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Fig. 1. (a) Atomic structure of monolayer of TMDs in their trigonal prismatic (2H), distorted octahedral (17) and dimerized (177)

phasesP!; (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*7.
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Fig. 2. (a) Schematic illustration of the cross-section of a DAC (left)

, andthe 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 temperaturel¥; (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®.
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Fig. 3. (a) The side view (projected on ac plane) and top view (projected on ab plane) of 2H, and 2H, structure in MX,, M repres-

ents 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 planel®; (b) the normalized cell parameters a/ay, ¢/c), and the volume V of

WSe, as a function of pressurel®; (c) room temperature Raman spectra of WSe, in the compression/; (d) peak frequencies of A,

and E%g modes as a function of pressure of WSe,, respectively, inset shows scheme of the Raman modes A,, and E%g (64,
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Fig. 4. (a) Raman spectra of thin and bulk MoS, films/¢7;

(b) frequencies of E%g

and A;, 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 E%g with various

N, and N changed from 2 to 9, and bulk, inset shows the DCM of MoS,™; (d) pressure-dependence of C§/C5 with various M.
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Fig. 5. (a) Schematics of interlayer breathing mode and shear mode™; (b) MCM of MoS, on a solid substrate(™; (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 guidel™);
(d) Raman shifts of few-layer MoS, as a function of N™; (e) N-dependence of Raman shifting rates of LB and S of MoS,™.
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Fig. 6. Pressure-temperature (P-T) phase diagram of 2H-
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Fig. 7. (a) Band structures of MoS,, WS,, MoSe,, and WSe, with different thicknesses®; (b) (top) normalized PL spectra by the

intensity of peak A of thin layers of MoS,; (bottom) PL spectra for mono- and bilayer MoS, samples. Inset: PL quantum yield in
different layer'?.
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Fig. 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 as well as K-K' val-

leys 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 pressurel”’); (g) photon energies of the PL peaks of the bilayer MoS, as a function of

pressurel®®; (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"l.
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Fig. 9. (a) Normalized differential reflection signals under high pressure in monolayer MoSe,*”; (b) the average values of fluores-
cence lifetime of two decay component 7, and 7, at different pump powers in monolayer MoSe, under uncompressed and com-
pressed conditions?”; (c) schematic illustration of the high-pressure gating h-BN/MoSe,/h-BN heterostructure setup!®; (d) norma-
lized PL spectra of monolayer MoSe, under various pressures, the red (or blue) curve was obtained at Vg = -3V (or 3 V)%
(e) pressure-dependent exciton and trion states of MoSe, obtained by PL measurements and E{)""’“ as a function of pressurel®!,
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Fig. 10. (a) Raman peak positions of the A} and E’ vibration modes as a function of pressure on MoS,/WS,!1%4; (b) schematic dia-
gram of vertically stacked TMD with a twist angle of 61%; (c) the interlayer spacing, and (d) binding energy between two monolay-
ers versus twist angles, as an example of WS,[1%; (e) simulated Raman spectra of the five high-symmetry stackings at 0° and 60°, as
an example of twist bilayer MoS,[12; (f) Raman spectra in 3R- and 2H-stacked bilayer WS, under 0 and 17 GPa.ll"7; (g) schematic

of pressure induced interlayer compressing in 3R- and 2H-stacked bilayer WS,/107),
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Fig. 11. Band alignment for (a) MX, monolayers!"'?, (b) MoS,/WSe,[""l and (c) MoS,/WS, heterostructures!!?; (d) (top) PL spec-
tra 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,; (e) normalized PL spectra in MoSe,/WS, with
interlayer twist angles ranging from 1° to 59°"4; (f)—(h) first-principles calculation results of electronic band structure of 2H-

WSe,/MoSe, heterostructures as a function of pressure in the 0-2
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Fig. 13. (a) (Top) Moiré pattern in an R-type MoSe,/WSe, heterostructure, (bottom) side-views and top-views of the three R-type
local atomic registries (A, B, and C sites)!"; (b) the moiré potential of the interlayer exciton transition in an R-type MoSe,/WSe,
heterostructurel’?’); (c) schematic of the Brillouin zones of each monolayer (green and orange) and the mBZ of the superlatticel®’);
(d) schematic of monolayer bands (green) folded in the mBZ, the moiré potential opens a gap at the mBZ boundary, which pro-
duces 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 moiré vector. The blue symbols represent the moiré phonon M1-, M2- and M3-peak frequen-

cies obtained from the Raman spectra at ambient pressurel'?; (f) pressure evolution of the normalized intensities of moiré phonons!!3?;

(g) calculated moiré potential amplitude and MoS, bandgap in the heterostructure as functions of pressurel!3?.
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SPECIAL TOPIC—High-pressure modulation and in situ characterization of
optoelectronic properties

Optoelectronic properties of high pressure regulated
transition metal chalcogenides and their heterostructures”
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Abstract

Semiconducting transition metal chalcogenides 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 moiré superlattices have emerged as
a unique platform for exploring quantum many-body physics and correlated electronic phases. Subjecting
semiconducting transition metal dichalcogenides and their heterostructures to high pressure enables precise,
continuous tuning of optoelectronic properties through 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-A 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 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.
Keywords: high pressure, transition metal dichalcogenides, exciton, Moiré superlattices
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