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(a) 76 DAC " R 453 2 1 805 19 XRD F3%; (b) fE R 52 GPa(Z) FIEIE (F7) I £7 S AL B P20 (o) HIERFS
VIR B A B IRFE S P ORI XTI 12 (d) 22 AR A ZEABRBOCEETINELXLR; () 2R ABE. T2 AZREA S
IAE 2.0 eV G 7 REfk b A ' BE T ) 4 56 2 19
Fig. 1. (a) XRD patterns of few-layer graphene compressed in a DAC; (b) Raman spectra of the present graphene sample obtained
as the pressure increases to 52 GPa (left) and then decreases to ambient (right); (c) comparison of Raman spectra between depres-
surized and initial graphene samples!’?; (d) optical absorbance of tri-, hexa-, and multilayer graphene as a function of pressure;

(e) pressure dependence of the absorbance of tri-, hexa-, 12-, and multilayer graphene at a photon energy of 2.0 eVI13l.
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Fig. 2. (a) Resistance-pressure curves of trilayer graphene measured at room temperature. The black dashed line denotes the resist-
ance quantum, h/4e* ~ 6.45 kQ, above which, a disordered conductor would behave as an insulator at low temperatures due to An-
derson localization; (b) the optical absorbance patterns of trilayer graphene under compression; (c) evolution of absorbance at a
photon energy of 1.5 eV during compression and decompression®; electromagnetic wave absorption coefficient of VC-graphene in
the visible range of 400-800 nm and infrared range of 800-2000 nm along (d) [010] and (e) [001] directions; (f) the electromagnetic
wave absorption coefficient along [010] direction of VC-graphene in the infrared range of 2-12 pm; (g) band structure of VC-
graphene calculated; (h) bandgap engineering of graphene metamaterials under different pressures!'”.
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Fig. 3. (a) The unit cell of bulk MoS, (left) top view of the MoS, monolayer(right)?”; (b) Raman spectra of bulk, multilayer, bilay-
er, and monolayer MoS, samples under different pressures?!; (c) synchrotron XRD patterns of WTe, during the compression (de-
noted by ¢) and decompression (by d), numbers represent pressures in unit of GPal!; (d) PL spectra of monolayer MoS, for vari-
ous pressures; (e) the evolution of energy of the predominant PL peak versus pressure; (f) integrated intensities of PL peak under

various pressures!; (g) histogram showing the pressure coefficient of the first direct optical transitions of ReX, (X = S, Se), MoX,
and WX, 130,
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Fig. 4. (a) Pressure-dependent electrical resistivity of MoS,, three characteristic regions have been identified: semiconducting (SC),
intermediate state (IS) and metallic regions. Inset: theoretically calculated pressure-dependent electrical resistivity; (b) temperature-
dependent resistivity of MoS, in the metallic state, the inset shows the experimental temperature-dependent semiconducting behavi-
or of MoS,. The solid lines serve as visual guides®; (c)-(e) the temperature dependence of the in-plane electric resistance of ReS, at
different pressures; (f) magnetic field dependence of the resistance drop in ReS, at 102.0 GPa, the inset shows the temperature de-

pendence of the upper critical field uyH,, at 102.0 GPal?l.
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Fig. 5. Structural evolution and strongly anisotropic compression of (PEA),Pbl, under pressure: (a) Synchrotron radiation XRD

spectra of 2D perovskite under pressure; (b) pressure dependence of unit cell volume; (c) pressure dependence of the Pb—I bond

length, which is slightly different in in-plane ( (Pb—I)cquatorial ) and out-of-plane ( (Pb—I)ayjar ) directions; (d) pressure dependence of

unit cell parameters: a, b, and ¢; (e) identical pressure dependence of a, b, and c¢ is confirmed by first-principles calculation, which

enhances the observation of anisotropic compression/*!,
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Fig. 6. (a) In situ XRD measurements of (BA),Pbl; under high pressures; (b), (c) detailed variations of the first and second trans-

ition; (d) schematic crystal structures of (BA), Pbl, before and after the first phase transition; (e) in situ high-pressure absorption

spectra of (BA),Pbly; (f) optical images of (BA),Pbl, at selected pressures; (g) variations of the (BA),Pbl, band gap as a function

