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Abstract: Moiré superlattices in van der Waals (vdW) heterostructures form by stacking
atomically thin layers on top of one another with a twist angle or lattice mismatch. The resulting
moirépotential leads to a strong modification of the band structure, which can give rise to exotic
qguantum phenomena ranging from correlated insulators and superconductors to moiréexcitons
and Wigner crystals. Here we demonstrate the dynamic tuning of moirépotential in a WSe2/WS:
heterostructure at cryogenic temperature. We utilize the optical fiber tip of a cryogenic scanning
near-field optical microscope (SNOM) to locally deform the heterostructure and measure its
near-field optical response simultaneously. The deformation of the heterostructure increases the
moiré potential, which leads to a red shift of the moiré&exciton resonances. We observe the
interlayer exciton resonance shifts up to 20 meV, while the intralayer exciton resonances shift up
to 17 meV.
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Introduction

Moirésuperlattices in van der Waals (vdW) heterostructures have become a playground of exotic
quantum phenomena due to the interplay between atomic structure and electron correlations®5,
The long-wavelength moirépotential, generated by the twist angle and lattice mismatch between
the constitutive layers, leads to a strong modification of the band structure and gives rise to a
number of emergent electronic phenomena including superconductivity® °, magnetism*®,
fractional Chern insulating states!’, and moiré excitons!®2. Dynamic control of the moiré
potential in-situ is highly desirable in the study of moiréphysics. One promising way is through
mechanical deformation, which directly alters the interlayer separation of the heterostructures
and therefore modulates the moiré potential and correlated states®*2°. However, experimental
realization of in-situ deformation engineering of moiréheterostructures at low temperature has

been difficult using conventional diamond anvil cell or piston-cylinder methods?®.

Here, we demonstrate a novel way to locally deform vdW heterostructures in-situ using an
optical fiber tip in a cryogenic SNOM. The tapered optical fiber tip is used both to indent the
vdW heterostructure and measure its near-field optical response simultaneously. Due to the

highly confined optical field at the fiber tip, the measured spectra are dominated by the area



directly below the tip where indentation occurs. We demonstrate efficient tuning of the moiré
exciton peaks in WSe2/WS; heterostructures, where the interlayer and intralayer moiréexcitons
can shift up to 20 meV and 17 meV, respectively. Our observations are well-captured by a
phenomenological model which accounts for the deformation-induced increase of the moiré

potential.

Results and Discussion

Figure 1a illustrates our experimental design for the deformation tuning of moiréexcitons in a
WSe2/WS: heterostructure. A tapered optical fiber of a SNOM serves both to indent the sample
and perform optical spectroscopy in reflection mode. The excitation light is coupled into the
fiber and propagates to the tapered tip. The reflected light is then coupled back into the tip and
backpropagates to a spectrometer. The local stress below the tip can be calibrated by comparing

to a separate experiment performed in a diamond anvil cell.

The tapered optical fiber is etched from a single mode optical fiber (780 HP) using hydrofluoric
acid (HF) following procedures described in Ref. 3% 3! (See Methods for details). The tapered tip,
with a diameter of ~300 nm, is then glued onto a tuning fork leg as shown in Figure 1b. In order
to retain a rigid tip, we restrict the tuning fork leg from protruding less than 0.2 mm. The tuning
fork with the tip is installed into a homebuilt cryogenic SNOM that operates at a base
temperature of 25 K. The SNOM operates in a shear-force mode in which the tuning fork with
the tip vibrates at its mechanical resonance frequency near 32 kHz through a self-excitation
loop®* 3. The mechanical resonance frequency shifts significantly as the tip approaches the
sample. By monitoring this frequency shift, the tip-sample distance can be accurately controlled
to within a few nanometers®> 33, After the tip reaches a distance of ~5 nm®" % above the sample
surface, the feedback is temporarily turned off, and the applied stress can be controlled by the
compressive displacement of the sample relative to the tip using a piezo stage. The compressive
displacement is calibrated by scanning a known calibration grating at cryogenic temperature. The
voltage driving the piezo tube can then be correlated to the height of the sample.
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Fig. 1 | Dynamic tuning of moiréexcitons in WSe2/WS; heterostructure using an optical
fiber tip. (a) Schematic view of the dynamic tuning of moiré excitons in WSe2/WS:
heterostructure. The optical fiber tip is used both to indent the heterostructure and probe its
optical near-field response. (b) Optical image of the etched fiber tip after being glued onto the
tuning fork. The inset shows a scanning electron micrograph of the tip. The tip end has a
diameter of ~300 nm. (c) Simulated field distribution along the fiber tip for HeNe laser. The tip
contour is indicated by white dashed lines. The light can be focused down to a submicron spot
defined by the tip size. (d) Simulated field distribution of the cross-section at the tip end. The

light is mainly confined inside the optical fiber tip.

