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Abstract

Semiconducting transition metal dichalcogenides exhibit layer-dependent bandgaps, strong
excitonic effects, and spin-valley coupling, positioning them as promising candidates for
optoelectronic applications. In heterostructures formed by van der Waals stacking, interlayer
excitons and moirésuperlattices have emerged as a unique platform for exploring quantum
many-body physics and correlated electronic phases. Applying high pressure to
semiconducting transition metal dichalcogenides and their heterostructures enables precise
and continuous tuning of their optoelectronic properties via anisotropic lattice compression,
particularly the dramatic reduction of interlayer distances, which greatly enhances interlayer
orbital hybridization over traditional tuning methods. This review systematically presents
diamond anvil cell techniques for in situ high-pressure characterization and analyzes the
pressure-induced evolution in semiconducting transition metal dichalcogenides and their
heterostructures. It focuses on four key aspects: 1) Atomic-scale structural phase transitions
(e.g., layer sliding) and corresponding electronic band structure modifications, including
direct-to-indirect  bandgap transitions in  monolayers (K-4  crossover) and
metallization/superconductivity; 2) Quantifiable enhancement of interlayer interactions
revealed by layer-dependent phonon shifts and spin-orbit splitting amplification, along with
the mechanisms of their influence on properties; 3) Modulation of exciton binding states and
related mechanisms, covering intralayer excitons, trions and interlayer excitons; 4) Moiré
potential modulation where high pressure significantly deepens potentials via interlayer
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compression. This review particularly highlights the unique capability of high pressure in
enhancing interlayer orbital hybridization, thereby inducing exotic quantum phases. Finally,
the future research directions in this field are outlined to advance quantum information device
design, strongly correlated electron system simulation, and the novel excitonic state
exploration.
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1. Introduction

Since the successful exfoliation of graphene in 2004 1, two-dimensional (2D) materials have
rapidly become one of the important research directions in the fields of materials, physics and
chemistry. Graphene has garnered significant research interest due to its exceptional physical

41 near full-band high transmittancel®, high

properties, such as high electron mobility
mechanical strength®®”, Mott-insulating and superconducting phase®® under magic twist
angle, and a large number of achievements have been made in both basic research and
application. However, the semi-metallic nature of graphene and its near-zero band gap limit
its application in optoelectronic devices. As researchers further expand the 2D materials, more
kinds of 2D materials have been discovered, such as phosphorene™™*, silicene™**, boron
nitride™ ¥, transition metal dichalcogenides (TMD)™ %2, etc. The chemical formula of the
TMD material is MX,, wherein M is a transition metal group element (Mo or W, etc.), and X is
a chalcogen group element (S, Se or Te, etc.). Its constituent elements and crystal structures
are diverse (such as 2H, 1T, 1T"), as shown by Fig. 1(a)-(b), which makes TMD materials
show rich physical properties, such as strong light-matter interaction, charge density wave,
superconductivity, topological properties, etc”?¥. In this paper, we mainly discuss the 2H
phases MoS,, WS,, MoSe, and WSe,, which are semiconductors and have layer-dependent
visible band gaps, compensating for graphene's limitations in optoelectronic applications

while maintaining excellent environmental stability®2°!,

In addition, due to the weak
interlayer van der Waals interaction of TMD materials, their monolayers can be stacked

vertically at will to form heterostructures, as shown in Fig. 1(c)®".
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Figure 1. (a) Atomic structure of monolayer of TMDs in their trigonal prismatic (2H),
distorted octahedral (1T) and dimerized (1T') phases®; (b)“periodic table” of known layered
TMDs, organized based on the transition metal element involved, summarizing their existing
structural phases and indicating the presence of distorted structural phases and observed
electronic phases®”; (c) schematic diagram of building van der Waals heterostructures!®”.

It is worth noting that in the monolayer, the enhanced Coulomb interaction due to the reduced
screening gives rise to tight-binding excitons with strong light-matter interaction. The strong
Coulomb interaction also favors the generation of multiparticle exciton complexes. Excitons
combine or interact with other particles or quasi-particles such as excitons, electrons (holes)
or phonons, resulting in exciton complexes such as biexcitons, trions, exciton-trion complexes
and dark exciton phonon replicas %, In exciton complexes, unique physical properties may
emerge, which may be used for new exciton state engineering. Moreover, by revealing the
interaction between excitons and various quasiparticles, the basic laws of quantum
many-body physics can be further clarified 3", At the same time, the large spin-orbit
coupling and the unique valley spin provide the conditions for the dynamic manipulation of
the valley degree of freedom. In addition, the electric dipole interaction between interlayer
excitons and the periodic Moirépattern in the heterostructure become an effective platform
for the emergence of exciton states, including localized exciton states, new optical selection
rules, and the realization of correlated physical phenomena, such as Mott insulator, Wigner
crystal and unconventional superconductivity, which are manifested in the new generation of

optoelectronic devices and quantum simulation!?82°32-%,

To sum up, TMD shows great potential in the fields of optoelectronics and quantum
information because of its strong exciton effect, intrinsic valley spin polarization and easy
construction of van der Waals heterostructure. Gate voltage, as a powerful means to control
the carrier concentration in thin films, can be used to control the exciton state, metallization
and superconducting state, as well as the related states in Moirésuperlattice, but its impact on
the intrinsic properties of materials such as band dispersion and interlayer coupling strength is



limited. Although the stacking/twist angle can regulate the interlayer interaction and Moiré
potential, its regulation range and continuity are limited, and disorder may be introduced.
Although the strain control applied by the substrate can achieve continuous control of the
electronic structure, it is non-hydrostatic and local, and the amount of strain that can be
applied is limited. In contrast, high pressure provides a unique, clean, and powerful regulatory
pathway. Its core advantage is that it can continuously compress the lattice in a large range,
especially significantly reduce the interlayer distance dominated by weak van der Waals force,
thus efficiently enhancing the interlayer interaction. The interlayer interaction is the key factor
to determine the photoelectric properties of TMD, which is also difficult to achieve by other
methods “°!. In addition, high pressure can induce the phase transition of crystal structure and
electronic structure to produce new states®*4. Therefore, by revealing the evolution of
optoelectronic properties of TMD under high pressure, it provides a powerful platform for
in-depth understanding of basic scientific issues such as interlayer interaction, phase
transition mechanism, and many-body interaction, and opens up a new way to explore the
design principles of high-performance optoelectronic devices and quantum simulation
platforms under extreme conditions.

