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Monolayer transition metal dichalcogenides (TMDs) have emerged as highly promising candidates for opto-
electronic applications due to their direct band gap and strong light—matter interactions. However, exfoliated
TMDs have demonstrated optical characteristics that fall short of expectations, primarily because of significant
defects and associated doping in the synthesized TMD crystals. Here, we report the improvement of optical
properties in monolayer TMDs of MoS,, MoSe,, WS,, and WSe,, by hBN-encapsulation annealing. Monolayer
WSe, showed 2000% enhanced photoluminescence quantum yield (PLQY) and 1000% increased lifetime after
encapsulation annealing at 1000 °C, which are attributed to dominant radiative recombination of excitons
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through dedoping of monolayer TMDs. Furthermore, after encapsulation annealing, the transport character-
istics of monolayer WS, changed from n-type to ambipolar, along with an enhanced hole transport, which
also support dedoping of annealed TMDs. This work provides an innovative approach to elevate the optical

Open Access Article. Published on 26 February 2024. Downloaded on 1/18/2026 8:09:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/nanoscale

Introduction

Semiconducting TMDs have significant potential in optical
applications owing to their large exciton binding energy, indir-
ect-to-direct band transition, and strong light-matter
interaction."™ However, exfoliated or synthesized TMDs have
shown different optical properties because they are strongly
affected by several factors, such as doping, strain, chemical
reaction, dielectric environment, and defects, that are also
correlated.”** For example, chalcogen vacancies cause n-type
doping and provide non-radiative recombination pathways in the
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grade of monolayer TMDs, enabling the fabrication of high-performance optoelectronic devices.

TMDs."" Numerous studies have demonstrated improvements in
the PL of monolayer TMDs through various approaches, includ-
ing decreasing chalcogen vacancies, electrostatically doping, or
applying mechanical strain.*””"*'* However, the critical factor
responsible for the enhancement of PL remains elusive. This
poses challenges in the fabrication of optical grade TMDs with
optical properties approaching the theoretical upper limit. Here,
we report a significant enhancement of optical properties in
monolayer TMDs, including MoS,, MoSe,, WS,, and WSe,, by
hBN-encapsulation annealing. Despite the 400% increase in
defect density resulting from annealing hBN-encapsulated
1L-WSe, at 1000 °C, it astonishingly led to a remarkable 2000%
increase in PL quantum yield (QY) and a 1000% extension in PL
lifetime. Additionally, transport characteristics of the 1L-WS,
transformed from n-type to ambipolar behavior along with an
enhanced hole transport after encapsulation annealing. Our
observation suggests that modulation of doping by hBN-encapsu-
lation annealing plays a critical role in the optical grade of mono-
layer TMDs.

Results and discussion

For encapsulation annealing of monolayer TMDs, we fabri-
cated stacks of hBN/TMDs/hBN using a pick-up technique.'®
Fig. 1a shows an optical microscopic image and atomic force

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 hBN-encapsulation annealing of 1L-TMDs. Optical microscopic images (left) and AFM topography images (right) of hBN-encapsulated
1L-WSe; (a) before and (b) after annealing at 1000 °C. Raman spectra of hBN-encapsulated (c) 1L-WSe; and (d) 1L-MoS, before (blue) and after
annealing (red). () FWHM of E%g and A4 peak (top) and intensity ratio of I(LA)/I(E%g) and /(LA)/I(Ag) (bottom) of hBN-encapsulated 1L-MoS; before

(blue) and after annealing (red).

microscopy (AFM) topography image of the as-stacked hBN/
1L-WSe,/hBN. After being annealed at 1000 °C in vacuum for
1 hour, no significant change was observed as shown in
Fig. 1b. Furthermore, as indicated by thickness profiles (white
dashed lines) in Fig. 1a and b, there was no change in the
thickness of the 1L-WSe, after encapsulation annealing. In
contrast, the as-exfoliated 1L-WSe, on a SiO, substrate was
thermally degraded and finally removed at 1000 °C during
annealing (Fig. S1f), which is consistent with previous
studies."®"” To examine the structural changes and doping
effect due to encapsulation annealing, we measured the
Raman spectra of hBN-encapsulated 1L-WSe, before and after
annealing (Fig. 1c). After encapsulation annealing, no notice-
able change was observed. To clearly identify the effect of
strain and doping, we used 1L-MoS, as an indicator used in
previous studies."®*° Fig. 1d shows the Raman spectra of hBN-
encapsulated 1L-MoS, before and after annealing. The full
width at half maximum (FWHM) of both A, and Eig peaks
decreased. Moreover, the encapsulation annealing process
leads to a decrease in the intensity of the defect-related LA
mode (~227 em™') and an increase in the intensities of A,
and Eég peaks. These results are summarized in Fig. le: the
FWHM values of Ay and Ej, peaks and ratios of I(LA)/I(Asg)
and I(LA)/I(E;g) decreased after encapsulation annealing. The
position shifts of A;; and E;g peaks in Fig. S2 and S31 show
that the 1L-MoS, becomes dedoped after encapsulation
annealing.

