Downloaded viaNANJING UNIV on September 1, 2022 at 05:00:10 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Wwww.acsnano.org

Dynamic Tuning of Moiré Superlattice
Morphology by Laser Modification

Xinyun Wang,# Yuzhou Zhao,” Xiao Kong,# Qi Zhang, Hong Kuan Ng, Sharon Xiaodai Lim, Yue Zheng,
Xiao Wu, Kenji Watanabe, Qing-Hua Xu, Takashi Taniguchi, Goki Eda, Kuan Eng Johnson Goh,
Song Jin, Kian Ping Loh, Feng Ding,* Wanxin Sun,* and Chorng Haur Sow™

Cite This: ACS Nano 2022, 16, 8172-8180 I: I Read Online

ACCESS ‘ [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: In artificial van der Waals (vdW) layered devices,
twisting the stacking angle has emerged as an effective strategy
to regulate the electronic phases and optical properties of these
systems. Along with the twist registry, the lattice reconstruction
arising from vdW interlayer interaction has also inspired
significant research interests. The control of twist angles is
significantly important because the moiré periodicity deter-
mines the electron propagation length on the lattice and the
interlayer electron—electron interactions. However, the moiré
periodicity is hard to be modified after the device has been
fabricated. In this work, we have demonstrated that the moire
periodicity can be precisely modulated with a localized laser
annealing technique. This is achieved with regulating the
interlayer lattice mismatch by the mismatched lattice constant, which originates from the variable density of sulfur vacancy
generated during laser modification. The existence of sulfur vacancy is further verified by excitonic emission energy and
lifetime in photoluminescence measurements. Furthermore, we also discover that the mismatched lattice constant has the
equivalent contribution as the twist angle for determining the lattice mismatch. Theoretical modeling elaborates the moire—
wavelength-dependent energy variations at the interface and mimics the evolution of moiré morphology.

KEYWORDS: transition metal dichalcogenide, moire superlattice, laser modification, defects, photoluminescence

INTRODUCTION and the correlated electronic structure can be strongly
influenced by external strain. However, there is no systematic
or controllable approach to constructing such moiré super-
lattices in experiments.

In this work, by utilizing the WS,/WS, stacked bilayer as a
model system, we employed a scanning laser modification
technique to dynamically tune the moiré superlattice
morphology. In addition, density functional theory (DFT)
calculation is utilized to investigate the effect of mismatched
lattice constant on twist structures, where we find that the
mismatched lattice constant and twist angle have equivalent
contributions to the moiré morphology. We further verify that
the mismatched lattice constant is regulated by the density of

Moiré superlattices generated by a simple twist in van der
Waals (vdW) layered crystals have been demonstrated as an
effective approach that can dramatically manipulate the
electrical and optical properties of the materials.'~® Interesting
phenomena have been observed in these systems, including
strong piezoelectric textures in twisted transition metal
dichalcogenides (TMDs),”* flipped electric dipole moments,”
zero-dimensional quantum emitter,'® and secondary Dirac
bands in twisted bilayer graphene.'’ Considerable progress has
also been made in understanding the potential of lattice
reconstruction in those twisted systems.”' "> Most prior works
focus on the moiré superlattices that are solely controlled by
the twist angle. Indeed, the interlayer lattice mismatch is

determined by both twist angle and mismatched lattice Received:  February 16, 2022
constant (the difference of the lattice constants between the Accepted:  May 11, 2022
top and bottom layers). In theory, we can also manipulate Published: May 16, 2022

moiré superlattices with the mismatched lattice constant.
Meanwhile, recent theoretical studies''* and microscopy
experiments'’ have also proved that the moiré morphology
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Figure 1. Moiré superlattice in a near 0° WS,/WS, stacked bilayer with strain-engineered lattice mismatch. (a) Schematic of an artificially
WS, stacked bilayer structure with near 0° twist angle. A built-in tensile strain of bottom WS, monolayer is presented due to the mismatch of
thermal expansion coeficient between the material and the growth substrate during the chemical vapor deposition growth. (b) Optical
microscope image of a near 0° WS,/WS, stacked bilayer with a top hBN capping on a SiO,/Si substrate. The inset shows the corresponding
fluorescence microscope image. (c) Photoluminescence (PL) spectra collected from a stacked bilayer and an as-grown monolayer on SiO,/
Si, as well as transferred monolayer WS, flakes. (d) PFM image of the moiré superlattices in the near 0° WS,/WS, stacked bilayer shown in

panel b.