Our method of using a fiber tip to apply stress is distinct from conventional diamond anvil cell
(DAC) measurements®®?! and possesses unigque advantages. First, the stress can be easily and
continuously varied in-situ with high precision. Although in-situ control of pressure can be
realized in specially designed DACs% integrating such tunable DACs with cryogenic optical
measurements introduces significant technical challenges. Second, local spectroscopy with sub-
micron spatial resolution can be carried out using the SNOM while applying stress with the tip,

which minimizes the effect of sample inhomogeneity in spectroscopy measurements.



We perform either photoluminescence (PL) or reflection spectroscopy using fiber-coupled HeNe
and supercontinuum lasers, respectively. In PL spectroscopy, the PL emission from the sample is
collected by a spectrometer equipped with a cooled CCD camera. In reflection spectroscopy, the
analogous procedure occurs for the reflected light from the sample. Figure 1c shows the
simulated electric field distribution of the excitation light propagating along the tapered tip using
a HeNe laser. The fiber contour is indicated by white dashed lines. The excitation light can be
efficiently confined within the optical fiber and focused down to a submicron spot determined by
the tip geometry. Figure 1d shows the field distribution at the tip end. The light is largely
confined inside the fiber tip with only 9% leaked outside. The strong field confinement ensures
that only the deformed area directly below the fiber tip contributes to the measured optical

response.

Figure 2a shows an optical image of a representative WSe2/WS: heterostructure. The
heterostructure is encapsulated by two hexagonal boron nitride (hBN) flakes using a dry-transfer
technique. All of the 2D materials in our experiment are first mechanically exfoliated from bulk
crystals, stacked together using a propylene carbonate (PPC) stamp, and placed on a transparent
sapphire substrate (see Methods for details). After encapsulation, the optical contrast of the
WSe2/WS: layers becomes weak; for reference, Figure 2a inset shows the same flakes on a 285
nm SiO2/Si substrate before transfer. The relative twist angle between the WSe2 and WS layers
is determined optically using polarization-dependent second-harmonic-generation measurements.
The fitted data (Figure 2b) indicates that the heterostructure has a nearly zero twist angle (0.7 &+
0.3 between the WSe2 and WS: flakes.
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Fig. 2 | Experimental results of moiré interlayer excitons in WSe/WS; heterostructure
under applied stress. (a) Optical image of a hBN-encapsulated WSe2/\WS: heterostructure
placed on a transparent sapphire substrate. The WSez is indicated by the red dashed line and the
WS: is indicated by the blue dashed line. The inset shows the optical image of the
heterostructure on a 285 nm SiO2/Si substrate prior to transfer. (b) Second-harmonic generation
of the WSe2 and WSz monolayer regions within the heterostructure. The fitted twist angle
between the two layers is 0.7 20.3<indicating a nearly zero twist angle of the sample. (c) PL
spectra of the moiré&interlayer exciton evolution under applied stress. The resonance shifts to
lower energies upon compression and shows negligible hysteresis upon decompression. The
frequency modulation feedback is used to control the fiber tip to reach the sample surface. Then
the feedback is temporarily turned off and the fiber tip is intended into the sample by controlling
the compressive displacement from 0 nm to 40 nm. After the tip is intended into the sample by
40 nm, the tip is gradually retracted with compressive displacement reducing from 40 nm to O

nm. (d) Horizontal line cuts of ¢ showing the WSe2/WS: PL spectra at selected applied stresses.



We first measure the deformation-induced change of the interlayer exciton in the WS2/WSe:
heterostructure using near-field photoluminescence spectroscopy. Figure 2c shows the PL
spectra of the WSe2/WS: heterostructure as a function of the compressive displacement, wherein
the sample is compressed and subsequently decompressed. At zero applied stress, the PL spectra
show a well-defined peak at 1.41 eV, corresponding to emission from the lowest-energy
interlayer exciton state in the heterostructure® *°. The WSe2/WS: heterostructure has a type Il
band alignment, so interlayer excitons form with a hole layer in WSe2 and an electron layer in
WS2%. Due to the spatial separation of the charge carriers, the oscillator strength of this
interlayer exciton is considerably smaller than that of intralayer ones, yet they dominate the
emission due to their long lifetimes 22, As we increase the applied stress, the interlayer exciton
exhibits a continuous red shift that scales approximately linearly. Figure 2d shows the PL spectra
of the interlayer exciton at several selected applied stresses from horizontal line cuts in Fig. 2c.
The PL spectrum exhibits a well-defined peak even at the maximum applied stress. The
resonance energy is red shifted by 20 meV at the highest applied stress, accompanied by a

reduction in the overall emission intensity.