This journal is © The Royal Society of Chemistry 2024

To study the effect of encapsulation annealing on the
optical properties of monolayer TMDs, we measured the PL
spectra of 1L-WSe, before and after encapsulation annealing
(Fig. 2a). After encapsulation annealing, the PL intensity of
1L-WSe, exhibited a significant increase by a factor of 8.8. The
PL intensity map in Fig. 2b verifies that the PL was uniformly
enhanced over whole area of 1L-WSe,. To explore how anneal-
ing temperature influences the PL intensity, we assessed the
PL intensity of the annealed hBN/1L-WSe,/hBN and 1L-WSe,/
SiO, structures, as depicted in Fig. 2d. The annealing process
was conducted in increments of 100 °C, spanning a range
from Tynnear = 100 to 1000 °C. Up to 300 °C, the PL intensity
for the hBN/1L-WSe,/hBN remained almost unchanged. It was
only after annealing at 400 °C that a noticeable increase in PL
intensity became evident. Between 400 °C and 600 °C, there
was a sharp increase in PL intensity, aligning with the temp-
erature range where the trion/exciton intensity ratio and
FWHM of A exciton peak rapidly decreases, as indicated in the
inset of Fig. 2a and S4f respectively. Given that trions primar-
ily follow a non-radiative pathway, the diminished trion/
exciton ratio suggests that the radiative recombination of exci-
tons dominates in our samples.” However, the PL intensity
showed no further increase at higher temperature than 700 °C.
In contrast, the 1L-WSe,/SiO, showed a marked decline in PL
intensity at 500 °C and no PL at higher temperature due to
thermal degradation of WSe, (see Fig. S51 for PL spectra of
1L-WSe,/SiO, before and after annealing at 1000 °C).
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Fig. 2 PL enhancement of monolayer TMD by hBN-encapsulation annealing. (a) PL intensity spectra of hBN-encapsulated 1L-WSe, before (blue)
and after annealing (red). Inset: Annealing temperature (100-1000 °C) dependent PL intensity ratio of trion and exciton. (b) PL intensity map of hBN-
encapsulated 1L-WSe, before (top) and after annealing (bottom). (c) Annealing temperature dependent PL intensity of hBN/1L-WSe,/hBN (red) and
1L-WSe,/SiO, (blue) structures. (d) Bar plot indicating the PL enhancement factor for each 1L-MX, (M = Mo, W/X =S, Se) after encapsulation anneal-
ing. Inset: PL intensity of each monolayer TMD after encapsulation annealing.

Additionally, we annealed monolayers of MoS,, MoSe,, and
WS, 1000 °C for 1 h, all encapsulated with hBN. As shown in
Fig. 2d, it was verified that the enhancement in PL is not exclu-
sive to WSe,. The PL intensity of MoS,, MoSe,, and WS,
increased by a factor of 3.5, 4.2, and 9, respectively. The PL
intensities of these four monolayer TMDs after encapsulation
annealing are displayed in the inset of Fig. 2d.
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In Fig. 3, we investigated the optical properties of 1L-WSe,
before and after encapsulation annealing. Fig. 3a and b show
the PL contour plots of the as-stacked and annealed 1L-WSe,
as a function of temperature, respectively. Below 100 K, there
is no significant difference between PL intensity and peak
positions of two samples. However, the A exciton (X,) PL peak

of annealed 1L-WSe, is higher than that of the as-stacked one
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Fig. 3 Optical property measurement of hBN-encapsulated 1L-WSe, before and after annealing. Contour plots of PL spectra of hBN-encapsulated
1L-WSe; as a function of temperature (10—180 K) (a) before and (b) after annealing. (c) A exciton intensity as a function of temperature of exfoliated
1L-WSe; (green), hBN-encapsulated 1L-WSe, before (blue) and after annealing (red). (d) PL spectra (10 K) of hBN-encapsulated 1L-WSe, before
(blue) and after annealing (red). (e) Plot of QY as a function of the generation rate and (f) normalized TRPL decay curves for hBN-encapsulated