sulfur vacancy introduced during laser annealing. Such an
intriguing phenomenon is further supported by tracing the
photoluminescence (PL) emission energy and lifetime of the
corresponding excitons from the WS,/WS, stacked bilayer. Of
greater scope, we thus demonstrate that lattice mismatch
induced by the lattice constant can be an important factor to
reshape the moiré morphology.

RESULTS AND DISCUSSION

We start by fabricating the stacked bilayer devices using a
polycarbonate (PC) dry transfer method."” We use triangular-
shaped chemical vapor deposition (CVD)-grown WS,
monolayers'® with sharp terminations, which have random
orientations on the growth substrates. During the fabrication
process, the WS, top layer was first torn and picked up from an
individual WS, monolayer by hBN and transferred onto the
bottom monolayer. Figure la shows a typical structure
schematic of the WS,/WS, stacked bilayer device on a SiO,/
Si substrate. In contrast to earlier studies, where both layers are
mechanically exfoliated from single crystals, the CVD-grown
monolayers at the bottom retain a built-in tensile strain caused
by mismatched thermal expansion coefficients between the
SiO,/Si substrate and the WS, flakes, when cooling from a
high growth temperature (around 1000 °C).'>'” Meanwhile,
the built-in tensile strain is released when it is picked up from
the substrate. Because of that, despite being the same material,
there is a lattice mismatch between the strained bottom layer
and the strain-released top layer, forming a moire superlattice.
The interlayer twist angle can be determined by measuring the
angle between the edges of the two triangular flakes, which can
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be directly extracted from the microscope images. This angle-
determining method relies on two well-established facts from
previous literature: first, most CVD-grown triangular TMD
monolayers are verified to be single crystalline across the entire
flake; second, the sharp edges of such a triangular TMD
monolayer are associated with certain edge orientations."®™*’
Therefore, the orientation of the two flakes can be
unambiguously identified. Figure 1b presents an optical
microscope image of a near 0° WS, stacked bilayer on SiO,/
Si with a hBN crystal top capping (hBN thickness is around
30—50 nm). The top-left inset in Figure 1b shows the
corresponding fluorescence microscope image. Interestingly,
the fluorescence emission from the stacked bilayer region is
slightly more intensified compared to the monolayer region
(comparing with both covered under hBN).

We also carried out the photoluminescence (PL) measure-
ment on this stacked bilayer at room temperature, as shown in
Figure 1c. The PL spectrum of the stacked bilayer shows two
peaks with a notable spectral shift of about S0 meV, where the
higher energy peak is denoted as peak I and the lower energy
peak is denoted as peak II. We found that the position of peak
I always stays in line with the PL peak of the monolayers that
are transferred onto hBN, while peak II follows the PL peak
position of the CVD-grown monolayers. Such energy variation
between the CVD-grown and transferred monolayers can be
attributed to the built-in strain in monolayers caused by the
growth process, as we discussed above.”’~** Contrary to the
bottom monolayer that is bonded to its growth substrate and
under tensile stress, the top layer is released to a relaxed state
after being picked up from the growth substrate. Therefore, a
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Figure 2. Evolution of reconstructed moiré superlattices in a near 0° WS,/WS, stacked bilayer modulated by localized laser annealing. (a)
Fluorescence microscope image of the device after laser modification with different laser powers of 15, 25, 35, and 45 mW, respectively. (b)
Schematic of an artificially stacked bilayer investigated by PFM characterization. (c—e) Evolution of the reconstructed moireé superlattice
with decreasing moiré wavelength after laser modification, which is revealed by lateral PEM mode with insets of the corresponding FFT

images.

