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Continuous Strain Modulation of Moiré Superlattice
Symmetry From Triangle to Rectangle

Hao Ou, Koshi Oi, Rei Usami, Takahiko Endo, Keisuke Shinokita, Ryo Kitaura,
Kazunari Matsuda, Yasumitsu Miyata, Jiang Pu, and Taishi Takenobu*

Moiré superlattices formed in van der Waals (vdW) bilayers of 2D materials
provide an ideal platform for studying previously undescribed physics,
including correlated electronic states and moiré excitons, owing to the
wide-range tunability of their lattice constants. However, their crystal
symmetry is fixed by the monolayer structure, and the lack of a
straightforward technique for modulating the symmetry of moiré superlattices
has impeded progress in this field. Herein, a simple, room-temperature,
ambient method for controlling superlattice symmetry is reported. The
method uses vdW heterostructures on a flexible substrate; by bending the
substrate, a uniaxial strain is introduced. Based on numerical calculations, a
strain condition is designed to deform the moiré superlattice from triangular
to rectangular, and visualized the continuous deformation of real-space moiré
superlattices using piezoresponse force microscopy. The band calculations
show that nearly flat moiré minibands remain in the rectangular lattice;
therefore, this method provides an additional tuning knob for the Hamiltonian
of moiré quantum matter.
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1. Introduction

Stacking 2D van der Waals (vdW) monolay-
ers with dissimilar lattice constants and/or
slight rotational misalignment produces a
moiré superlattice with a periodicity in-
versely related to the magnitude of the
interlayer mismatch.[1,2] The length scale
of the moiré period is typically several
times larger than the atomic lattice con-
stant (≈0.1 nm).[2] Importantly, the tunabil-
ity of the lattice parameters in moiré ma-
terials is similar to that of quantum sim-
ulators based on ultracold gases, which
are clean models using real physical sys-
tems to “simulate” quantum materials.[3,4]

A difference in length scales of approx-
imately one digit implies a complemen-
tary relationship between ultracold gases
(≈100 nm) and moiré materials (≈1–
100 nm). As such, moiré materials as-
sembled from vdW layers are versatile

platforms for simulating and designing the physics of electronic
correlations and nontrivial band topology.[4–6] The tuning knobs
required for quantum simulators, as realized in ultracold gases,
are lattice constants and crystal symmetry.[7] In moiré materials,
however, the controllability of the lattice symmetry is extremely
limited, in stark contrast to the high tunability of lattice constants
in ultracold gases.[4]

The limited symmetry of monolayers, which determines the
superlattice symmetry, mostly limits moiré materials to hon-
eycombs and triangles.[4] To obtain nonhoneycombs/triangles,
a rectangular superlattice was theoretically proposed based on
twisted bilayer (t-BL) germanium selenide,[8] and recently, it was
demonstrated by t-BL of WTe2/WSe2.

[9] Therefore, crystal sym-
metry is still not a tuning knob formoirématerials, and amethod
to control it other than material selection is urgently needed. In
this study, we focused on the strain effect because the ultimate
thinness of the monolayers allows intentional and continuous
deformation by relatively weak forces, such as bending a plas-
tic substrate. Although the effect of strain on moiré superlat-
tices has already been thoroughly investigated from a theoret-
ical viewpoint,[10–12] experimental reports have been limited to
unintentional strain effects, and continuous control of the lat-
tice constants and symmetry of moiré materials has not yet been
achieved.[12–14] In this study, we demonstrated symmetry manip-
ulation of moiré superlattices by continuous uniaxial deforma-
tion. We performed a piezoresponse force microscopy (PFM)
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Figure 1. 2D vdW bilayer on plastic substrate. a) Schematic of the sample structure with twisted bilayer WSe2 and hBN transferred on Au/Ni coated
PEN substrate. b) Optical image of PEN substrate with Au/Ni film (left) and magnified microscopic image of the vdW stacking of sample #1 (right).
The red dashed-line rectangle indicates the bilayer region. Scale bars: 5 mm (left), 20 μm (right). c) PFM amplitude image of sample #1, which shows
clear long-period moiré patterns. Scale bar: 200 nm. Inset: Fast Fourier transform (FFT) image. d) PFM amplitude image of sample #2, which shows
clear short-period moiré patterns. Scale bar: 50 nm. Inset: FFT image.