1L-WSe; before (blue) and after annealing (red).
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above 100 K. Fig. 3c shows the temperature-dependent A
exciton PL intensities of the two samples. As the temperature
decreases, the PL intensity of both samples increases, then
decreases around 100 and 120 K for as-stacked and annealed
1L-WSe,, respectively. This is in contrast to the previous report
that the PL intensity continuously is reduced as the tempera-
ture decreases due to the dominant population of dark exci-
tons of WSe,, which is shown in Fig. 3c.”’ The high quality
WSe, synthesized by a flux method in ref. 21 shows the similar
trend in the temperature-dependent measurement of PL
because of the interplay between defect- and phonon-scatter-
ing and the dark exciton state. It is noteworthy that, even
though hBN-encapsulation enhances the PL of WSe,, addition-
ally annealed WSe, shows higher PL intensity in the tempera-
ture range above 100 K. Fig. 3d shows the PL spectra of as-
stacked and annealed 1L-WSe, measured at 10 K. The individ-
ual PL peaks correspond to the A exciton (P,), biexciton (P,),
intervalley trion (P;), intravalley trion (P,), negatively charged
biexciton (Ps), and localized excitons (Ps-P,0), respectively as
indicated in Fig. 3d.>>* At 10 K, spin-forbidden dark excitons
are prevalent and A exciton PL peaks of both samples show no
significant difference. However, after encapsulation annealing,
the negatively charged biexciton (Ps) is suppressed, while the

View Article Online
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biexciton (P,) is enhanced. This phenomenon can also be
attributed to a dedoping effect as a higher concentration of
biexcitons is expected in neutralized WSe, compared to nega-
tively charged biexcitons. In the case of hBN-encapsulation
annealed 1L-MoS, with bright excitons (Fig. S61),>® the PL
intensity increases with decreasing temperature and A exciton
PL peak becomes much higher after encapsulation annealing
due to the dedoping effect.

Next, we measured the PL QY of as-stacked and annealed
1L-WSe, in Fig. 3e. The annealed 1L-WSe, exhibited higher PL
QY of 0.18% at a generation rate of 10"” cm™> s~ by 20 times
than that of the as-stacked 1L-WSe, (0.009%). The significant
improvement in PL QY can be ascribed to the prevalent for-
mation of neutral excitons, which predominantly follow a
radiative recombination path. We also verified that the PL QY
of annealed 1L-MoS, increases by a factor of 5 (Fig. S7af). To
analyze the exciton recombination dynamics of annealed
WSe,, time-resolved photoluminescence (TRPL) measurements
were performed in Fig. 3f. The PL decay curves were fitted with
a single exponential decay function, I(t) = jfw IRF(t')e~ = dt,
where IRF is a Gaussian instrument response function.?® The
annealed WSe, exhibits a relatively prolonged lifetime of 1.3
ns, surpassing that of the as-stacked one by an order of magni-
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Fig. 4 Electrical properties of hBN/1L-WS,/hBN (WS, FET) device before and after annealing. (a) Schematic illustration and (b) optical microscopic
image of the fabricated WS, device. l4s—Vy characteristics for WS, FET (c) before and (d) after annealing. /4s—Vys characteristics for WS, FET (e)
before and (f) after annealing as a function of gate voltage (V) ranging from 0 to 12 V for n-type transport and 0 to —8 V for p-type transport (inset).
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tude. The recombination lifetime (z,p) is determined by combi-
nation of the radiative (z,) and nonradiative (z,,) lifetimes as
per the following equation:
1 1 1
T —
Tob 7r Tnr

Because the radiative lifetime is longer than nonradiative
lifetime by an order of magnitude, the prolonged lifetime of
the annealed WSe, indicates that the radiative recombination
of neutral excitons is dominant and the formation of trions
with nonradiative recombination is suppressed due to the
dedoping effect.>**” The annealed 1L-MoS, also showed an
increased lifetime as shown in Fig. S7b.7