At present, the research on the high pressure control of the photoelectric properties of
semiconductor TMD and its heterostructure mainly focuses on the following four core
scientific issues: 1) the evolution and phase transition of crystal structure and electronic
structure under high pressure, focusing on the revelation of various phase transition
mechanisms and the generation of novel physical properties, such as superconductivity; 2)
The enhancement of interlayer interaction under compression and its influence mechanism.
By comparing the evolution of samples with different layers under high pressure, the
relationship between interlayer interaction and pressure and the number of layers can be
quantitatively established, and the specific mechanism of its physical property control
(especially different from the in-plane compression effect) can be clarified; 3) The many-body
interaction mechanism in exciton complexes, exploring how high pressure finely regulates
exciton binding energy, lifetime, valley polarization and other characteristics, and revealing
the many-body interaction mechanism between excitons and various particles/quasi-particles;
4) The exploration of strongly correlated states in the Moirépotential, quantifying the effect
of high pressure enhanced interlayer interaction on the depth of the Moiré potential, and
revealing the thermal stability enhancement of potential strongly correlated states and the
emergence of new correlated states after the deepening of the Moir potential. The overall core
goal is to reveal and design rich physical phenomena in materials by precisely manipulating
the interaction between TMD and heterostructure under high pressure, especially the key
parameter of interlayer coupling.

In this paper, the experimental research progress of semiconductor TMD and its



heterostructure under high pressure is systematically summarized, focusing on the changes of
physical properties such as structural phase transition, electronic state control, exciton
behavior evolution and Moirépotential control induced by high pressure, in order to reveal
the unique role of high pressure in enhancing interlayer coupling and inducing novel states,
and to look forward to the future direction of multi-field control. First, high-pressure
technology will be briefly introduced in Section2; After that, the behavior of TMD and
heterostructure under high pressure is discussed in Section3 and Section4 in turn; Finally, the
paper summarizes and looks forward to the potential directions in the future exploration of
basic physics and the design of functional devices in this field, which provides a new
perspective for the study of extreme conditions of two-dimensional materials.

2. High-pressure technique

The diamond anvil cell (DAC) is the most widely used device for in situ high-pressure
optoelectronic characterization, and its device is shown in Fig. 2(a). DACs made of different
materials can be selected according to different test targets. For example, stainless steel DAC
is mainly used for normal temperature test, while beryllium copper DAC with good thermal
conductivity and non-magnetic material is used for photoelectric test at low
temperature/magnetic field. The key part of the DAC is a pair of diamonds, which are pressed
against each other to generate high pressure. The ultra-high hardness of diamond enables it to
withstand high pressure. The diamond anvil culet is available in various sizes, ranging from
tens of microns to several millimeters. The smaller the size, the higher the maximum pressure
that can be generated. A typical diamond with a diameter of 300 um can produce a maximum
pressure of about 50-60 GPa. A static high pressure of more than 400 GPa can be generated in
the sample cavity of the DAC, which is much higher than the pressure at the center of the
earth (about 360 GPa) 3. Importantly, the weak absorption of diamond in a wide range of
wavelengths facilitates the transmission of both probe and sample signal light, allowing DAC
to be used for most optoelectronic characterizations. Its insulation makes it possible to place
electrodes or plated electrodes on the diamond for in situ electrical transport measurement of
the sample in the cavity.
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Figure 2. (a) Schematic illustration of the cross-section of a DAC (left) , and the zoom-in on
the diamond/gasket assembly (right)*”’; (b) illustration of the shift in position of the R1
fluorescence line of ruby on increasing pressure from ambient pressure to 2 GPa at room
temperature®¥: (c) (top) typical Raman spectra from the center of the diamond anvil culet at
various pressures in 223-286 GPa range and (bottom) the differential spectrum at 286 GPa,
the high-frequency edge of the Raman band was defined as a minimum of the differential™.

Another common pressurization device is the piston-cylinder pressure cell, which is often
used for cryogenic electrical measurement ¢!, Compared with the diamond anvil cell, the
piston-cylinder pressure cell has better hydrostatic pressure conditions and a larger sample
cavity, which can accommodate samples of mm size. This is particularly conducive to the
high-pressure experiments of complex electrical devices: by cutting devices on silicon wafers
into small sizes and directly putting them into high-pressure cavities, the difficulty of
micro-nano fabrication on small size (< 500 pm) diamond is avoided®®*". It is worth noting
that the piston-cylinder pressure cell has some limitations, such as the small maximum
pressure (less than about 3 GPa), which limits the control range of physical properties, and the
lack of optical window, which limits the optical test. Because of these limitations, the current
research on semiconductor TMD and its heterostructure has not been applied to
piston-cylinder cell. However, the advantages of electrical device testing will be beneficial to
the application of related high-pressure research in the future, which will be discussed in the
last part.

The pressure is usually calibrated by the peak position of the R1 photoluminescence (PL)



peak of Ruby (Cr*-doped Al,O;) and the peak position of the high frequency edge of the
diamond Raman peak. Among them, the ruby fluorescence pressure gauge is suitable for a
wide range of pressure environments (about 0-60 GPa), and the pressure is calibrated
according to the shift of the fluorescence R1 peak position at high pressure, as shown in the

Fig. 2(b). The specific formula of ruby scale is: P[GPa] = 1.87(+0.01) X 103(2—1) X [1+
0

5.63(i0.03)(i—l)], where P is the current pressure, and A/ is the difference between the
0

fluorescence peak wavelength of ruby R1 at the current pressure and the fluorescence peak
wavelength J, (~ 694.25 nm) at ambient pressure®™. The pressure gauge using diamond
Raman is suitable for pressure calibration between 20-300 GPa, as shown in Fig. 2(c). The
high frequency edge is defined as the minimum of the first differential of the Raman intensity.

The corresponding standard pressure formula is P[GPa]=547(i11)><(¥)[(1.37i
0

0.1)(?/—”)], where Av is the difference between the Raman shift at the edge of Raman peak
0

under pressure and at ambient pressure v, (about 1334 cm)®®. Note that the above two
formulas are only applicable to room temperature conditions. In high or low temperature
experiments, the temperature shift of A, and v, values should be taken into account, and the
fitting formulas should be slightly modified %63,