of pressure; (h) the absorption spectrum of (BA),Pbl, at ambient conditions; (i) variations of the of (BA),Pbl, band gap below
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Fig. 7. In situ high-pressure optical absorption measurements of (BA)y(MA)Pb,l;: (a) color plots of pressure-dependent optical ab-
sorbance spectra, (b) color plots of pressure-dependent (adhv)? versus photon energy; (c¢) summary of the pressure dependence of
the bandgap for various hybrid perovskites (d)—(f) in situ high-pressure structural characterizations on (BA)y(MA)Pb,lI;: (d) high-
pressure synchrotron XRD patterns at various 2 theta ranges, (e) pressure dependence of the d-spacing, the inset shows the pres-
sure dependence of d,, (f) pressure-induced atomic distortions evidenced by broadened XRD; (g) structural origin of bandgap evol-

ution in compression®.
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Fig. 8. (a) Evolution of normalized lattice spacing of (3AMP)(MA), ;Pb,I5,.1(n = 1, 2, 4); (b) FWHM as a function of pressure for
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Fig. 9. (a), (b) Comparison of pressure-driven bandgap evolution between various hybrid perovskites, the dashed line represents the

Shockley—Queisser optimal magnitude (=1.33 eV), for pressure axis,

shows more details in low-pressure region; (c) bandgap tunability of

(a), (b) use linear and log scale, respectively, where the latter

2D and 3D perovskites as a function of inorganic layer thick-

ness/total unit cell length along the longitudinal direction; (d) a schematic diagram and illustration for hybrid perovskites under

[57)

high pressures®™.
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Bl 10 (a)—(c) (2meptH,)PbCl, § & JE PL il & (a) (2meptH,)PbCl, B & 5 61 bt 1K 71 A9 4k ; (b) 7E 355 nm EAMNEIRE T,
BERE TR 7 S AE BHR; (o) K5 0 B2 A AR B E 1 A8 3R . (d) (2meptHy)PbCL, SR FE S5 4Hl 5.0 GPa T H & T &
S ALY 7R B R 9. (e)—(g) (CMA),PbI, 195 i PL il (e) 7E 360 nm S AMEIGS T, 3 I 1) s 62 EE; (f) 360 nm Uk
FH PL 6% B R 7 B9 AL (g) PL WA & B JE KM, 3 5 DFT 11 5 69 4 B Ak &t (B 1E b 2 % 347 t R O (h)—(k)
(HA)y(GA)Pb,I; B 1) 18 FE SR A7 2 5 (h) (HA)o(GA)Pbyl; 7 405 nm ¥ & T & S 6 3% e & 1 i {1k () 2 K5~ PL %
JERPLA ML ) (RIRAS & ST STk EE R PL 5 B B J1 MR G 25 (k) 7 B VE 10 Bl R 1 28 1k G 2R JAH B 1Y) ' 2 45 109

Fig. 10. (a)—(c) PL measurements of (2meptH,)PbCl; at high pressure: (a) Pressure-induced evolution of emission spectra of
(2meptH,)PbCly upon compression; (b) optical images at selected pressures under UV irradiation of 355 nm; (c) chromaticity co-
ordinates of the emissions as a function of pressure. (d) illustration of the evolution of self-trapped exciton emission of the
(2 meptH,)PbCly crystal at ambient conditions and 5.0 GPal. (e)-(g) PL measurements of (CMA),Pbl, at high pressure: (e) Op-
tical image of the sample chamber at selected pressures with a 360 nm UV laser as the excitation source; (f) PL spectra excited by a
360 nm UV laser upon compression at selected pressures; (g) pressure dependence of PL peak positions compared with DFT com-
puted bandgap energies as referencel®. (h)—(k) in situ optical properties of (HA),(GA)Pbyl; single crystals under high pressures: (h)
PL spectra excited by 405 nm laser during compression; (i) the fitting curves of the PL spectra under selected pressures; (j) contri-
bution of trapped states emission and the PL intensity as a function of pressure; (k) bandgap evolution as a function of pressure

and the corresponding optical images(©®).
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Fig. 11. (a) PL spectra of (3AMP)PbI, (n = 1) from 1 atm to 9.7 GPa; (b) PL spectra of (3AMP)(MA);Pb,I;3 (n = 4) from 1 atm
to 4.0 GPa; (c) summary of normalized PL peak intensities of D-J perovskites (3AMP)PblL, and (3AMP)(MA);Pb L3, alternating-
cation R-P perovskite (GA)(MA),Pb,l; and R-P perovskite (MA)(BA),Pb,l, .
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Fig. 12. (a) PL spectra of (BA),AgBiBrg at high pressure; (b) PL micrographs showing PL intensity changes with increasing pres-
sure; (c) absorption and emission spectra for (BA),AgBiBrg at 2.5 GPa; (d) the PL location of (BA) ;AgBiBrg as a function of pres-
sure and normalized PL intensity as a function of pressure; (e) illustrations of PIE mechanism associated with exciton self-trapping

