect levels. The intensity ratio of Di/I1 decreases while
D2/11 increases linearly with the increasing laser power in Figure S8. The defects in thermally-
annealed multilayer MoS: are stable and the observed enhanced emission is reproducible after the
sample was kept in lab atmospheric condition for 10 months and re-measured. In a thin sample
MoS: with a thickness of 25 nm, peaks near 583 nm that are related to a burned sample®®, have
been observed when the laser power reached 8 mW, as shown in Figure S9. Based on our
observation, the optimal thickness range for achieving enhanced emission is between 25 nm and
360 nm. The safe operational window for laser powers is up to 30 mW for the thermally-annealed

multilayer MoSa.

The safe operation window for laser powers is up to 22 mW for the UV laser irradiated
multilayer MoS:z as shown in Figure S10 where the optical image shows a burned sample under a

laser power of 24 mW. In another UV-irradiated multilayer MoS: with a thickness of 89 nm, the
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laser power of up to 25 mW can be used for the enhanced emission as shown in Figure S11. These

UV-induced effects have been stable for 14 months. The lower operation window for laser powers

in UV laser induced defects than in thermally annealing-induced ones is due to the existence of

defects closer to the sample surface. After 14 months, the sample in Fig. 3 and 4 was cooled down

to 103 K and warmed up to room temperature. The enhanced emission from defects of such a

sample is reproducible as shown in Figure S10. In a UV-irradiated multilayer MoS2 with a

thickness of 10 nm, the sample was burned under a laser power of 5 mW (Figure S12). The optimal

thickness range for achieving enhanced emission from UV-induced defect is expected between 35

(2]

PL Intensity (a.u)

Figure 6. (a) Schematic of the band structure of bulk MoS: under different thermal strains.
The 633 nm or 639 nm laser can pump electrons to Kc only. (b) PL spectra from a multilayer
MoS: without defects (dark blue line), with defects in flat region (dark purple line) and with
defects in a wrinkle with a mechanic strain (pink line), excited by 633 nm. (c) PL spectra of
UV laser irradiation-induced defects in flat multilayer MoS: at 103 K, excited by 532 nm laser.
(d) The ratio of D peak to 11 peak intensity, computed via peak fitting, as a function of laser

powers.
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A more detailed computational analysis leads to further experimental studies below. Figure
6a shows a schematic of the multilayer MoS2 band structure based on our previous work (see
Fig.S11 of Ref. [29]). The band structures for increasing strain are plotted in darker colors. The
strain engineering has resulted in a cross-over of Kc and Qc (i.e the energy level of Kc is lower
than Qc for bulk MoS: under thermal strains). As shown in the diagram, a carefully selected
excitation laser (using 633 nm in PL and 639 nm in FLIM) pumps the electron to K¢ valley only.
Above the threshold strain, the pristine Qc-I'v (I1) indirect bandgap crosses over to the Kc-I'v (I2)
indirect bandgap, resulting in more effective carrier relaxation from Kc valley to the defect level®.
We next consider another possibility of pumping carriers only to the Kc valley which eliminates
I1 from the PL spectrum and potentially allows carriers to relax more efficiently to the defect level.
So, we studied the PL spectra by exciting MoS:2 with a 633 nm laser that is close to the fundamental
gap between the conduction band minimum and the valence band maximum in our multilayer
MoS: under different conditions. Figure 6b shows the PL spectra from our multilayer MoS2
without defects (dark blue line), with defects in flat region (dark purple line), and with defects in
a wrinkle with a mechanic strain (pink line), excited by 633 nm laser. There is no 11 emission in
all PLs because there is no carrier in the Qc valley. In the sample with defects, A-peak has a similar
intensity as I2 emission. D-peak has a higher intensity than the 1> emission in the flat sample. With
a strain in the wrinkle, the D peak is dominating in the PL, and 1> emission has a less intensity than

those in samples without the mechanic strain.