3. TMD under high pressure.
3.1 Crystal structure evolution

Semiconductor TMD materials generally have a 2H, structure at ambient pressure, as shown
in the Fig. 3(a). Under high pressure, the lattice of 2H.-TMD is compressed, which is
reflected by the decrease of lattice constant measured by X-ray diffraction (XRD) and the
blue shift of Raman peak. Taking WSe, as an example, as shown in Fig. 3(b)-(d), the blue
shift of Raman peaks results from an increase in phonon frequency due to enhanced
interatomic forces under compression. With the increase of pressure, the structural phase
transformation of 2H.-2H, occurs in the bulk. The 2H, structure is shown in Fig. 3(a), which
is formed by interlayer sliding of the 2H, structure. The phase transition can be revealed by
the discontinuous change in the lattice constant and the Raman peak splitting or jumping,
which is shown by Fig. 3(b)-(d) using WSe; as an example. The phase transformation usually
occurs in a wide pressure range, that is, from the beginning to the end of the phase
transformation. In this range, the interlayer sliding proceeds gradually, and the peak splitting
often persists in XRD or Raman spectra, as shown by Fig. 3(b)-(d)">****%]. The phase
transition pressures vary among different materials. For bulk MoSe,, WS, and WSe,, they are
20-40 (beginning to complete phase transformation)*?, 15-45!1 and 28.5-60 GPa'®",
respectively. For bulk MoSe,, it is considered that 2H, phase remains at about 60 GPa. The



difference of pressure points of phase transformation is considered to be caused by the
different phase transformation barriers!®®.
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Figure 3. (a) The side view (projected on ac plane) and top view (projected on ab plane) of
2H. and 2H, structure in MX,, M represents Mo and W, X represents S and Se, the red arrows
represent one sliding path for the 2H, to 2H, transition, where one unit of X-M-X triple layers
(marked by a blue box) shifts in ab plane!®: (b) the normalized cell parameters a/ay, c/co, and
the volume V of WSe, as a function of pressure®®: (c) room temperature Raman spectra of
WSe, in the compression’®: (d) peak frequencies of Ay and E%g modes as a function of

pressure of WSe,, respectively, inset shows scheme of the Raman modes A;4 and Eig[s“].

Layer number dependence, as one of the important properties in layered materials, controls
material properties by changing the interaction between layers. According to the Raman
spectra of samples with different number of layers, the layer-dependent structural
characteristics can be revealed. Specifically, at ambient pressure, with the decrease of the
number of layers, the in-plane vibration mode Eig will be blue-shifted, while the
out-of-plane vibration mode A,4 will be red-shifted, as shown in Fig. 4(a)-(b) using MoS, as
an example ®". Among them, the blue shift of E%g is due to the decrease of charge screening
with the decrease of layer number, which leads to the increase of long-range Coulomb
interaction between effective charges, thus increasing the restoring force. The red shift of A4



is due to the weakening of interlayer binding force!®®"%%_ In addition, the response of Raman
modes at high pressure, such as the blue-shift rate, is also layer-dependent. In MoS, and WS,,
the blue shift rate of Eig mode in monolayer is higher than that in bilayer, but the rate of A4
mode is lower. By comparing the cases with and without interlayer interaction (bilayer and
monolayer), the presence of interlayer interaction makes the out-of-plane compression more
sensitive to external pressure, while the in-plane compression is the opposite™". This trend
is also found in multilayer (2-layer to bulk) MoS,, that is, with the increase of the number of
layers N, the blue shift rate of E%g mode decreases, while the blue shift rate of A;; mode
increases, as shown in Fig. 4(c)"?. In the diatomic chain model (DCM), the shear force
constant Ci between sulfur planes in adjacent layers and the shear force constant C§,
between molybdenum and sulfur planes in the same layer are fitted based on the experimental
data under high pressure, and the ratio Cj/C3, characterizes the relative strength of interlayer
and intralayer interactions, with larger values indicating stronger interlayer coupling™".
Based on this ratio, it is quantitatively revealed that the larger the number of layers is, the
stronger the interlayer interaction is. And the interlayer interaction increases with the increase
of pressure. And the degree of pressure-induced enhancement of interlayer interaction is
positively correlated with the number of layers, as shown by Fig. 4(d)["?.
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Figure 4. (a) Raman spectra of thin and bulk MoS; films'®”; (b) frequencies of E3, and Ay
Raman modes (left vertical axis) and their difference (right vertical axis) as a function of layer
thickness®®”: (c) pressure-dependence of Raman shift of A and Eég with various N, and N
changed from 2 to 9, and bulk, inset shows the DCM of MoS,"?; (d) pressure-dependence of
¢S /¢S with various NI,



The low-frequency interlayer vibrational modes include the interlayer breathing (LB) and
shear (S) modes, as illustrated in Fig. 5(a). The former corresponds to the synchronous
expansion and contraction vibrations between adjacent layers along the vertical direction
(z-direction), resembling the breathing motion of a spring. The latter corresponds to the
relative sliding vibrations between adjacent layers along the in-plane direction (xy-direction).
The interlayer vibration mode is absent in the monolayer due to the lack of adjacent layers.
The restoring force of the interlayer vibration modes is dominated only by the interlayer van
der Waals interaction, so they are very sensitive to the interlayer interaction, which provides a
powerful probe to explore the evolution of the interlayer interaction with the number of layers
and pressure. As shown in the Fig. 5(b), the monoatomic chain model (MCM) is formed by
simplifying each layer as a rigid sphere and assuming that each layer and its adjacent layers
vibrate rigidly. The model can effectively explain the layer number dependence of the
interlayer vibration mode at ambient and high pressurest’?’*™l. The TMD of the N layer
usually includes (N — 1) twice-degenerate S modes and (N — 1) non-degenerate LB modes,
and the frequencies are:

w(Syn-j) = 0(Spu)sin (/2N), w(LBy y—;) = w(LBpy)sin (j/2N) , where
@ (Spuk) = i \/g @ (LBpyx) = é \/% is the frequency of the corresponding phonon in the
bulk, the phonon branching coefficient j=1,2,3, --sN—1, a// and a* are the interlayer
force constants per unit area of the in-plane and out-of-plane nearest-neighbor layers,
respectively, 4 is the mass per unit area of each layer, and ¢ is the speed of light ">,
Experimentally, it is easy to observe the highest frequency S-mode branch (j =N -1, i.e. Eﬁg)
and the lowest frequency LM-mode branch (j = 1, i.e. Byg), as shown by Fig. 5(c)-(d)!"2.
According to this model, it is easy to obtain the layer number dependence of the frequency:
with the increase of the layer number, the Sy is blue-shifted and the LBy y-_; is
red-shifted, and the layer number dependence can be well fitted by the MCM model, as
shown by Fig. 5(c)-(d)™. At high pressure, both LM and S modes show blue shift due to
lattice compression, and the blue shift rate shows layer number dependence, as shown by Fig.
5@)@.  According to the MCM model, the blue shift rates are

daw(s dw(Spuid) . 1(N—-1) dw(LByy—1) _ dew(LBpui) . : .
00N _ d0Chu) g, TV-1) do@Bun-1) _ doWBou) ;0 T \with the increase of layer
dpP dpP 2N dpP dpP 2N

number N, the former increases and the latter decreases. It is noted that the a* increases
faster with pressure than the a// because the interlayer compression is more sensitive to
pressure regulation, which results in a larger blue shift rate of the LB, ; mode with pressure
in the case of N = 2. When N tends to infinity, the blue shift rate of LBy y_; tends to zero,
which is less than the finite value of S-mode. As a result, the blue shift rates of LBy y_; and
Sy1 modes must have a crossover point with the number of layers, which is 4 layers in MoS,,
as shown in Fig. 5(e), and 3 layers in MoTe,!"*". To sum up, the layer number and pressure
dependence of the interlayer vibration mode of 2H-TMD can be completely described by the



MCM model, and the details of the evolution behavior with layer number or pressure are
determined only by the element type, force constants a* and a//, and their evolution with

pressure.
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Figure 5. (a) Schematics of interlayer breathing mode and shear model™: (b) MCM of MoS,
on a solid substratel’?: (c) Stokes and anti-Stokes Raman spectra of the few-layer and bulk
MoS, on a diamond surface, the dashed lines and arrows are used for guide[72]; (d) Raman
shifts of few-layer MoS, as a function of NI'?; (e) N-dependence of Raman shifting rates of
LB and S of MoS,".