technique on a flexible plastic substrate to directly visualize in-
tentionally deformed moiré superlattices. As an example of con-
tinuous tuning of the crystal symmetry, we realized a lattice sym-
metry alternation from triangular to rectangular. The calculated
electronic band structures of the distorted moiré superlattices
possess nearly flat moiré minibands and follow the continuously
tunable Hubbard model, which is a major step toward the devel-
opment of highly tunable quantum simulators based on moiré
superlattices.

2. Results and Discussion

The uniaxial strain was applied to t-BL by simply bending the flex-
ible substrate.[15–17] Although this is a well-established method, it
is nearly impossible to visualizemoiré superlattices on insulating
plastic substrates using transmission electron microscopy[18] or
scanning tunneling microscopy.[18,19] To solve this problem, we
used the PFM method, which allows measurements of the insu-
lating substrate in air.[9,13,20–22] The PFM technique resolves the
moiré superlattice by leveraging the ferroelectricity or flexoelec-
tricity inherent in stacked van der Waals heterostructures. In the
measurement process, a conductive AFM cantilever is used to
apply a voltage to the sample. The moiré-induced piezoelectric
signal, which results from the strain induced in the material, is
then detected through the deformation of the cantilever. Thanks
to the high spatial resolution of AFM, it is possible to effectively
resolve moiré superlattices with periodicities on the order of a

few nanometers or even longer, allowing for the detailed analysis
of the moiré pattern at the nanoscale level.[20]

Importantly, clear visualization of the moiré superlattice by
PFM requires t-BL on the topmost surface of the flat sample.
For a flat surface, we realized a strong interaction between the
2D vdW materials and plastic substrates using thin Au/Ni films
on plastic substrates (see Figure S1 in the Supporting Infor-
mation). For t-BL on the topmost surface, the commonly used
“tear-and-stack” method, in which the top surface is hexagonal
boron nitride (hBN), cannot be used.[1] Therefore, we adopted
the dry pick-and-flip assembly technique established by Masub-
uchi et al., in which the topmost surface is a t-BL (Figures 1a
and S2, Supporting Information).[23] As the target material, we
selected single-crystalline triangular WSe2 monolayers grown by
the chemical vapor deposition (CVD) method (Figure S3, Sup-
porting Information).[24] We fabricated t-BL WSe2 on hBN and
transferred it to a flexible polyethylene naphthalate (PEN) sub-
strate, as shown in Figures 1a,b. To achieve a strong interac-
tion between hBN and the substrate, we first deposited a thin
Au/Ni film on the PEN substrate, as previous studies have re-
ported strong adhesion between deposited metal films and van
der Waals materials.[25,26] The lower surface roughness of the
Au/Ni film compared to PEN helps enhance the van der Waals
interaction between hBN and the substrate, resulting in a nearly
flat sample surface.
Subsequently, we conducted PFM measurements (see the Ex-

perimental Section) and visualized the clear moiré superlat-
tices. As illustrated in Figure 1c, the long-period (174 ± 43 nm)
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Figure 2. Calculated emergence of rectangular moiré superlattice. a) Schematic representation of the uniaxially strained twisted homobilayer. We as-
sumed that the strain was uniaxial and applied it only to the bottom of the two monolayers. The parameter space spanned by the twist angle (𝜃), strain
magnitude (ɛ), and strain angle (𝜑) determines the moiré pattern, which can be characterized by two moiré basis vectors (Lm1 and Lm2) and the angle
𝛼 between them. The orange arrow and lines indicate the armchair direction of the bottom layer. The black dashed parallelograms indicate the unit cell
of the moiré superlattice. b) Variation of 𝛼 as a function of twist angle and strain magnitude when the strain angle is 0° (armchair direction). The white
lines indicate the emergence of rectangular moiré pattern (𝛼 = 90°), and the blue line shows the 1D pattern (𝛼 = 180°). c) Variation of 𝛼 as a function
of strain angle and strain magnitude when twist angle is 1.35°. The white line corresponds to the rectangular moiré pattern, where 𝛼 = 90°.

pattern was observed in a nearly 0°-stacked bilayer WSe2 (sample
#1, twist angle of ≈0.1°). The relationship between the period L
and the small twist angle 𝜃 is estimated by the equation L ≈ a0/𝜃,
where a0 = 0.332 nm represents the lattice constant of monolayer
WSe2.