We calibrate the stress exerted by the fiber tip by comparing the deformation-induced interlayer
exciton shift in the WS2/WSe2 moiréheterostructure to that measured in a diamond anvil cell. In
the diamond anvil cell measurement, we place the WS2/WSe: heterostructure onto the culet (tip)
of a diamond anvil and compress it with an opposing anvil using a 4:1 methanol/ethanol mixture
as a pressure-transmitting medium. The pressure within the medium is measured using the PL
shift of a ruby microsphere placed near the heterostructure; this measurement also characterizes
the uniaxial stress applied to the sample*! (see SI for details). We compress the cell at room
temperature and subsequently cool it to 25 K in the cryostat. The PL spectra for both the
heterostructure and the ruby microsphere are obtained through a long-working-distance objective
lens. We observe a red shift of the interlayer moiréexciton under compression and obtain a
stress-induced exciton energy shift of 14.3 meV/GPa. In our SNOM measurements, the
interlayer exciton shifts linearly with the compressive displacement with a slope of 0.5 meV/nm.
Comparison of these two sets of data shows that the tip-induced deformation increases linearly
with the compressive displacement at a rate of 0.035 GPa/nm. The largest compressive

displacement applied in our measurements is 40 nm, which corresponds to a local uniaxial stress



of 1.4 GPa. This maximum stress is limited by the damage threshold of the optical fiber tip and

can potentially be increased by using a tip made from stronger materials.
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Fig. 3 | Experimental results of moiré intralayer excitons in WSe,/WS; heterostructure
under applied stress. (a) Optical reflection contrast of the WSe2 moiréA excitons under applied
stress. The optical spectra show negligible hysteresis in the compression and decompression
traces. (b) Horizontal line cuts show the reflection contrast spectra of the intralayer moiré A
excitons of the WSez. The moiréexciton peaks exhibit red shifts and linewidth broadening upon

compression.

Next we examine the deformation-induced modification of the intralayer moiréexcitons in the
WS2/WSe: heterostructure. Figure 3a shows the measured reflection contrast of the WSe2/WS:
heterostructure as a function of the stress applied by the optical fiber tip. The high energy peaks

of the moiréexcitons are rescaled for visual clarity. Figure 3b shows the reflection spectra at



several selected applied stresses, which are horizontal line cuts of Fig. 3a. In the absence of any
compression, the heterostructure shows three distinct peaks (1, 11, I11) at 1.641 eV, 1.701 eV and
1.752 eV, respectively, corresponding to the moiréexcitons resulting from the periodic moiré
potential in the WS2/WSe: heterostructure®?. All three peaks exhibit a red shift of their transition
energies with increased stress. This red shift in energy is accompanied by lower contrast and
linewidth broadening, particularly for the Il and 111 moiré&exciton peaks. At the maximum stress
(1.4 GPa), only I and I1l peaks show well-defined absorption resonances. The red shift in moiré
exciton energies shows the same behavior in compression and decompression traces with
negligible hysteresis, and the moiréexcitons fully recover to their original positions when the
fiber tip is released. The measurement is highly reproducible, and neither the tip nor the sample
show signs of degradation after a compression-decompression cycle.

To understand this stress-induced red shift of the intralayer moiré exciton resonances, we
perform control measurements of isolated WSe2 monolayers encapsulated in hBN. We find that
the 1s exciton of the isolated WSe2 monolayer shows negligible red shift under the same
experimental conditions (See Sl for details), suggesting that the red shift of the moiréexciton
resonances arises from a stress-induced modulation of the moiré potential in the WS2/WSe2
heterostructure. To elucidate this effect, we construct a phenomenological model following ref
2, The center-of-mass motion of WSe2 A excitons can be described by the Hamiltonian®?,