The pressure-induced 2H.-2H, structural phase transition also exhibits a layer-number
dependence, such as the transition pressure. In general, it is believed that the smaller the
number of layers in a layered material, the higher the phase transition pressure required,
which is due to the layer-number dependence of the surface energy!””. However, the results in
TMD are different. At present, interlayer sliding is found in bilayer MoS, and bilayer WS,
through the jump of Raman peaks, at about 16% and about 15 GPal™!, respectively, which are
lower than the transition pressures of bulk and multilayer reported by the same report or
previous reportst*>®7°7 According to the study™ of few-layer MoS,, the interlayer shear
constant Cj is positively correlated with the number of layers, which reveals that the
interlayer restoring force decreases with the decrease of the number of layers, thus providing
a possible reason for the easier occurrence of interlayer sliding under high pressure. In the



monolayer, there is a lack of phase transition of interlayer sliding due to the absence of
adjacent layers, and it is believed that no structural phase transition is found under hydrostatic
pressure below about 40 GPal "™,

It is worth noting that for monolayer or few layers, the structural properties are susceptible to
pressure environments, such as hydrostatic conditions and substrate effects. In some
experiments, the thin film sample is placed in a high-pressure cell together with a silicon
wafer or other substrate*®™. Due to the difference of compression deformation between the
pressure transmitting medium and the substrate under high pressure, the stress on the upper
and lower surfaces of the sample is different. This difference introduces additional stresses,
which in turn cause structural distortion. For example, in monolayer MoS,, due to the
different stress environments of the upper and lower Mo-S bonds, the Raman peaks are split,
and further, new peaks™® appear due to the structural distortion. the large volume collapse of
the silicon wafer during phase transition under high pressure causes all the Raman peaks of
monolayer WS, to soften and jump!™. It is generally believed that when a monolayer or few
layers of material are transferred directly to the diamond anvil surface, the interaction
between the diamond and the sample is weak enough to effectively avoid the problem of
different stress conditions between the upper and lower surfaces of the sample!*-"*"%™ |n
addition, under different hydrostatic pressure conditions, which is determined by the pressure
transmitting medium, the response of the sample to compression is also different, which is

manifested by the difference in the blue shift rate of the Raman peak!™®".

3.2 Electronic structure evolution

Bulk TMDs exhibit a gradual reduction of their band gap under high pressure, leading to a
metallization phase transition. In MoS, , WS, , and WSe, , this semiconductor-to-metal
transition typically accompanies the structural transformation, as exemplified by MoS, in
Fig. 6“24%] For MoSe, , which lacks a structural phase transition, metallization also occurs,
again due to a pressure-induced band gap closing at about 41 GPa . More notably,
superconductivity in 2H,-MoS; occurs after further pressurization above about 90 GPa, which

is believed to be related to the pressure-induced emergence of new flat Fermi pockets 7.
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Figure 6. Pressure-temperature (P-T) phase diagram of 2H-MoS,["..

The electronic structure also has a significant layer number dependence. The bulk material is
an indirect band gap semiconductor, usually the valence band maximum (VBM) is at the I’
point, and the conduction band minimum (CBM) is at the M point between K and I, as shown
in Fig. 7(a), with a band gap of about 1 eV. When the number of layers is reduced to a
monolayer, it changes from an indirect band gap semiconductor to a K-K direct band gap
semiconductor with a band gap of about 2 eV¥#81 As shown in Fig. 7(b), taking MoS, as
an example, in few-layer materials, PL peak I corresponds to indirect transition, PL peaks A
and B correspond to K-K direct transition, and the energy splitting is attributed to the
spin-orbit coupling splitting of the valence band. The indirect transition peak | disappears and
the intensity of peak A increases greatly due to the indirect-direct band gap phase transition
from bilayer to monolayer. The layer number dependent indirect to direct band gap phase
transition is mainly caused by the orbital characteristics of different points. The K point
electronic state involves only the strongly localized d-orbital hybridization of the metal atoms
located in the middle of the monolayer, and thus has weak interlayer coupling. The electronic
states at the 4 point of the conduction band and the I” point of the valence band are both
involved in the hybridization of the d orbital of the metal atom and the p, orbital of the
chalcogen atom, and are more easily affected by the interlayer coupling®™. With the decrease
of the layer number, the A-I" gap increases, while the K-K gap is almost unchanged, resulting
in the change of the VBM from /" to K and the CBM from 4 to K. In a bilayer, the VBM is
generally 7", and the CBM may be K or 4, as shown by Fig. 7(a)®®.
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Different from the band gap of bulk TMD which decreases and closes under high pressure,
the K-K band gap of monolayer TMD is believed to increase under high

pl#4464TTOTLIBESS6] 1t s worth noting that the /4-K band gap decreases with the increase

pressur
of pressure, resulting in the crossing of the K and the A at the CBM, which is the turning point
from the blue shift to the red shift of the PL peak, taking MoS, as an example, as shown in
Fig. 8(a)-(d). This occurs in MoS,, WS,, MoSe,, and WSe, at about 1.9%4, 2.6 3.7 and
2.3 GPa, respectively®®. This behavior is considered to be mainly caused by the in-plane
compression under pressure: the main contribution of the conduction band K point comes
from the out-of-plane d orbital of the metal atom, while the A point is mainly the
hybridization of the in-plane d orbital, which leads to the lattice compression and the change
of the X-M-X bond angle, which has a greater impact on the A state and reduces its

en el’gy[44’82'87].