[2] Interestingly, themoiré pattern is not uniform due to the
unintentional strain and/or inhomogeneous 𝜃, proving possible
lattice distortion by the strain effect from the normal triangular
lattice (indicated by the blue triangle) to the deformed rectangular
lattice (white triangle).[1,20] In contrast, in the nearly 1°-stacked
bilayer WSe2 (sample #2), we observed a more uniform super-
lattice (Figure 1d), suggesting that a smaller twist angle is more
vulnerable to unexpected inhomogeneity. During the fabrication
process of heterostructures, unintended random strain may be
introduced. As will be shown later, the smaller the twist angle,
the more significantly the moiré superlattice will distort under a
given strain magnitude. Additionally, a smaller twist angle cor-
responds to a superlattice with a longer period, making the dis-
torting effect more pronounced.[20] The estimated 𝜃 of sample #2
was ≈1.35° (L = 14.10 ± 0.07 nm, see the Experimental Section).
Because we established a method to visualize the uniform

moiré superlattice on flexible substrates, we introduced a strain
effect via substrate bending. To understand the effect of substrate
bending on the moiré superlattice, we numerically calculated the
variation generated by strain (seeNote S1 in the Supporting Infor-
mation). For clarity, we assumed that the strain was uniaxial and
applied it to only one of the two monolayers. As the schematic in
Figure 2a shows, we considered the combined effect of 𝜃, strain
magnitude (ɛ), and strain angle (𝜑, where 0° corresponds to the
orange line, which is the armchair direction of the strained bot-
tom layer) on the moiré superlattice. We described the distor-
tion of the superlattice using three parameters of a moiré unit
cell (dashed black line parallelogram): lengths of two moiré ba-
sis vectors (Lm1 and Lm2), and the moiré angle (𝛼) between them.
First, as illustrated in Figure 2b, to argue the possibility of de-
formation from triangular to rectangular, we fixed 𝜑 at 0° and
clarified the variation of 𝛼, which is a direct indicator of the su-
perlattice symmetry, depending on ɛ and 𝜃. The maximal ɛ and
𝜃 were set to 2% and 3°, respectively, to meet experimental feasi-
bility. The blue line in Figure 2b corresponds to 𝛼 = 180°, which

implies the existence of 1D moiré superlattices (Figure S4, Sup-
porting Information).[13] Moreover, the white lines correspond to
𝛼 = 90°, which strongly suggests that deformation into a rect-
angle is experimentally possible. The linearity of the white lines
also indicates that a smaller 𝜃 leads to a smaller ɛ required for
deformation.
As the next step, to consider the guideline for experiments, we

fixed 𝜃 at 1.35° and investigated 𝜑 dependencies because, as ex-
perimentally shown in Figures 1c,d, a smaller 𝜃 causes nonuni-
formity of moiré superlattice. The 𝜑 was varied from 0° to 30°,
that is, from the armchair direction to the zigzag direction of
the strained monolayer. Again, in Figure 2c, the white line cor-
responds to 𝛼 = 90°, indicating that a rectangular lattice can be
achieved with a smaller ɛ at 𝜑 = 30° (zigzag direction) than at
𝜑 = 0° (armchair direction). Therefore, we chose the combina-
tion of parameters (𝜃, ɛ, 𝜑) ≈ (1.35°, 1%, 30°) as a guideline
for the following experiments. It should be noted that these nu-
merical calculations assume that strain is applied to only one of
the two monolayers, and in real experiments, we cannot exclude
the simultaneous deformation of the two monolayers. However,
the assumption of simultaneous two-monolayer deformation re-
quires a much larger ɛ for the deformation to rectangular lattice
(Figures S4, S5, and Note S1, Supporting Information), meaning
that (𝜃, ɛ, 𝜑) ≈ (1.35°, 1%, 30°) is the minimum condition.
It is important to note that the appearance of a rectangular