To further test the thermal-strain effect, we cool down the multilayer MoS:z in Fig. 3 to 103 K. Fig.
6¢ shows PL spectra of UV laser irradiation-induced defects under laser powers of 1.5, 7, and 16
mW of 532 nm laser. Fig. 6d shows the decreasing ratio of D peak to 11 peak intensity with
increasing laser powers. There is no enhanced emission when the sample is at 103 K. The same

sample shows the enhanced emission at room temperature in Figure S10, measured after Fig. 6¢
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and 6d. These results indicate that thermal strain in MoS: at the low temperature is not high enough
for the cross-over of K¢ and Qc.

To get the lifetime of the carrier, we studied the fluorescence lifetime imaging (FLIM) of
the wrinkle region. Figure S13 shows an optical image of the wrinkle. Figure 7a and b show the
FLIM measurement of the A and D peaks respectively in the wrinkle when the PL is excited by a
405 nm laser. The corresponding lifetime histogram is shown in Figure 7c where the lifetimes for
A and D peak are 1.15 and 1.29 ns respectively. Under 639 nm laser excitation, the FLIM
measurement of the wrinkle region for A and D peaks and the corresponding lifetime histogram

are shown in Figures 7d-f respectively. The lifetime is measured to be 6.56 ns for D peak and 1.26
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Figure 7. (a) FLIM measurement of the wrinkle region using 700+20 nm bandpass filter when
the PL is excited by 405 nm laser. (b) FLIM measurement of the wrinkle region using 750+20 nm
bandpass filter when the PL is excited by 405 nm laser. (c) Lifetime histogram obtained from
FLIM when the PL is excited by 405 nm laser. (d) FLIM measurement of the whole wrinkle region
using 700+20 nm bandpass filter when the PL is excited by 639 nm laser. (e) FLIM measurement
of the whole wrinkle region using 750+20 nm bandpass filter when the PL is excited by 639 nm
laser. (f) Lifetime histogram obtained from FLIM when the PL is excited by 639 nm laser.
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ns for the A peak as shown in Figure 7f. The dashed and solid blue lines are data from two different
measurements for the check of reproducibility. Achieving population inversion necessitates a
difference in lifetime between competing excited states, and the presence of these two distinct
peaks in the lifetime histogram strongly indicates such a difference. The FLIM unequivocally

reveals the existence of enhanced emission from the D peak, consistent with our earlier findings.

In the future, a carefully selected laser can pump electrons to Kc only then the electrons
jump from Kc to the point defects by integrating a resonant cavity with the sample, resulting in
single photon emission (SPE) with high brightness®®. To achieve the SPE, defects are created in
vacuum, primarily associated with un-passivated Vs. (only Vs defects are observed in UV-
irradiated multilayer MoS: in this study). The defect density should be controlled by adjusting the
laser power or exposure time. The beam control and manipulation of UV laser are easier than the
ion beam. Recently we applied UV laser to the sample through an objective lens. Finding the
relationship between the defect peak strength and the Gaussian distribution of UV laser power is
very efficient. In multilayer MoS2, raising the temperature instead of cooling down the sample
might be necessary to observe the SPE. Deterministic strain patterning in multilayer MoS2 will be
a challenge. Another challenge is to characterize the defects at the atomic level. The scanning
tunneling microscope (STM) ** and dark-field scanning transmission electron microscopy (ADF-

STEM)* imaging are effective in characterizing defects in monolayer MoS:. It is challenging to

locate the defects in bulk MoS2 for STM and ADF-STEM.

Summary

In this study, we have generated and studied S vacancies in multilayer MoS: through

thermal annealing and through UV 375 nm laser irradiation. Our study of the defects in the bulk
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underscores the profound influence of sample thickness on the thermal strain enabled enhanced
emission. Even though the thick samples absorb more temperatures, enhanced emission occurs
only within a limited thickness of the sample. The laser threshold for enhanced emission from
surface defects is observed to have a lower value compared to the bulk defects. The threshold can
be further reduced if we could combine mechanical strain with the thermal strain. When an
excitation near the fundamental bandgap is applied to the defect on wrinkles, we can make the
defect emission prominent in the PL spectra by eliminating the indirect I1 emission. Such an
excitation would also increase the lifetime of enhanced emission by 5 times that of the A peak

emission.