In addition to the high-pressure evolution of the PL peak position,
double-resonance Raman (DDR) spectroscopy can also be used as a sensitive probe to detect
the change of electronic structure. When the laser-excited electronic transition occurs between
real states, the resonance results in a significant enhancement of the Raman signal intensity.
In monolayer materials, the second-order resonance of the longitudinal phonon (LA) at the M
point in the Brillouin zone, the 2LA (M) mode, is a specific mode associated with the
conduction band K-4 scattering, as shown in Fig. 8(e). The significant increase in intensity at
high pressure is attributed to the decrease in the energy difference between the K and A

valleys caused by the K- crossing of the conduction band™.
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Figure 8. (a)—(c) Calculated band structures of monolayer MoS, at 0, 2.1, and 2.5 GPa,
respectively™: (d) functional relationships of bandgap versus pressure on monolayer MoS,**:
(e) band structure of monolayer TMDs and schematic representation of the two-phonon DRR
processes for monolayer MoS, and WSe, at ambient pressure, intervalley scattering between
K-Q(4) as well as K-K' valleys can occur, the K-Q scattering is mostly mediated by phonons
near M, while K-K' scattering involves phonons near K (f) PL spectra of the bilayer MoS,
sample under high pressure®; (g) photon energies of the PL peaks of the bilayer MoS; as a
function of pressure!®: (h) schematic representations of the band structure for bilayer MoS,

when P =0 GPa, 0 GPa < P < 1.5 GPa, and 1.5 GPa < P < 2.34 GPal*,

For bilayer and few-layer materials with interlayer interaction, it is generally believed that the
band gap of K-K increases with pressure, which is consistent with the situation in monolayer,
while the indirect band gap of K-7" or A-I" decreases with pressure, which is mainly due to the
influence of enhanced interlayer interaction on band evolution under high pressure, and the
principle is similar to the previous analysis on the layer number dependence of band structure
at ambient pressure!*37078881 At the same time, for the bilayer MoS, with the CBM of K,

the crossing of the conduction band bottom of K- also occurs like the monolayer, as shown
by Fig. 8(f)-(g)"*""

Although the band gap of both monolayer and few-layer eventually decreases under high
pressure, metallization has not been observed experimentally, which is believed to be due to



the higher pressure required for band gap closing, such as the metallization pressure of
monolayer MoS, predicted to be above 60 GPal*’. In particular, unlike the metallized 2H,
MoS,, the bilayer MoS, with interlayer sliding is considered to be unmetallized up to about 40
GPal™,

As mentioned above, there is a large spin-orbit coupling splitting at the K point of the valence
band (150-500 meV) and a small splitting at the K point of the conduction band (20-40 meV).
In the absorption or emission spectrum, two peaks, peak A and peak B, corresponding to the
K-K transition and due to the splitting of the valence band, are observed, and their energy
difference corresponds to the size of the spin-orbit coupling splitting. The pressure control of
the spin-orbit coupling splitting is mainly studied in MoS,: the energy splitting is almost
constant with pressure in monolayer MoS,, while it increases with pressure in few-layer
samples, and the energy difference in trilayer samples increases faster than that in bilayer
samples®® %2 In the monolayer, the energy splitting of the valence band is only related to its
spin splitting (24y) and is independent of the interlayer coupling strength t. In few-layer
samples, the effect of interlayer coupling strength t should be considered, and the splitting is

24/4% + t2. Under high pressure, the Jy has no significant change, while the tincreases

significantly, and the coupling strength t of bilayer MoS; at 12.7 GPa (101 meV) is 2.8 times
that at normal pressure (36 meV) Y. The trilayer exhibits a larger energy splitting than the
bilayer, due to its interlayer interactions being more susceptible to pressure. The increase of
coupling strength t is due to the increase of atomic orbital wave function overlap caused by
in-plane and out-of-plane lattice compression, of which the latter plays a major role, and the
change of interlayer distance d leads to the change of t %,

Under high pressure, the carrier mobility and concentration of few-layer or bulk
semiconductor TMD will be significantly improved. In the electronic structure, the
pressure-induced band gap decreases and the dispersion at the CBM increases, thus reducing
the electron effective mass. Secondly, high pressure enhances the van der Waals interlayer
interaction and promotes the interlayer carrier transport, which can help to improve the carrier
mobility and concentration ®*%4. In particular, the enhancement effect of interlayer interaction
is more significant in bulk materials, and the mobility enhancement is higher than that in
few-layer samples 1°%,

3.3 Exciton

Exciton behavior in semiconductor TMD under high pressure is greatly influenced by its
electronic structure, such as exciton energy. In addition, ultrafast spectroscopy provides a
unique means to reveal the dynamic response mechanism of materials under high pressure,
which helps to reveal the band evolution, exciton lifetime changes and carrier dynamics!®>®!,
In monolayer MoSe,, the exciton lifetime increases with pressure, as shown by the Fig.



9(a)-(b), which is believed to be due to the direct to indirect band gap transition discussed
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Figure 9. (@) Normalized differential reflection signals under high pressure in monolayer
MoSe,*™: (b) the average values of fluorescence lifetime of two decay component z; and 7, at
different pump powers in monolayer MoSe, under uncompressed and compressed
conditions®”: (c) schematic illustration of the high-pressure gating h-BN/MoSe,/h-BN
heterostructure setup'®®: (d) normalized PL spectra of monolayer MoSe, under various
pressures, the red (or blue) curve was obtained at Vg = -3 V (or 3 V) (e)
pressure-dependent exciton and trion states of MoSe, obtained by PL measurements and

Efrion as a function of pressure®®,

Atrion is a charged excitonic complex composed of an exciton bound to either a free electron
or a free hole, resulting in a negatively charged or a positively charged complex, respectively.
In monolayer TMD, the trion binding energy E{'°" (energy difference between trion and
exciton) is 20-40 meV. In photoexcitation, a higher exciton density increases the possibility of
forming exciton complexes, and negative trions are often seen in the PL spectra of

monolayers['85%¢]

. In addition, electrons or holes can be injected into the material by
applying an electrostatic field using a gate voltage. This increases the probability of forming
the corresponding negative or positive trion, resulting in a relative enhancement of the trion
signal in the PL spectra, which is beneficial for its detection and study. By combining a gate

voltage with high pressure, the pressure evolution of the trion binding energy of monolayer



MoSe; is investigated as shown in the Fig. 9(c)®®. It is worth noting that the binding energy is
basically unchanged with pressure and remains at about 30 meV, as shown in Fig. 9(d)-(e).
This is attributed to the cancellation of mass-dependent terms in the exciton and trion
Hamiltonians, and the perturbative nature of the Hughes-Eckart term in the trion Hamiltonian,
which leads to the relative stability of the trion binding energy as the electron and hole
effective masses change under pressure®. From a simplified physical point of view, this can
be understood by considering the trion as an electron bound to the exciton, which is spatially
diffuse (a few nm in radius in MoSe,) and overall charge neutral, so from an electronic point
of view, the energy released by binding to the exciton can be considered constant!*.