The effects of encapsulation annealing on the electrical pro-
perties of monolayer TMDs are investigated in Fig. 4. We fabri-
cated an hBN-encapsulated 1L-WS, device with graphene elec-
trodes as shown in the schematic of Fig. 4a. Fig. 4b shows an
optical microscopic image of a representative 1L-WS, device.
As shown in transport curves of Fig. 4c and d, the 1L-WS,
device exhibited enhanced p-type transport after encapsulation
annealing. This result also supports that the WS, channel is
dedoped as confirmed by the Raman spectroscopic measure-
ments and PL analyses in Fig. S31 and Fig. 3. Despite dedop-
ing induced by encapsulation annealing, the field effect mobi-
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lity for electrons increased from 4.94 to 5.14 cm” V™' s". The
n-type transport properties of the 1L-WS, remained consistent,
whereas the p-type transport exhibited enhancement after
encapsulation annealing, as shown in the output curves of
Fig. 4e and f. These findings indicate that the dedoping
induced by encapsulation annealing results in alterations in
the electrical properties, while still preserving high electrical
performance.

To probe the structural changes of 1L-WSe, during encap-
sulation annealing, we employed scanning transmission elec-
tron microscopy (STEM) in Fig. 5a—c. For the STEM character-
ization, 1L-graphene was used as an encapsulation layer as the
graphene has a small background signal (see Methods for
details of the TEM sample preparation).”®*° The high-angle
annular dark field (HAADF) STEM images of Fig. 5a and b
show the atomic structures of as-stacked and annealed
1L-WSe,. We calculated the defect densities of two samples
using a deep learning process with 1000 simulated STEM
images (1024 x 1024 pixels) as we previously reported.*’ The
defect density increased from 0.33% to 1.38% (see the ESI} for
details of the defect density calculation). This is contrary to
previous reports that defect density and PL intensity have an
inverse correlation.®> In order to differentiate the types of
defects in as-stacked and annealed WSe,, we plot the defect
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Fig. 5 Structural analysis of hBN-encapsulated WSe, before and after annealing. HAADF-STEM image of graphene-encapsulated 1L-WSe, (a)
before and (b) after annealing. (c) Spectra of number of defects per total atoms as a function of intensity of defect sites in 1L-WSe, before (blue) and
after annealing (red). Inset: Normalized Spectra. XPS spectra of (d) W 4f, (e) Se 3d core levels of hBN-encapsulated 2L-WSe, before and after

annealing.
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density, i.e. counts, as a function of contrast intensity of STEM
images as shown in Fig. 5c. It is clear that the encapsulation
annealed WSe, has more defects with relatively high contrast
intensity as shown in the inset of Fig. 5c. The vacant sites in
defects with higher contrast intensity might be substituted by
impurities, such as oxygen, because it has been reported that
chalcogen vacancies are substituted by oxygen during post
treatments, such as thermal annealing and laser exposure,
leading to reduction of vacancy-induced in-gap states below
the conduction band.*”**"*°

To examine the compositions of as-stacked and annealed
WSe,, X-ray photoelectron spectroscopy (XPS) was used. Note
that we used 2L-WSe, for XPS measurements as the monolayer
generates low signals. Fig. 5d and e show the XPS spectra of W
4f and Se 3d core levels before and after encapsulation anneal-
ing, respectively. The three distinct features of the W 4f,,, W
afs;,, and W 5p;,, are observed at 32.3, 34.4, and 37.6 €V,
respectively. The doublets observed at 54.6 and 55.5 eV corres-
pond to the Se 3ds/, and Se 3d;,.*" After encapsulation anneal-
ing, the binding energies of W 4f and Se 3d core-levels blue-
shifted, possibly indicating improved crystallinity. Based on
our observed results, the origin of the dedoping effect induced
by encapsulation annealing can be ascribed to the substitution
of vacancies with oxygen and the enhanced crystallinity in
defect-free areas.

Conclusions

In conclusion, we demonstrate a hBN-encapsulation annealing
method to achieve the optical grade of monolayer TMDs. After
annealing at 1000 °C for 1 h, we observed enhancement of PL
intensity, QY, and lifetime in hBN-encapsulated 1L-TMD. The
hBN-encapsulated 1L-WS, exhibited a transition in the trans-
port characteristics from n-type to ambipolar behavior, which
can be attributed to the dedoping of WS, after encapsulation
annealing. STEM measurements indicated an increase of
defect density after encapsulation annealing. Our observation
that the n-type TMD undergoes dedoping despite increased
defect density is an exceptional case. Our deep learning ana-
lysis implies that the majority of the newly introduced defects
might be impurities rather than selenium vacancies. Our work
shows a novel way to transform monolayer TMDs into optical
grade materials by the hBN-encapsulation annealing and has
great potential for various optoelectronic applications.