strain-induced lattice mismatch is established at the interface of
the stacked bilayer during the step of sample fabrication. On
the basis of the analysis above, the two PL peaks of the stacked
bilayer in Figure 1c can thus be identified as the coexistence of
two “independent” intralayer excitons from the relaxed top
monolayer and the strained bottom monolayer, according to
the previous reports.”**> This is further verified with a gate-
dependent PL measurement, which shows zero Stark shift
(Supporting Information Figure S1).

In TMD moiré superlattices, the localized lattice mismatch
will generate a spatially inhomogeneous electromechanical
response induced by an AC electric field, which can be used for
imaging the moiré patterns using piezoresponse force
microscopy (PEM) at the nanoscale.”® The stacked bilayer
flake on SiO,/Si was first spin-coated with a PC film and then
peeled off from the growth substrate. Next, the entire stack was
flipped and transferred to a highly doped Si substrate for PEM
scanning. Figure 1d shows that a triangular moiré pattern can
be clearly observed in the PFM amplitude channel, which is
also distinguished from the rigid-lattice moiré superlattice that
is hexagonal shaped. The domain wall array shows a large
electromechanical response driven by the piezoelectric effect,
indicating a non-centrosymmetric stacking order, whereas the
electromechanical response of the domain regions is much
weaker, suggesting a centrosymmetric stacking order in central
regions. The sharp contrast between the domain walls and
central regions illuminates a lattice reconstruction in the
stacked bilayer.' ">’

By micropatterning the sample with a scanning focused laser
beam, the laser modification techniglue has been demonstrated
as a precise local annealing tool.”*** We further employed this
technique to the WS, stacked bilayer system and attempted to
manipulate moiré morphology (details can be found in
Methods). We selected four regions in the stacked bilayer
for laser scanning with increasing laser power: 15, 25, 35, and
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45 mW, respectively. Figure 2a shows a fluorescence
microscope image of the stacked bilayer after laser
modification, where the modified regions are marked by
yellow dashed rectangles. We find the fluorescence emission
progressively decays with increasing laser powers, which
indicates the presence of vacancy defects generated by the
focused laser beam.””*" To rule out the possibility of structural
destruction induced by the high-power laser, we carried out
laser modifications and followed by transmission electron
microscope (TEM) analysis on a WS, monolayer, where the
sample was scanned inside a vacuum chamber with a pressure
of ~1072 mbar to avoid oxidation in air.’® Similar to the
sample covered with hBN, a slight reduction of the
fluorescence intensity is observed at the high-power-modified
domain (Figure S2) and no significant structure destruction is
found in the corresponding diffraction images (Figure S3).
These results imply that the high-power laser will not destroy
the material’s structure, while some amount of vacancy defects
can be generated during the annealing process.

We then apply PFM to trace the evolution of the moiré
superlattices. Figure 2b shows the typical sample stacking
configuration for PFM characterization, and the PFM images
in Figure 2c—e reveal the moiré pattern evolution after laser
modification. The moiré pattern in the 15 mW region is not
shown here, as it is hard to distinguish from local distortion
(Figure S4). Moreover, the corresponding fast Fourier
transforms (FFT, bottom left insets) confirm the 6-fold
symmetry of the moiré superlattices and the presence of
uniaxial strain from the underlying substrate. Here in Figure
2¢, the slightly elongated oval pattern is expected from the
uneven distortions during the transfer process.'’ Surprisingly,
the moiré wavelength, 1, of the superlattice distinctly
decreases with increasing laser power and eventually becomes
undetectable by PFM. These results are somewhat counter-
intuitive, as we initially expect that the laser annealing would
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relax the tensile strain in the bottom layer causing it to shrink
back to a relaxed lattice, and a decreased mismatched lattice
constant should lead to an increasing moiré wavelength. Yet,
experimentally we observed decreasing moiré wavelengths,
Nevertheless, the overall results still indicate that the moire
morphology, specifically moiré wavelength, can be precisely
tuned by laser modification but through a different mechanism.
Additionally, to verify the change of the moiré wavelength is
not from external strain variations, we fabricated a near 1°
twisted WS, bilayer by using the monolayers grown on n-
doped Si substrates, which can minimize the strain variations
and be uninterruptedly scanned by PEM (Figure SS). The
result is also consistent with the observations above and thus
proves the repeatability of the laser modification method.