H = Ho + X%, Viexp (ib;. 1),

where Ho is the low-energy effective Hamiltonian for the A exciton 1s state in monolayer WSe.
Vj is the effective potential coefficient on the exciton generated by the moirésuperlattices; its
momentum is given by the reciprocal lattice vectors of the moirésuperlattices, b;. Here, only one
component in Vj is independent due to the three-fold rotational symmetry and hermiticity. The
effective moirépotential coefficient can then be defined as V1 = Vexp(iy), in which V and y are
the amplitude and phase components, respectively*?. We note that the peak-to-peak value of the
moirépotential is nearly an order of magnitude larger than V. Figure 4a and b show the exciton
dispersion in the mini-Brillouin zone under different moirépotentials calculated from this model.
Y, m and k are the high symmetry points of the mini-Brillouin zone (Fig. 4a inset). A larger

moirépotential that corresponds to the strong-coupling regime substantially modifies the exciton



dispersion (Fig. 4a and b). The energy of the moiré&exciton states in different minibands (labeled
I to Il in Fig. 4a) is highly sensitive to the moirépotential. This is also reflected in the simulated
absorption spectrum as shown in Fig. 4c. The energies of the corresponding absorption peaks red
shift as the moiré&potential increases. Figure 4d shows the calculated energy shift of the moiré
intralayer exciton under applied stress compared to the experimental data. The calculated shift
captures the experimental findings well, with the largest red shift at a stress of 1.4 GPa
corresponding to a 7 meV modulation of the moiré potential coefficient. The corresponding

change of the peak-to-peak moirépotential is 70 meV.
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Fig. 4 | Calculated moiré exciton shift in WSe2/WS; heterostructure. WSez A exciton
dispersion in the mini-Brillouin zone with a moirépotential modulation of (a) AV = 0 meV and
(b) AV = 8 meV. The original moirépotential parameters are V = 54 meV, {y = 15°. The band
structure in mini-Brillouin is very sensitive to the moiré potential. (c) Simulated optical
absorption spectra of the intralayer moiréexciton at different moirépotentials. The absorption
peaks shift to lower energy with increasing moirépotential. (d) Resonance energy shift of the
moiré intralayer excitons extracted from the experimental data (markers) and compared with
theoretical calculations (solid lines). The theory agrees well with the experiment observation
when the moirépotential modulation reaches 7 meV. The three intralayer moiréexciton peaks all
shift to lower energy with increased moirépotential, but they exhibit a slightly different slope:
2.63 for peak 1, 1.83 for peak I, and 1.70 for peak IlI.



Conclusion
In summary, we have demonstrated a novel way to dynamically tune moiré€ excitons in a

WSe2/WS: heterostructure. The sharp tip of a cryogenic SNOM allows us to apply mechanical
stress and perform background-free near-field spectroscopy simultaneously. We observe a red
shift of both the intralayer and interlayer excitons which corresponds to a deformation-induced
modulation of the moiré& potential coefficient by 7 meV. Our study of moiré excitons under
deformation can be extended to other 2D materials such as twisted graphene and graphene-hBN

superlattices, opening the door to electronic and optical studies of deformed 2D materials.



Methods

Devices preparation.

Monolayer WSe2, monolayer WSz, and thin hBN flakes were exfoliated onto silicon substrates
with a 285 nm SiOz layer. We then used a PPC stamp to pick up the bottom hBN flake, the WSe2
monolayer, the WSz monolayer, and the top hBN flake in sequence. The angle of the PPC stamp
was adjusted between picking up the WSe2 and the WS2 to assure a near-zero twist angle
between the flakes. Polarization-dependent second-harmonic generation was used to determine
the relative angle between the WSe2 and WSz flakes. In order to maintain an ultra-clean surface,
the PPC stamp with the heterostructure was then flipped over and stamped onto a sapphire

substrate.
Chemical etching of optical fiber tips.

A single mode optical fiber, 780HP from Thorlabs Inc., is immersed into an aqueous 54% HF
solution with its acrylate jacket. The HF solution is covered by toluene to avoid acid evaporation.
The acid diffuses through the acrylate jacket and etches the glass fiber. Due to the non-uniform
etching speed, after 2 hours a well-defined fiber tip forms. The tip is then dipped into acetone to

remove the acrylate jacket.
Cryogenic SNOM for optical measurement under deformation.

Our cryogenic optical measurements were carried out on a tuning fork-based SNOM which can
operate at high vacuum and cryogenic temperatures. The lowest sample temperature achieved in
our measurements is 25 K. An optical fiber tip is fixed onto one of the tuning fork legs to detect
the force between the tip and sample, which is a standard way to control the tip-sample distance.
After the tip-sample distance reaches ~5 nm, the feedback of the SNOM is temporarily tuned off,
and the applied stress can be controlled by the height of the sample via a piezo stage. A
compressive displacement of the sample towards the tip will increase the local stress on the tip-
sample area. For the reflection contrast measurements, a supercontinuum laser is coupled into the
fiber tip and the backpropagating light is sent to the spectrometer. During the measurement, the
turbo pump is turned off in order to minimize mechanical vibrations. The background vacuum

level remains below 110 mbar through all the measurements.
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