3.4 Summary

In summary, the evolution of the layer-dependent crystal structure, electronic structure, and
exciton properties under high pressure in the TMD are summarized. By comparing the
behavior differences between monolayer and multilayer in various works, the effects of
intralayer compression and interlayer interaction enhancement on the evolution of structural
properties can be sorted out. In the aspect of structural evolution, the existence and
enhancement of interlayer interaction increase the sensitivity of out-of-plane compression, but
decrease the sensitivity of in-plane compression. The decrease of interlayer restoring force
caused by the decrease of interlayer interaction is the key reason why the interlayer sliding
phase transformation is more likely to occur at lower pressure. In particular, based on the
Raman vibration and band splitting, the evolution of the interlayer interaction with the
number of layers and pressure can be quantified, which lays the foundation for the proposal of
various physical properties-interlayer interaction quantitative modelst®®%. It is worth noting
that the MCM model is expected to predict the number of layers and high-pressure evolution
behavior of the interlayer Raman modes of various two-dimensional materials 2. For the
electronic band, based on the electronic orbital hybridization characteristics of different
valleys, the existence and enhancement of interlayer interaction contribute to the relative rise
of the valence band 7" valley, the compression within the layer contributes to the increase of
the K-K band gap, and both contribute to the relative decline of the conduction band A valley.
Under high pressure, the weak interaction between layers is more significant than the
intralayer compression, which dominates the high-pressure behavior of few-layer and bulk
samples. In addition, in terms of exciton behavior, the unusual high-pressure robustness of the
trion binding energy reveals many-body interactions in the TMD exciton state that go beyond
the two-dimensional hydrogenic model.

4. TMD heterostructure or homostructure under high pressure.
4.1 Crystal structure evolution

As discussed above, by changing the number of layers of the TMD, the interaction between



the layers is regulated, which has an important impact on the behavior at ambient and high
pressures. In addition to the number of layers, stacking can also affect the interaction between
layers. Natural semiconductor TMD is mainly based on the 2H stacking. With the
development of sample growth and transfer technology, homo- and heterostructures with
different twist angles can be fabricated.

Unlike monolayers, homo- or heterostructures exhibit different behavior due to interlayer
interactions, such as the Raman and PL spectral behavior discussed earlier %! At high
pressure, as shown in Fig. 10(a), the out-of-plane vibrational mode A} (Aig) in the
heterostructure exhibit a significant frequency shift compared to those in the monolayer,
whereas the in-plane E' (Eﬁg) mode does not exhibit such a shift, indicating that the interlayer
coupling has little effect on the in-plane vibration, and the vertical vibration of the system is
strongly renormalized®®*®®! In addition, similar to bilayer samples, structural phase
transitions such as interlayer sliding or rotation also occur in homo- or heterostructures with

pressure 110671091
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Figure 10. (a) Raman peak positions of the A} and E’ vibration modes as a function of
pressure on MoS,/WS,*%: (b) schematic diagram of vertically stacked TMD with a twist
angle of A (c) the interlayer spacing, and (d) binding energy between two monolayers
versus twist angles, as an example of WS, (e) simulated Raman spectra of the five
high-symmetry stackings at 0°and 60< as an example of twist bilayer MoS,%; (f) Raman
spectra in 3R- and 2H-stacked bilayer WS, under 0 and 17 GPa.""’; (g) schematic of pressure

induced interlayer compressing in 3R- and 2H-stacked bilayer WS,™"1,



In both homo- and heterostructures, the interlayer twist angle serves as a powerful tool for
tuning interlayer interactions, as shown by Fig. 10(b)-(d). The modulation of the interlayer
coupling originates from the change of the interlayer distance caused by the repulsion
between two adjacent layers, as shown in Fig. 10(c)-(d), the interlayer coupling strength is
generally the strongest in the twist angle of 0°or 60< When the twist angle is between 0<and
60< the interlayer coupling strength becomes weak and reaches a minimum at about
304191 o4 stacking corresponds to an interlayer twist angle of 60< 3R stacking
corresponds to 0<

Heterostructures with different twist angles have different pressure responses under high
pressure due to the difference of interlayer coupling, such as the evolution of Raman peak
position and different phase transition paths“®*%. |t is worth noting that although both 3R
and 2H stacking are the maximum points of interlayer coupling strength, they also have
differences, which can be reflected in the low-frequency interlayer Raman mode, as shown in
the Fig. 10(e)™*™". And the 2H and 3R stacked homostructures also show different pressure
evolutions under high pressure™®1 In particular, bilayer 3R- and 2H-WS, exhibit small
stacking dependence on Raman at ambient pressure due to the larger interlayer distance.
Pressure can effectively adjust the interlayer coupling, and a significant stacking dependence
is observed, that is, the frequency and pressure evolution rate of the interlayer Raman mode
are different, as shown in Fig. 10(f)™°". Specifically, as shown in Fig. 10(g), the next-nearest
W-S interaction is doubled in the 2H stack compared to the 3R stack, resulting in a higher

stiffness coefficient for the interlayer breathing mode and thus a higher Raman frequency™®".

4.2 Electronic structure evolution

The TMD heterostructure is generally type Il heterostructure, that is, the CBM and the VBM
are located in different materials, as shown by Fig. 11(a)™?. In addition, the interlayer
interaction leads to the increase of the valence band I” point energy and the decrease of the
conduction band 4 point energy relative to the monolayer. This band shift may even cause the
heterostructure to exhibit an indirect band gap. For example, the energy of the valence band I
point in MoS,/WS, is higher than that of the K point, as shown by Fig. 11(b)-(c), which is
similar to that of natural bilayer materials. As discussed earlier, the evolution of the interlayer
interaction due to twist angle also regulates the electronic structure, such as the size of the
band gap. Generally, the band gap is the smallest near 0=or 60< and the band gap is the
largest near 30 as shown in Fig. 11(d)-(e) using MoSe,/WS,"* as an example.
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Figure 11. Band alignment for (a) MX, monolayers™?, (b) MoS,/WSe,"** and (c) MoS,/WS,
heterostructures!™: (d) (top) PL spectra measured in MoSe, (black), WS, (pink) monolayers
and MoSe,/WS, heterostructure with a twist angle of 2<between the layers (blue); (bottom)
Variation of the PL peak energy with twist angle in MoSe,/WS,; () normalized PL spectra in
MoSe,/WS, with interlayer twist angles ranging from 1°to 59" (f)—(h) first-principles
calculation results of electronic band structure of 2H-WSe,/MoSe, heterostructures as a
function of pressure in the 0-2.8 GPa range.™™"

Under high pressure, the MoS,/WS, heterostructure undergoes a CBM crossover from the K
to 4 valley at pressures between 1.22 and 1.89 GPa, which is similar to that of the monolayer
discussed previously, while the transition pressure is lower than that of the monolayer due to
the effect of interlayer interaction on the band structure™®. WSe,/WS, and 2H-WSe,/MoSe,
heterostructures undergo a VBM K-I" crossover phase transition at about 4.0 and 1.0 GPa,

respectively, as shown in Fig. 11(f)-(h)*"