Generally, the moiré wavelength is determined by twist
angle and mismatched lattice constant between the top and
bottom layers (Figure S6). Therefore, to understand how laser
modification changes the moiré wavelength, one should
consider these two factors as the possible variables during
laser annealing. In our experiments, since no rotation of the
top monolayer was observed,” we can thus exclude the twist
angle as the cause of the decrease of moiré wavelength. The
trend of moiré pattern evolution also rules out the relaxing of
the bottom layer; therefore, it leaves the possibility that the top
layer shrinks, causing a larger mismatched lattice constant.
Following these considerations, in situ PL measurement was
employed to explore correlations between the moiré super-
lattice observed in PFM and the local optical properties, where
the mismatch lattice constant at each domain can be read out
optically.'”*>** As shown in Figure 3a, after the laser
modification, the PL intensities of both peak I and peak II
decrease with increasing laser powers. However, the two peak
positions nearly remain the same, with only peak II of the 45
mW annealing region undergoing a red shift. The observations
above indicate the built-in strain of the top and bottom
monolayers remains unchanged with laser power between 15
and 35 mW. Furthermore, under high-power excitation of 45
mW, another low-energy peak (denoted as peak III) at around
1.75 eV is discovered, as shown in Figure 3b. Referring to the
previous reports,”> > peak III is attributed to radiative
recombination of bound excitons (Xg), i.e., neutral excitons
(X,) bound to the sulfur vacancy generated during laser
modification. We note that the stacked bilayer is blanketed
with a hBN crystal during laser modification, where oxidation/
doping is suppressed and thus the vacancy defect is most likely
to form. Here we primarily consider sulfur vacancy because
transition-metal atoms are thermodynamically more stable
than chalcogen atoms.” Additionally, no blue shift of the
emission peak was observed, which excludes the possible
contribution from tungsten vacancy.’” More detailed power-
dependent PL spectra can be found in Figure S7, where the
peak III intensity increases at higher doses. In addition, we also
carried out time-resolved PL measurements to gain further
insight into the defect-mediated exciton dynamics. As shown in
Figure 3¢, a longer exciton lifetime is observed from peak III
(200 ps) than peak I and peak II (both with 160 ps), which is
due to the slow release of holes from the trap states of
defects.>>*' Therefore, on the basis of the decreased PL
intensity and longer exciton lifetime, we have evidence to
support the presence of sulfur vacancy generated during laser
modification.

To investigate the role of strain-induced lattice mismatch on
lattice reconstruction, we also inspected a stacked bilayer with
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Figure 3. Photoluminescence characterization of the near 0° WS,/
WS, stacked bilayer device. (a) PL spectra with different laser
power treatments collected from the corresponding regions in
Figure 2b. Two direct-band PL peaks arise in the spectra, which
are attributed to the intralayer neutral excitons of stacked bilayer
under different strains. (b) Normalized PL spectra of the stacked
bilayer before (black) and after (red) 35 mW laser modification.
(c) Corresponding time-resolved PL spectra of peaks I, II, and III,
where the lifetime of peak III is prolonged due to the presence of
sulfur vacancy traps that inhibit recombination.

minimal strain difference by using liquid nitrogen to decouple
the monolayers from their growth substrates and thus release
the built-in tensile strain from growth substrates. Figure S8
shows a clearly quenched fluorescence, and no periodic moiré
superlattices are revealed in PFM at such unstrained stacked
bilayers. Moreover, during sample fabrication using decoupled
monolayers, we found that moiré superlattices are usually
difficult to survive with small twist angles. On the basis of the
analysis above, we speculate that the strain difference at
interfaces does appear as an important precondition for the
survival of the twist structure and thus allows more space for
manipulating the moiré morphology.