at ambient conditions (left) and upon compression (right)[™
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Fig. 13. Impedance data of (BA),Pbl, at ambient conditions (a) and 3.1 GPa (b)P?; (c) pressure dependence of the resistance of
(BA),Pbly; (d) the LT curves of (BA)y(FA)Sn,l; samples under different pressures under 405, 980, and 1532 nm laser irradiation®’};
(e) photocurrents upon compression of Cs,PbI,Cl, in phase I; (f) pressure-induced evolution of photoconductivity of Cs,PbI,Cl,, the

inset displays a microphotograph of the crystal with platinum probes in the DAC; (g) schematic diagram of the pressure-promoted

exciton dissociation[s?,
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Fig. 14. (a) Representative XRPD patterns of Ti3C,T, at selected pressures and (b) corresponding magnified (002) peak; (c) lattice
parameters (a, ¢, and V) as functions of pressure; (d) patterns of the (002) peak at 0.5 GPa during compression and 0.3 GPa after

pressure being fully released®”.
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Fig. 15. (a) Pressure-dependent resistance (R) of TizC,T, under cyclic pressures, inset is the enlarged part above ~0.69 GPa;
(b) variable-temperature resistance before and after compression[¥7.
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Fig. 16. (a) A sketch map for the PL emission color and sample color change of FL-CN; (b) The normalized PL spectra of FL-CN at
selected pressures; (c) the pressure-dependent chromaticity coordinates of the emissions; (d) the dependence of PL energy at selec-

ted pressures (one peak instead of three is necessary to fit the experimental data for the broad features of PL spectra after 3 GPa)%l.
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Fig. 17. (a) Representative synchrotron XRD patterns of FL-CN at different pressures; (b) the ¢/¢y of FL-CN, graphite, and few-

layer graphene at selected pressures; (c) pressure dependence of the (100) diffraction peak!*.
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Fig. 18. (a) IR transmission spectra of a BN sample recorded in the upstroke measurement at several pressures over the range where

the A-BN to w-BN transition takes place; (b) reflectance spectra of a different BN sample at several pressures over the pressure

range where the phase transition occurs!'””; (c), (d) pressure-dependence of PL spectra for two defect emission lines; (e) PL peak en-

ergy as a function of pressure for the emission lines from 9 typical defects between 0.5 and 3.5 GPa; (f) pressure evolution of defect

emission lines whose pressure coefficients exhibit negative values with absolute magnitudes less than 2 meV/GPall%,
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SPECIAL TOPIC—High-pressure modulation and in situ characterization of
optoelectronic properties

Recent progress of structures and photoelectric properties of
two-dimensional materials under high pressure”
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(School of Physics and Electronics, Henan University, Kaifeng 475004, China)

( Received 2 August 2025; revised manuscript received 1 September 2025 )

Abstract

Two-dimensional (2D) materials, due to their outstanding photoelectric properties, have demonstrated
significant potential in both fundamental scientific research and future technological applications, including
optoelectronics, energy storage, and conversion devices, establishing them as a cutting-edge research field in
condensed matter physics and materials science. The distinctive layered structure of 2D materials renders their
physical properties highly sensitive to external stimuli. High-pressure technology, serving as an efficient,
continuous, and clean tuning tool, enables precise structural control and optimization of the photoelectric
properties of 2D materials by compressing atomic distances, strengthening interlayer coupling, and even
inducing structural phase transitions. This article focuses on prototypical two-dimensional materials, including
graphene, transition metal dichalcogenides (TMDs), and two-dimensional metal halide perovskites. Employing
the diamond anvil cell combined with multimodal in situ high-pressure characterization techniques such as
X-ray diffraction, Raman spectroscopy, photoluminescence, and electrical transport measurements, we
systematically elucidate the effects of high pressure on the structural and photoelectric properties of these
materials. The key findings indicate that high pressure can induce the graphene to transition from a semimetal
state to a semiconducting state, even a superconducting state, triggering off structural phase transitions and
semiconductor-to-metal transitions in TMDs such as MoS, and WTe,, and leading to a pressure-dependent
bandgap narrowing and significant enhancement of luminescence intensity in two-dimensional perovskites. This
work highlights the utility of high-pressure techniques in revealing the intrinsic correlations between the
microstructure and macroscopic properties of two-dimensional materials. Furthermore, it discusses the key
challenges and opportunities in this emerging research area, providing insights into the development and

practical application of novel functional materials.
Keywords: two-dimensional materials, high pressure, photoelectric performance
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