. Interestingly, the band gap of the WS,/MoSe,
heterostructure shows only a weak pressure dependence, which is different from the obvious
blue shift of the exciton energy in the monolayer materials ™. This may be due to that the

conduction band edge of WS, and the valence band edge of MoSe, move in the same



direction at a comparable rate ¢,

4.3 Exciton

As mentioned above, in the TMD heterostructure of type Il heterostructure, electrons and
holes accumulate in the bottom of the conduction band and the top of the valence band of
different layers, respectively, and the strong electron-hole Coulomb interaction between
adjacent layers will produce spatially separated electron-hole pairs, called interlayer excitons.
Due to this spatially indirect nature, the overlap of the electron and hole wave functions in the
interlayer exciton is reduced, which significantly increases the exciton lifetime to hundreds of
nanoseconds, much higher than the picosecond level in monolayer samples!**?’. Long-lived
interlayer excitons contribute to new optoelectronic applications such as solar cells and
photodetectors, especially the development of potential excitonic circuits with remote exciton
transport properties 2%l At the same time, based on its bosonic nature and strong
dipole-dipole interaction, it has established an attractive platform for exploring many-body
physical phenomena such as Bose-Einstein condensation and exciton superfluidity.

The enhanced interlayer coupling by compressing the interlayer distance under pressure can
promote the combination of electrons and holes in different layers and increase the formation
probability of interlayer excitons, as shown in Fig. 12(a). Experimentally, in the WS,/MoSe,
heterostructure, the intralayer exciton peak disappears after 3.8 GPa, while the interlayer
exciton persists up to 8.9 GPa, as shown by Fig. 12(b)-(c), which verifies that the interlayer
coupling enhances the transition from the intralayer exciton to the interlayer exciton™®.
However, it is the accelerated recombination of spatially separated electrons and holes under
pressure that significantly shortens the lifetime of the interlayer exciton by an order of
magnitude at about 2 GPa*"..
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4.4 Moirépotential

Notably, Moiré superlattice appears in TMD homo- and heterostructures, where lattice
mismatch or twist angle leads to the formation of large periodic structures, Moiré&patterns, as
shown by Fig. 13(a). In TMD, the Moirésuperlattice varies from a few nanometers to tens of
nanometers based on different lattice mismatches and twist angles. The coupling strength of
the electronic states of the two layers at different stacking sites is different, which leads to
spatial modulations in both the local interlayer distance and the band gap. This modulation
forms a periodic potential well, moiréperiodic potential, with a depth of 100-250 meV, and
the well extrema are located at the high symmetry positions of the moiré superlattice, as
shown by Fig. 13(a)-(b)E**?***]. The Moiré potential can be used to trap intralayer or



interlayer excitons and modulate their energy and optical properties. The trapped Moiré
excitons can be used as single photon emitters and quantum simulation systems 4 More
notably, the Moiré superlattice forms a mini Brillouin zone (mBZ) through the folding of
energy bands, and the opening of the band gap at the mBZ boundary forms a flat band, as
shown by Fig. 13(c)-(d). The strong interaction regime associated with flat bands establishes a
platform for emergent strongly correlated phenomena in two-dimensional systems, such as
unconventional superconductivity, ferromagnetism, and correlated insulating phases.
Therefore, TMD heterostructure provides a new and more controllable platform for the study
of strong correlation physics and quantum simulation.
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Figure 13. (a) (Top) Moiré pattern in an R-type MoSe,/WSe, heterostructure, (bottom)
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and the mBZ of the superlattice™™; (d) schematic of monolayer bands (green) folded in the
mBZ, the moirépotential opens a gap at the mBZ boundary, which produces flatter electronic
bands (grey)®?”: (e) DFT-calculated phonon dispersion of MoS, at ambient pressure along the
I'-M direction, the vertical dashed line indicates the moirévector. The blue symbols represent
the moiréphonon M1-, M2- and M3-peak frequencies obtained from the Raman spectra at
ambient pressure™™; (f) pressure evolution of the normalized intensities of moiréphonons™?;
(9) calculated moirépotential amplitude and MoS, bandgap in the heterostructure as functions
of pressurel**.



In the moiré superlattice, the moiré potential depth at the r position is Vy(r) =V, +
4] Zi: 1 Sin (g - 1), where the constant term V, of the moirépotential is of the order of 10

meV, g, are reciprocal lattice vectors of the moirépattern (n = 1, 2, 3), and V; is a Moiré
potential parameter that increases exponentially with decreasing interlayer distance d and is
related to pressure by: V;(P) = V;(0) x e~ 9z(d(P)=d(0)) 132133 " ynder high pressure, the
interlayer spacing d in van der Waals heterostructure is significantly reduced by compression,
resulting in a significant increase in the depth of the Moirépotential. It is worth noting that
the Moiréperiodic potential can modulate phonon as well as exciton behavior. Therefore, by
observing the evolution of phonon and exciton behavior in the Moiré potential under high
pressure, we can reveal the change of Moiré potential caused by high pressure, especially
verify the significant increase of its potential well.

The effect of Moirépotential enhancement on phonons under high pressure is discussed first.
The introduction of the Moirésuperlattice generates Moiréphonons, which originate from the
Raman silent phonons of finite momentum generated in each layer and are activated due to
the folding of the phonon bands in the mBZ, so that they can be detected by Raman
spectroscopy. The folded phonons can couple with the low frequency breathing mode in small
twist angle 2°and 52WSe,/WSe, homostructurest®. Under high pressure, the blue shift rate
of the low frequency breathing mode in the Moiréhomostructure is 2-3 times that of the
natural 2H bilayer, and a larger twist angle corresponds to a larger blue shift rate ). The
mechanism is due to the deepening of the Moirépotential at high pressure, which enhances
the coupling between the folded phonon and the interlayer breathing mode.