With the discussion above, we now turn to inspect the
influence of the density of sulfur vacancy on the moire
wavelength, with the twist angle and the strain unchanged. To
reduce complexity, we first investigate the variation of lattice
constant in the top monolayer with introduced sulfur vacancy,
where the bottom monolayer remains pristine. In this scenario,
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Figure 4. Calculated stacking patterns with various mismatched lattice constants at a 0° twist angle. (a) Evolution of the biaxial lattice
mismatch as a function of the density of evaporated sulfur vacancy, where pg = N, s/Ns. (b) During the lattice reconstruction process,
change of the elastic and the vdW energy only dependent on the moiré superlattices size. We note that the mismatched lattice constant and
twist angle both contribute equally to the size of moiré superlattices. (c—f) Transition of stacking configuration before and after lattice
reconstruction at various mismatched lattice constants, modeling the impact of sulfur vacancy density relating to different laser powers. The
calculated moiré patterns are consistent with our experimental results in Figure 2. All scale bars are 100 nm.

the variation of lattice constant in the top monolayer is thus
naturally regarded as the change of biaxial lattice mismatch in
the twisted system. Here, density functional theory (DFT) was
adapted for calculating, and the detailed calculation models are
shown in Methods and Supporting Information. As shown in
Figure 4a, the resultant mismatched lattice constant is
evaluated as a linear function of the density of sulfur vacancy
in the low-density region: AL/L = —0.167pg; here, AL/L is the
change of lattice constant and pg is the density of sulfur
vacancy. Since sulfur vacancy shrinks the lattice constant in the
top monolayer while the built-in tensile strain enlarges the
lattice constant in the bottom monolayer, the increased sulfur
vacancy density is expected to give rise to a smaller moiré
wavelength, which corroborates our experimental observations.

Following these considerations, we developed a numerical
method to simulate the local stacking configurations of bilayer
WS, across the moiré supercell. The total energy of this model
is defined as E, = NEy; + E

of WS, per unit cell in one moiré supercell, Eyys, is the energy

elas + Evpw, where N is the number

of the WS, monolayer per unit cell, E, is the overall elastic
energy from in-plane bonding within each layer that tends to
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restore the structure, and Eypy is the overall energy of
interfacial vdW interaction that favors low-energy and high-
symmetry AB(BA) stacking. More specifically, the -elastic

energy
2 2 2
E =21E(% +% +G%+@
clas 2 |\ ox oy oy Ox

is calculated by the displacement, r, defined on each W atom
(Figure S9) and the moduli are fitted from DFT results (Figure
S10), where the in-plane strain modulus and shear modulus are
E = 225 GPa and G = 92 GPa, respectively. The stacking
energies are calculated by the generalized stacking fault energy
surface Eypw = Y. Egsee(4yv;), where u; and v; are the relative
positions of the ith W atom projected to the other layer. The
Egsr(u,v;) are also fitted by the DFT calculations (Methods
and Figure S10).