moiré superlattice does not necessarily indicate the presence of
a rectangular monolayer lattice. This is because the formation of
a moiré pattern is determined solely by the interference between
the two periodic lattices, regardless of the individual lattice ge-
ometries. In this case, a strain magnitude of 1% leads to only a
very slight deformation of the monolayer lattice, which is negli-
gible in terms of its impact on the overall structure. This subtle
distortion is not sufficient to induce significant changes in the
underlyingmonolayer lattice, further supporting the idea that the
moiré superlattice’s shape arises primarily from the interaction
between the two lattices, rather than the geometry of each indi-
vidual monolayer.
We used sample #2 (the estimated 𝜃 is about 1.35°) and,

by mounting the substrate on molds, ɛ and 𝜑 were controlled
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Figure 3. Strain-induced triangular-rectangular moiré superlattice variation. a) Schematic of the experimental setup of PFM measurement on bent
substrate. b–f) PFM phase images sample #2 with substrate mounted on molds with flat surface (b), nominal strain = 0%), radius of 25 mm (c),
nominal strain = 0.25%), 16.7 mm (d), nominal strain = 0.38%), 13.9 mm (e), nominal strain = 0.45%), and 12.5 mm (f), nominal strain = 0.5%). The
blue crosses indicate the variation of the moiré angle 𝛼. Scale bars: 50 nm. Insets: FFT images.

(Figure 3a).[17,27] For ɛ, we prepared several molds with different
curvatures and tried to control it from 0% (flat) to 0.5% (radius
curvature of 12.5 mm) (see the Experimental Section). For 𝜑, we
attempted to bend t-BL WSe2 in the zigzag direction (𝜑 = 30°)
with respect to the zigzag termination boundary of the starting
CVD-grown single-crystal monolayerWSe2.

[24,28] As illustrated in
Figures 3b–e, we performed PFMmeasurements for the strained
sample #2 and visualized the continuous symmetry modulation
of the moiré crystal. Most importantly, as indicated by the angles
in the blue crosses, one can identify a continuous variation of
the moiré angle from nearly triangular (𝛼 = 120°) to nearly rect-
angular (𝛼 = 90°) with increasing the magnitude of strain. Fast
Fourier transform (FFT) images of the superlattice also clearly
show a continuous symmetrymodulation from triangular to rect-
angular. After observing the rectangular lattice, we performed a
PFM experiment on the unbent (flat) condition and confirmed
the reversibility of these deformations (Figure S6, Supporting In-
formation). Note that, even though the substrate was bent dur-
ing the PFM measurements, the surface of the scanned region
remained relatively flat, ruling out the possibility that the distor-
tion of the moiré superlattice was caused by changes in surface
flatness (Figure S7, Supporting Information).
To compare the experimental results with the numerical calcu-

lations, we directly measured 𝜑 using Raman spectroscopy and
second-harmonic generationmeasurements (Figures S8, S9, and
Note S2, Supporting Information). The obtained 𝜑 = 23°, which
is slightly deviated from 30°. Therefore, the experimental condi-
tion for Figure 3f is (𝜃, ɛ, 𝜑) ≈ (1.35°, 0.5%, 23°). As shown in
Figure 2 and Figure S4 (Supporting Information), the realization
of a rectangularmoiré under these conditions strongly suggests a
high likelihood that strain is applied to only one of the twomono-
layers. As presented in Figure S4 (Supporting Information), if
both layers are strained with the same magnitude, the variation
in moiré angle 𝛼 is significantly smaller, and achieving a rect-