Methods

Chemical vapor deposition growth

1L-MoS, crystals were grown on silicon dioxide/silicon (SiO,/
Si) substrates with SiO, thickness of 285 nm by the CVD
method within a 2-inch quartz tube, conducted under atmos-
pheric pressure. To synthesize 1L-MoS,, a quartz boat contain-
ing MoO; powder (99.97%, Sigma-Aldrich) was positioned in
the center of a furnace, and a SiO,/Si substrate was suspended

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

face-down on top of the boat. Another quartz boat loaded with
sulfur powder (Sigma-Aldrich) was located upstream within
the quartz tube, approximately 21.5 centimeters away from the
center of the furnace. The furnace temperature was gradually
increased to 750 °C at a rate of 50 °C per minute and main-
tained for 15 minutes, and then the furnace was naturally
cooled to room temperature. Ar (300 sccm) was flowed for the
entire growth process.

Sample preparation

2D flakes utilized in the fabrication process were mechanically
exfoliated onto SiO,/Si substrates. The thickness of each
material was individually verified using a combination of
Atomic Force Microscopy (AFM) and optical contrast. To
encapsulate monolayer TMD between hBN, the pick-up trans-
fer technique was used with a polypropylene carbonate
(bisphenol A carbonate, Sigma Aldrich) (PC)-coated poly
(dimethyl siloxane) (PDMS) lens mounted on a slide glass to
pick-up and release.'> The PDMS/PC/slide glass assembly was
manipulated using a 3-axis micromanipulator to control the
position of the contact area. By solely regulating the stage
temperature within the range of 80-130 °C, the top hBN was
picked up completely by the PC, ensuring there were no cracks
or folds. Once the hBN had been separated from the sub-
strates, monolayer TMD and the bottom hBN were picked-up
by van der Waals forces from the top hBN to form hBN/
1L-TMD/hBN ultrathin 2D heterostructures. It’s important to
note that monolayer TMD had to be fully encapsulated by hBN
without any bubbles; otherwise, the monolayer TMD would
degrade during the annealing process. After stacking, the
heterostructure was transferred onto a clean SiO,/Si substrate
by releasing the PC film from the PDMS lens at a temperature
exceeding 180 °C. Finally, to remove the PC film, the samples
were immersed in chloroform for 30 minutes. Similar to hBN-
encapsulated monolayer TMDs, graphene-encapsulated mono-
layer TMDs for STEM imaging were also prepared using the
dry-transfer method.>®*° To prevent degradation of hetero-
structures during annealing, bi- or trilayer graphene was used.
Nonetheless, removing graphene from the SiO,/Si substrate
proves challenging due to the stronger adhesion of Gr/SiO, in
comparison to hBN/SiO,.** Therefore, hBN was employed as
the upper layer to facilitate the easy detachment of the gra-
phene. Thus, hBN/Gr/TMDs/Gr heterostructures were fabri-
cated initially. Next, XeF, gas, which can selectively etch only
hBN remaining on the graphene, was treated on the hetero-
structures to remove the top hBN.>® For the encapsulation
annealing of monolayer TMD, the sandwiched 1L-TMD was
annealed in a vacuum of 10™* Torr. The furnace temperature
was ramped up to the target annealing temperature for 3 h
and maintained for 1 h. Then, the furnace was naturally
cooled to room temperature.

Raman and PL spectroscopy

Room-temperature Raman and PL intensity map images and
spectra were obtained using a Raman spectroscopy instrument
equipped with a 532 nm laser and a spot size of ~1 pm

Nanoscale, 2024, 16, 5836-5844 | 5841


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr06641j

Open Access Article. Published on 26 February 2024. Downloaded on 1/18/2026 8:09:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(JASCO). To minimize any potential damage to the sample
caused by laser exposure, a power of <5 mW was used for an
acquisition time of 60 s. Given that the laser spot size was
approximately 1 pm, the mapping area was scanned with a
point-to-point distance of 1 pm. Low-temperature micro-photo-
luminescence (micro-PL) measurements were carried out
using a diode-pumped solid-state laser with wavelength of
532 nm (2.33 eV) and power of ~5 yW. We used a 40x objective
lens (numerical aperture 0.6) to focus the laser on the samples
with a spot of diameter ~1 pm and to collect PL signals from
samples. A substrate with hBN-encapsulated 1L-TMD samples
was loaded into an optical cryostat (Oxford MicrostatHe2) and
cooled to 10 K with liquid helium. PL signals emitted by the
samples were spectrally resolved using a Horiba TRIAX 320
spectrometer (300 grooves per mm) and were detected with a
thermoelectrically cooled charge-coupled device (CCD)
camera. Raman and PL spectra were obtained at the same
position before and after annealing.