Figure 4b directly demonstrates the relation between the size
of the moiré superlattice and the change of elastic energy,
AE,,, and stacking energy, AEypy, that are attributed from
the reconstruction. On the one hand, AE,,, has a maximum
value at a finite moiré wavelength due to the nature of the
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reconstruction, where the bilayer tends to form a more stable
AB(BA) stacking while extra energy for a shift of unit cell
between two layers is required in one moiré supercell
Specifically, the shift of the unit cell is realized by the
deformation localized in narrow transition regions (the bright
lines in Figure 4c—e). Notably, the widths of the transition
regions are nearly a constant at regions of large moire
wavelength, which indicates a decrease of AE,, with
increasing moiré wavelength. On the other hand, Eyp,y always
prefers a larger area of high-symmetry AB(BA) stacking and
keeps decreasing with increasing moiré wavelength. Overall,
the reconstruction of the moiré superlattice is determined by
the competition/balance between E,; and Eypy. Surprisingly,
for both elastic and stacking energies, the curves of
contributions from twist angle and mismatched lattice constant
are exactly overlapped, which implies their contributions to the
lattice reconstruction coincide quite well. Therefore, the
percentage of high-symmetry AB(BA) stacking regions in a
twist structure after lattice reconstruction only depends on the
size of the moiré superlattice, regardless of the moiré
wavelength originating from the twist angle or mismatched
lattice constant.

Finally, to visualize the evolution of the moiré superlattice
regulated by sulfur vacancy after laser modification, we
computed the reconstructed moiré patterns of local stacking
as a function of the density of sulfur vacancy (Figure 4c—f).
The plots of local stacking order are illustrated by its
corresponding stacking energy. Because the twist angle of the
sample in Figure 1 is near 0°, we focus on the mismatched
lattice constant and do not consider the twist angle in the DFT
calculations. First, for the pristine stacked bilayers shown in
Figure 1, the built-in tensile strain of the bottom monolayer is
estimated as 0.32 %, according to the moiré wavelength
revealed in Figure 2. After including the intrinsic 0.32 % tensile
strain, the total interlayer lattice mismatches turn out to be
0.32, 0.50, and 0.82 % for stacked bilayers with laser powers of
0, 25, and, 35 mW, and the experimental moiré wavelengths
are 100, 63, and 40 nm, respectively (Figure 4c—e). Here the
sample of 45 mW is not discussed in detail because its moiré
wavelength is out of the PFM resolution. The densities of
sulfur vacancy generated by 25 and 35 mW laser annealings are
expected to be 1.1 and 3.0 %, respectively.

CONCLUSION

In summary, we have explored the pathway to moiré
morphology engineering using the scanning laser modification,
where the moiré wavelength can be progressively modulated
by laser power. Furthermore, we proposed a model for
calculating the moiré superlattice and proved that the twist
angle and mismatched lattice constant both contribute equally
to the size of the moiré patterns. Specifically, we have
demonstrated that the mismatched lattice constant is
composed of the material’s built-in strain and vacancy defects.
The latter can be generated during laser annealing, and it is
supported with our optical observations. We thus demonstrate
that the mismatched lattice constant in a twist system can be
an additional degree of freedom to dynamically manipulate the
moiré wavelength. Importantly, such a lattice-mismatch-
dependent system may be utilized to study strongly correlated
quantum many-body physics, where the electronic matter wave
is closely related to the moiré wavelength.
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METHODS

Sample Preparation. A polycarbonate (PC) dry transfer
method'® was adopted to fabricate artificial twisted bilayer WS,
devices. First, the CVD-grown monolayers were immersed in liquid
nitrogen for around 4 min in order to decouple the flakes from SiO,/
Si substrates. Meanwhile, hBN flakes were mechanically exfoliated
onto SiO,/Si substrates. Two triangular WS, monolayers on the same
substrate were also selected in advance. On the basis of the single
crystallinity across a triangle, the twisting angle between the two layers
can be directly measured through an optical microscope. Then, a PC-
coated poly(dimethylsiloxane) (PDMS) stamp was lowered to pick
up a hBN flake at 100 °C (the hBN flake can also be used to first pick
up graphene as a device gate if necessary). Next, this hBN flake was
engaged to the first monolayer WS, at 120 °C for 15 min for better
adhesion. After detachment from the first monolayer, we rotated the
substrate to control the twist angle between the two layers. Then this
hBN-WS, stack was brought into contact with the second monolayer
WS,, forming a bilayer structure with a predetermined twisting angle.
The stack can also be transferred to a second hBN flake, which serves
as a bottom substrate. For PFM measurements, the TBL device was
peeled off by a PC film and then flipped to allow the TBL to face up.
The whole stack was placed onto a highly doped Si substrate and
heated at 100 °C for S min for better adhesion. The accuracy of the
twist angle is around 1° using this method.