angular superlattice would require an impractically high strain
magnitude. The geometry of the moiré superlattice depends on
the interference between the two monolayer lattices (see Note S1
in the Supporting Information). Applying strain to both layers de-
forms them simultaneously and hardly changes the interference,
preventing the superlattice from distorting significantly. Another
possibility is that both layers are strained, but with different mag-
nitudes. We calculated this condition by setting the strain mag-
nitude in the top layer as a fraction of that in the bottom layer.
The results are shown in Figure S5 (Supporting Information).
As expected, increasing the fraction leads to higher strain mag-
nitudes required for rectangular superlattice formation. These
conditions require even higher strain magnitudes to distort the
moiré superlattice into a nearly rectangular shape. It has also
been pointed out that nearly vanishing interlayer friction might
emerge in twisted bilayer structure.[29] Therefore, we adopted the
model in which only the bottom layer is strained, rather than the
one where both layers are strained simultaneously.
Still, there is a discrepancy between the theoretical calcula-

tion (𝜃, ɛ, 𝜑) ≈ (1.35, 1%, 30°) and the experimental results
(1.35°, 0.5%, 23°). The 7° deviation in strain angle is attributed to
the sample fabrication process, as we manually stacked the het-
erostructure and transferred it to the PEN substrate. The strain
magnitude also shows a difference, as the experimental strain
magnitude for the rectangular pattern is smaller than the theo-
retical prediction.We attribute this difference to two possible rea-
sons: First, the experimental strain magnitude was determined
by the curvature of the bent substrate. However, the localized
strain magnitude in the sample might be higher due to surface
unevenness, which is difficult to measure. Another possibility is
that the theoretical model cannot fully capture the actual strain-
induced deformation. When strain is applied, the twist angle
might change simultaneously,[30] which goes beyond the assump-
tions of the model we used. Therefore, to fully understand the
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Figure 4. Valence band structure variation in strained twisted bilayer WSe2. a) Valence band morphology of t-BL WSe2 when heterostrain is applied with
magnitude ɛ of 0% (left), 0.54% (center), and 1.01% (right). The twist angle and strain angle were fixed at 1.35° and 23°, respectively, in correspondence
with the experimental results in Figure 3. b) Band structures of the first two valence bands. c) DOS plots of the first two valence bands. Inset: Magnified
DOS plot of the first valence band. d) Spatial distribution of the wave function |𝜓 |2 at 1.01% strain magnitude.

strain distortion of the moiré superlattice, it is necessary to de-
velop a more comprehensive model. Nevertheless, the presented
results have proven that strain can be intentionally introduced
to vdW heterostructures to distort the moiré superlattice in the
design, which opens the door to studies of combined twist and
strain effects on moiré materials.
A previous study showed that the valence band of ≈1° stacked

t-BL WSe2 had a bandwidth of ≈1 meV.[31] To confirm whether
this flat-band nature could be sustained in the strained twisted
bilayer WSe2, electronic structure calculations were performed.
We adopted an effective continuum model to calculate the band
structure variation of the moiré superlattice (Note S3, Support-
ing Information).[31] The twist angle and strain conditions were
set in correspondence to the experimental results (𝜃, 𝜑) = (1.35°,
23°). Note that because the strain magnitudes are different be-
tween calculated and experimental results, the parameters were
selected to match the value of 𝛼 among them (Figure S10m
Supporting Information). Figure 4a illustrates the variation of
the first valence band of the mini Brillouin zone (mBZ) when
the moiré angle 𝛼 is 120°, 106.0°, and 91.5°. The correspond-
ing strain magnitudes were 0%, 0.54%, and 1.01%, respec-
tively. When strain was absent, the mBZ was a normal hexagon,
with energy maxima located at 𝛾 points and minima at k+ (k−)
corners.[31] As illustrated in Figures 4b,c, the bandwidth was less
than 1 meV, indicating a flat band nature. The application of uni-
axial strain (0.54%, center of Figure 4a) distorted the shape of the
mBZ and slightly increased its bandwidth (blue line in Figure 4c).
More interestingly, within the first mBZ, the energy maximum