Atomic force microscopy

AFM (Park Systems, NX10) in the contact mode was used to
observe the surface morphology, and thickness of hBN-encap-
sulated 1L-WSe,.

Quantum yield measurement

To estimate the QY of 1L-WSe, and MoS,, we encapsulated a
mechanically exfoliated 1L-WSe, flake and CVD-grown
1L-MoS, with hBN and transferred it onto a SiO, substrate. As
a reference sample, we utilized a thin poly(methyl methacry-
late) (PMMA) film that contained dispersed rhodamine 6G
(R6G).**™* We acquired photoluminescence (PL) spectra from
a 300 nm-thick PMMA film with a concentration of 10™* M of
R6G and from a bare quartz substrate. These spectra were
measured utilizing an integrating sphere under a 514 nm laser
excitation. We estimated the QY of the reference sample from
the emission and absorption of the R6G. Next, we conducted
photoluminescence (PL) intensity and absorption measure-
ments on the hBN-encapsulated 1L-WSe, and MoS, using a
confocal microscope under identical measurement conditions.
By comparing the PL intensity and absorption of 1L-WSe, and
MoS, with those of the reference sample, we were able to esti-
mate the quantum yield (QY) of 1L-WSe, and MoS,.

Time resolved-PL measurement

For TRPL measurements, we employed the same microscope,
which was equipped with a pulsed excitation at 488 nm
(BDL-488, Becker & Hickl GmbH), with a pulse width of 70 ps
and a repetition rate of 80 MHz, along with a high-speed
hybrid detector (HPM-100-40, Becker & Hickl GmbH) and a
time-correlated single-photon counting module (TCSPC,
Becker & Hickl GmbH). All measurements were conducted at
room temperature.

Device fabrication and electrical measurement

Electron beam lithography was utilized to develop metal pad
patterns and establish via contacts for graphene electrodes
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encapsulated by hBN. The van der Waals heterostructure was
etched by exposing the pre-patterned structure to XeF,.>® The
top hBN was etched away, and the embedded graphene electro-
des stopped the etching process. Metals of Cr/Pd/Au (1 nm/
30 nm/40 nm) were then deposited on the exposed graphene
electrodes using an e-beam evaporator. Subsequently, a lift-off
process was carried out by immersing the samples in acetone.
Electrical measurements of the devices were then conducted at
room temperature under ambient conditions, employing a
parameter analyzer, specifically the Keithley 2400.

Transmission electron microscopy

Transmission electron microscopy samples were prepared
using a poly(methyl methacrylate)-based wet-transfer method.
Samples on poly(methyl methacrylate) film were transferred on
SizN, nanofilm TEM grids (TEM Windows, SN100-A10Q33B).
The PMMA film was removed by placing samples in acetone
for 12 h. A double-Cs-aberration-corrected JEOL ARM-200F was
used for HAADF-STEM images at an operating voltage of 80 kV
with a 23 mrad convergence angle and collection semi angles
from 68 to 280 mrad.

Model building and training

We generated a ResUNet deep learning model with 5 residual
blocks and gradual increased filters from 32 to 128 in the con-
volutional layers to evaluate the number and type of defects in
WSe,. We used 1000 simulated STEM images (1024 x 1024
pixels) of WSe, as training and validation data. The loss func-
tion (categorical cross entropy) decreased under 0.03.*" Pixels
with defects were extracted by the model, and we averaged the
pixel’s intensity out to compare annealed and as-stacked
sample. We confirmed that the local intensity of the annealed
Se vacancies was higher than that of untreated Se vacancies,
which may represent oxygen adsorbed on Se vacancy sites
during annealing.

X-ray photoelectron spectroscopy

XPS samples were prepared with a top hBN layer approximately
3 nm thick to ensure a distinct signal. The XPS spectra of W
and Se are obtained with Al Ka radiation using a 10 pm beam
spot size (Versaprobe III).
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