It is worth noting that when the depth of the Moirépotential increases, the Hamiltonian of the
electron-photon interaction in Raman scattering increases, which increases the Raman
amplitude of the Moiré&phonon™. Therefore, moiréphonons provide a powerful means of
directly probing the depth of the moiré potential. Moiréphonons M1, M2, M3, which are
generated by phonon band folding of MoS,, are observed in 0==MoS,/WSe, heterostructure,
and their intensities increase with pressure, as shown by Fig. 13(e)-(f)**4. A numerical
estimate of the pressure dependence of the moirépotential depth V), is obtained by comparing
the experimental and calculated Raman intensity enhancement, as shown in Fig. 13(g). In
addition, in the 30=2MoS,/MoS, homojunction, the phonon mode FA, formed by the band
folding of A;y mode is observed experimentally, and its blue shift rate under high pressure is
significantly higher than that of A;; mode. Theoretical calculations reveal that the high rate of
the blue shift for the dominant folded phonon mode originates from the compression of the
interlayer distance '*. Therefore, the shift of the folded phonon frequency relative to the
original phonon frequency at high pressure is also expected to be a sensitive probe for
detecting the pressure enhancement effect of the Moiré potential. Finally, it is generally
believed that the distance between layers at high pressure decreases nonlinearly with the



increase of pressure, and the rate of decrease decreases with the increase of pressure, while
the depth of Moirépotential increases nearly linearly with the pressure!*32134,

The potential well of the Moiréperiodic potential may trap the exciton, and the energy of the
exciton trapped in the potential well will be reduced. The depth of the Moirépotential can be
directly revealed by the energy difference between trapped and untrapped excitons. Under
high pressure, the deepening of the Moirépotential will transfer the trapped exciton to a lower
energy, resulting in a red shift of the exciton emission peak ™% Experimentally, by
comparing the blue shift of the interlayer exciton in the WS,/WSe, heterostructure with a
large twist angle (7.5, the increase of the band gap obtained by band calculation, and the red
shift of the interlayer exciton in the WS,/WSe, heterostructure with a small twist angle (1.159
under high pressure, it is concluded that the exciton red shift in the small twist angle is mainly
attributed to the deepening of the Moirépotential well caused by pressure, rather than the
change of the band structure. In the large twist angle, the exciton energy is mainly affected by
the increase of the band gap due to the shallow Moirépotential .

4.5 Summary

To sum up, the high-pressure evolution of crystal and electronic structure in heterostructure is
similar to that in monomer, and is dominated by interlayer interaction. In particular, the
interlayer twist angle introduced in the heterostructure becomes another dimension to regulate
the interlayer interaction, which can change the interlayer hybridization of orbitals by
changing the relative position of atoms, thus making up for the limitation of high pressure to
regulate the symmetry of atomic positions. Under the compression of the interlayer distance,
the interlayer exciton is easier to form and annihilate due to the enhancement of the wave
function overlap. The deepening effect of Moiré potential under high pressure is
quantitatively predicted by the evolution of Moiré phonon and exciton behavior. The
enhanced interlayer exciton effect and Moirépotential will lead to the emergence of novel
exciton states and related states in Moirésuperlattices under high pressure control, and break
through the low temperature limit.

5. Summary and Prospect

Returning to the four key scientific questions posed in Sectionl, we now summarize the
current progress from these four directions, and predict the direction of future research work
according to the limits of existing research.

1) High pressure evolution of crystal structure and electronic structure. At present, the
high-pressure evolution and phase transition mechanism of the crystal structure and electronic
band structure of monomer and heterostructure are relatively clear. The transport properties
under high pressure, such as carrier concentration, carrier mobility and superconductivity,
have also been revealed. However, some important problems remain to be solved, especially



the metallization and superconductivity of monolayer and few-layer materials under high
pressure. It is worth noting that the superconductivity in monolayer and few-layer TMDs is
controlled by gate voltage doping at ambient pressure, and shows quantum properties such as

[136-240] |

two-dimensional superconductivity and unconventional Ising superconductivity
future studies, potential superconductivity may be revealed through ultrahigh-pressure
experiments, potentially revealing distinct superconducting mechanisms compared with
different electronic band structures at ambient pressure. In addition, through the combined
regulation of pressure and gating, the high-pressure-induced K to 4 valley crossing may
enhance the superconducting properties of few-layer TMD based on K to A intervalley
scattering, and help to further clarify the role of intervalley scattering in the superconducting

mechanism3940]

2) Interlayer interaction. In the high-pressure study of TMD, the key role of interlayer
interaction and its specific mechanism have been revealed, especially the high pressure can
achieve a wide range of continuous quantitative regulation of interlayer interaction. Future
research can be devoted to extending the laws summarized in TMD, such as MCM and DCM
models, to other two-dimensional materials, exploring their similarities and differences, and
finally establishing a universal quantitative model to describe the evolution of interlayer
interaction with the number of layers and pressure, and to clarify the mechanism of its
regulation of physical properties.

3) Exciton complexes. At present, only the high-pressure robustness of the trion binding
energy of monolayer MoSe, has been revealed under high pressure. For other materials, such
as W-based monolayer TMD with different spin ground state, it is not clear whether the trion
exhibits different characteristics. In addition, there is a lack of research on other properties of
trions and the high-pressure behavior of many other types of exciton complexes. The
properties and formation mechanism of exciton complexes have attracted much attention.
Future research can combine high pressure, low temperature, magnetic field and gate voltage
for multi-field control. To engineer more controllable exciton states and to uncover new
emergent phases, research efforts are concentrated on phenomena such as enhanced valley
polarization and prolonged lifetimes. These effects are driven by the high-pressure-enhanced
electronic state overlap and concomitant band structure modifications. These studies have
great potential in the fields of valley optoelectronics devices and quantum information
processing. In addition, the many-body interaction mechanism between excitons and various
particles and quasiparticles in excitonic complexes is revealed by the evolution of the binding
energy, polarizability, valley magnetic moment, lifetime and other properties of various
exciton complexes under high pressure.

4) Moirépotential. At present, the deepening of Moirépotential depth under high pressure is
focused on, and the evolution relationship is quantitatively predicted. First, the specific



guantitative dependence of the Moiré potential depth on pressure requires a more direct
experimental determination. For example, an atomically thin layer of hBN can be inserted in
the middle of a Moiréheterostructure to separate regions with and without Moirépotential.
By directly comparing the exciton energy difference between the two regions, the Moiré
potential depth can be directly obtained. Secondly, the related states in Moirésuperlattices,
such as Mott insulator, Wigner crystal, exciton superfluid state, etc., have been obtained by
gate voltage control at ambient pressure and have attracted much attention, but their evolution
at high pressure is still lacking®**314-141 By fapricating devices in a high-pressure cavity,
the study of the evolution behavior of correlated states in a deep Moirépotential, especially
the emergence of novel correlated states and their temperature stability that may be improved
by high pressure, will help to further reveal the formation mechanism of correlated states. In
particular, through the piston-cylinder cell mentioned above, the complex exciton transport
devices on silicon wafers at ambient pressure can be more easily used for high-pressure
measurement ™!, Finally, it is worth noting that the change of lattice constant or valley
switching caused by high pressure may lead to the change of Moiré&superlattice symmetry.
For example, theoretical calculations show that the transition from the K valley to the 7" valley
at the CBM in the twist WSe, bilayer can realize the switching from the triangular Moiré
lattice to the honeycomb lattice Hubbard model™*’**®. Through the evolution of exciton
optical selection rules and related states in Moiré superlattice under high pressure, the
possible change of Moirésuperlattice is explored, which is expected to reveal more abundant
physical phenomena in Moirépotentials with different symmetries.
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