splits into two peaks, which shift in opposite directions from 𝛾

due to symmetry breaking.[11] The energy minima also shift to-
ward the twom points of the mBZ. This redistribution of energy
results in a saddle-like morphology around 𝛾 .[32,33] As the strain
magnitude was further increased (1.01%, right of Figure 4a), the
peak splitting becamemore distinct and the bandwidthswere still
narrow (≈1meV at strain of 1.01%),meaning that the anisotropic
band structure with a flat-band nature and van Hove singulari-
ties (vHSs) can be realized. It can be observed that although the
moiré band structure is modified by strain, the band width does
not show significant changes. We applied a strain with a mag-
nitude of no more than 1.01% to the bottom layer, which hardly
affected its band dispersion.[34] Since the dispersion of the moiré
band is determined by both themonolayer band structure and the
interlayer coupling-induced moiré potential, the band width re-
mained largely unaffected. However, due to the distortion of the
moiré superlattice, the geometry of the moiré potential is tuned,
breaking the initial symmetry of the strain-free case and intro-
ducing anisotropy into the band structure.
With magnified electron–electron interactions, vHSs are re-

lated to many exotic phenomena and new phases of matter be-
cause of strengthened instability, such as correlation-induced
gap opening and the emergence of superconductivity.[35,36] We
show that strain barely affects the bandwidth of the valence
band, and the robust vHS in the strained sample allows the
observation of correlation-related phenomena. Furthermore, the
real-space superlattice exhibited continuous and observable sym-
metry change, manifesting as high tunability in shape while
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maintaining a narrow bandwidth to ensure sufficient correla-
tion. When strain magnitude was 1.01%, the moiré superlat-
tice exhibited a near-rectangular periodicity with highly localized
hole wavefunction distribution (Figure 4d). Simultaneously, the
strain-induced distortion of the wavefunction was observed, i.e.,
the anisotropy emerged within the flat-band regime. Thus, we
obtained a platform for studying the anisotropic Hubbard model
in rectangular superlattices.[37,38] Combined with shape tunabil-
ity (Figure S11, Supporting Information), the rectangular moiré
superlattice in strained t-BL WSe2 shows tunable anisotropy in
both the shape and intercell hopping processes, whichmakes the
material system an ideal fine-tuning quantum simulator for in-
vestigating correlation-related phenomena.
In addition, the distorted superlattice symmetry and band

structure lead to modifications in optical properties, particularly
in the behavior of excitons trapped by the moiré potential, as
previously reported.[13] With the established method for apply-
ing controllable strain, it is now possible to systematically study
the detailed relationship between strain and excitonic behavior
through optical measurements. Given the nanometer-scale size
of the moiré unit cell, high-resolution techniques, such as tip-
enhanced Raman spectroscopy, present a promising direction for
future studies.[39] This remains an intriguing aspect and will be
a focus of future research.

3. Conclusion

We demonstrated the application of intentional strain to t-BL
WSe2 by fabricating the sample on a flexible substrate. The clear
moiré superlattice resolved by PFM proves the feasibility of the
proposed structure, in which we successfully realized continu-
ous distortion of the superlattice from triangular to rectangular.
We further studied the strain effect on the band structure and re-
vealed an anisotropic band structure with a flat-band nature and
vHS. The methods and results of this study pave the way toward
the broader utility of 2D vdW heterostructures as highly tunable
quantum simulators.