Supporting Information

Laser power and sample thickness-dependent Raman Spectra from flat and strained multilayer
MoS2, optical images from beam profilometer, polarization-dependent Raman spectra, PL spectra
under laser powers, PL spectra from a sample with two defect lines under different laser powers.
PL spectra of thin samples with thicknesses of 25 nm and 10 nm., PL spectra for checking the
defect stability and reproducibility of enhanced emission.
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Figure S2. Raman spectra under laser power of 4 mW(blue) and 25 mW(red) for Multilayer MoS:
of thickness (a) 210 nm (b) 360 nm (c¢) Raman spectra under laser power of 15 mW(blue) and 25
mW(red) for Multilayer MoS:2 of thickness 680 nm
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Figure S2. (a) Image of the sample surface of multilayer MoS:2 with flat and wrinkle region made

by profilometer. (b) The profilometer measurements for calculating sample thickness.

Figure S3. Optical image from profilometer for measuring height and width of the wrinkle in

the multilayer MoS:2 (a) and the corresponding profiles (b).
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Figure S4. (a) Power dependent Raman spectra on the flat region of multilayer MoS:> at
various laser powers of 0.25, 0.5, 1, 2, 2.5, 3,5, 7,9, 10, 11, 12, 13, 14, 15, 16,17, 18, 19,
and 20 mW. (b)Raman peak shift of E2g and Aig as we increased the laser power on the flat

region of multilayer MoSz. Blue colour represents Aig peak and red colour represent Exg
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Figure S5. (a) Power dependent Raman spectra on the wrinkle region of multilayer MoS: at

various laser powers of from 0.5, 1,2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, and 14 mW. (b)Raman

peak shift of Exg and Aig as we increased the laser power on the flat region of multilayer MoS..

Blue colour represents Aig peak and red colour represent Ezg peak.
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Figure S6. Polarization dependent Raman spectra in the wrinkle region of multilayer

MoS: (a) at 12 mW and (b) at SmW where red curve represents the parallel polarization

(VV) and blue curve represents the perpendicular polarization (VH).
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Figure S7. (a) PL spectra under laser powers of 1, 2, 5, 8, 12, 16, 20, and 22 mW from a different
sample MoS: from Fig. 1a. (b) The ratio of D peak to 1 peak as a function of laser powers.
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Figure S8. (a) PL spectra under laser powers of 1, 2, 5,7, 9, 12, 14, 16, and 18 mW from an edge
of 210 nm sample in Fig. 1a. (b) D2-PL peak positions as a function of laser power. (c) The ratio
of D1 (D2) peak to 11 intensity, computed via peak fitting, as a function of laser powers.
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Figure S9. PL spectra under laser powers of 0.5,1, 2, 4, and 8 mW from thermally annealed
multilayer MoS:2 with a thickness of 25 nm. The appearance of peaks near 583 nm is related to the
burned sample!.
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Figure S10. (a) PL spectra of UV laser irradiation-induced defects in flat multilayer MoS2 with a
thickness of 86 nm under laser powers of 1, 5, 10, 15, and 22 mW from bottom to top. The sample
is 14 months old and has been cooled down to 103 K once. (b) The ratio of D peak to I peak
intensity, computed via peak fitting, as a function of laser powers. (c) Optical image of burned
sample after an exposure to a laser power of 24 mW.
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Figure S11. (a) PL spectra of UV laser irradiation-induced defects in flat multilayer MoS:2 with a
thickness of 89 nm under laser powers of 7, 11,15, 19, and 25 mW from bottom to top.
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Figure S12. PL spectra of UV laser irradiation-induced defects in flat multilayer MoS2 with a
thickness of 10 nm under laser powers of 2.5, and 5 mW from bottom to top. The appearance of

the peak near 583 nm indicates that the sample is burned under 5 mW',
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Wrinkle

Figure S13. (a) Optical image of the wrinkle from multilayer MoS2 sample.
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