Photoluminescence Measurement. A WITec alpha300R
confocal Raman microscope system equipped with 532 nm laser
excitation was used for PL collection under ambient conditions at
room temperature. A 100X objective lens was used to focus the laser
spot on the sample surface to a diameter of around 1 ym. A spectral
grating with 800 lines/mm was used for collecting PL spectra. Gate-
and temperature-dependent PL spectra were obtained with a laser
scanning confocal microscope (NT-MDT, NTEGRA Spectra)
equipped with an Andor iDus CCD camera (401A-BR-DD-600).
The wavelength of the laser is 532 nm with a laser power of less than
10 yW. Samples were loaded in a vacuum chamber (~10~° mbar)
cooled by liquid nitrogen or helium. Gate and bias voltages were
applied by an Agilent B2902 source/measure unit.

Laser Modification. Samples were laser modified under ambient
conditions using a home-built scanning focused laser beam system,
equipped with a 532 nm diode-pumped solid-state laser and a 100X
objective lens, which gave rise to a focused laser spot of around 1 ym.
We made use of an upright optical microscope with a side port that
allowed a collimated laser beam to enter. Inside the optical
microscope, the laser beam was reflected toward the objective lens
by a beam splitter. In this work, we fixed the focused laser beam and
scanned the sample using a motorized sample stage with a typical
scanning rate of around 10 pm/s. The entire laser modification
process was captured by a CCD camera, which allowed us to examine
the sample and monitor the process in real time.

Piezoresponse Force Microscopy. The PFM mappings were
obtained on a Bruker Dimension Icon SPM in piezoresponse-lateral
mode under ambient conditions. We used platinum—iridium-coated,
electrically conductive tips (SCM-PIT-V2) with a spring constant k ~
3 N/m. The AC bias magnitudes were around 1000 mV, and the
resonance frequencies were around 800 kHz. We kept the tip force
less than SO nN during the scans for producing high-quality images.

Device Fabrication. Conventional e-beam lithography technique
was applied to fabricate the electrodes on TBL WS,, followed by the
thermal evaporation of 5 nm Cr and 60 nm Au as metal contact. After
liftoff in acetone, the fabricated devices were wire bonded onto a chip
carrier for gate-dependent PL measurements.

First-Principles Calculation. The DFT results are calculated by
the Vienna ab initio simulation package. The Perdew—Burke—
Ernzerhof parametrization of generalized gradient approximation
(GGA) was used for the exchange—correlation function. The
projector-augmented wave potentials were used for ion—electron
interactions. The DFT-D3 vdW density functional was used for the
corrections of the interlayer vdWs interaction. The electronic self-
consistency criterion was set to 10~ eV. For geometry relaxation, the
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force on atoms was converged below 0.005 eV-A™". A vacuum layer of
15 A is used perpendicular to the plane of W atoms. To calculate the
modulus of monolayer WS,, a 12.6 A X 21.0 A supercell is built; then,
the strains are applied and the DFT calculations are performed with 1
X 1 X 1 k-mesh; finally, the modulus is fitted from the DFT results
(Figure S10a—c). We calculate the generalized stacking fault energy
(GSFE) of bilayer WS, using the equation

Eggpe(up )
= —112.5meV + (10.8 meV)(cos(y;) + cos(v) + cos(y; + v))
— (2.1 meV)(cos(y; + 2v) + cos(y; — v;) + cos(2u; + v))
— (0.165 meV)(cos(2u;) + cos(2v) + cos(2u; + 2v))

(1)

Here we used a unit cell of AA stacked WS, bilayer with 9 X 9 X 1 k-
mesh; the top layer was shifted along two basis vectors and formed a 9
X 9 stacking mesh in one unit cell (Figure S10d—f).
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