4. Experimental Section
Sample Fabrication: WSe2 monolayers were grown on SiO2/Si sub-

strates by CVD process.[24] hBN crystals were purchased from 2D semi-
conductors and mechanically exfoliated into flakes on a SiO2 (300 nm)/Si
substrate; its thickness was estimated by optical microscopy and deter-
mined by atomic force microscopy. The vdW stacks were fabricated us-
ing a polymer-assisted transfer method. Two types of polymers were pre-
pared: one was Elvacite 2552C dissolved in anisole (EA. weight ratio 1:1.5),
and the other was a mixture of Elvacite with ionic liquid ([EMIM][TFSI])
dissolved in anisole (EIA. weight ratio Elvacite:[EMIM][TFSI]: anisole =
1:0.4:1.5). Prior to sample collection, small drops of both types of poly-
mers were picked and transferred onto glass slides using a toothpick. The
slide glasses were then annealed at 180 °C in air for 1 h. EA polymer was
first used to pick up hBN flakes at 80 °C. It should be noted that the thick-
ness of the hBN flakes is between 30 and 40 nm, which minimizes the
effect of the surface roughness of the Au/Ni film. The hBN was then used
to pick monolayer WSe2. hBN was first put into contact with the mono-
layer at 90 °C, and the transfer stage was heated to 130 °C to increase
the contact area. Subsequently, the monolayer was picked up at 80 °C.
The second monolayer was picked afterward, with twist angle control by
rotating the transfer stage. The whole stack on EA polymer was then trans-
ferred to EIA polymer at 40 °C. At this stage, the bilayer was encapsulated

by hBN and the EIA polymer. After transferring the EIA polymer (with the
hBN-bilayer stack) onto the substrate, the bilayer was placed on the top for
direct PFM measurements. A flexible PEN film (thickness = 125 μm) was
first deposited with Ni (2 nm) and Au (10 nm) via vacuum evaporation.
The EIA polymer was brought into contact with the substrate at 150 °C, at
which the polymer would melt. By removing the substrate from the glass
slide, part of the polymer was left on the substrate, with the hBN-bilayer
stack buried underneath. The residual polymer was then washed away by
sequentially immersing the substrate in chloroform (2 min), acetone (10
min), and IPA (10 min).

PFM Measurements: The moiré pattern of the near-0° bilayer WSe2
sample #1 wasmeasured using the vertical PFMmode. Annealing was not
performed. The horizontal PFM mode was adopted for the near-1° bilayer
WSe2 sample #2. To conduct PFM measurements on the bent substrate
mounted onmold, we first sandwiched the PEN substrate between the cap
and mold and heated the whole structure at 160 °C for 3 h to fix the shape
of the substrate. In order to conduct the PFMmeasurements, the cap was
removed, leaving space for contact between the AFM cantilever and sur-
face of the substrate. To mount the substrate on the mold without a cap,
we additionally used the PDMS thin film (thickness = 165 μm) as an adhe-
sion layer. PFM measurements were performed using a Veeco Multimode
8 atomic force microscope in an ambient environment. We used the SCM-
PIT-V2 cantilever, which has a force constant of ≈3 N m−1, for all PFM
measurements. For the vertical PFM mode measurements, we selected a
contact resonance frequency of ≈280 kHz; for the horizontal PFM mode
measurements, the contact resonance frequency was set to≈700 kHz. The
applied a.c. bias was between 800 and 2000 mV, and the scan speed of the
cantilever was set between 1.5 and 3 Hz for optimal resolution of the ac-
quired images. For all measurements, the contact force was less than 60
nN. The collected data was processed using the Gwyddion software. No
background subtraction process was adopted, and the scale range of each
image was limited to within 3 × RMS for better visibility of the moiré pat-
tern. The period L in long-period moiré structures with a stacking angle
of approximately zero degrees (sample #1) was estimated from the PFM
image. It contains a very large error (±43 nm) due to the nonuniform dis-
tortion in this sample. On the other hand, the moíre period in sample #2
was estimated by FFT images.[9] To improve the signal-to-noise ratio of
the obtained moíre pattern, the raw PFM images were Fourier filtered with
a threshold of 70% of themaximum intensity. We further fit the fast Fourier
transform satellite peak intensity to a Gaussian function.

Optical Measurements: Raman and photoluminescence spectra were
recorded using a JASCO NRS-5100 instrument. The wavelength of the ex-
citation laser was 532 nm through a 100x lens, with a power of 130 μW.

SHG measurements were performed using a home-built optical sys-
tem with a linearly polarized femtosecond laser (80 MHz) as the excita-
tion source. The wavelength of the laser was fixed at 900 nm, with a power
of 730 μW. The second harmonic signal was collected at a wavelength of
450 nm. The angular dependence of the signal was measured by rotating
the angle of the excitation laser using a 𝜆/2 waveplate.
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