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Interlayer excitons
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Fig. 1. Schematic of interlayer exciton identification and regulation. The center illustrates the spatial configuration of interlayer ex-

citons and representative spectroscopic techniques (PL, PLE, EA, TA), surrounded by common external tuning approaches such as

electric field, magnetic field, pressure, optical microcavity, and

Syt —20 B BRI, PT4S A S At i BE
Wi 28 F R EAT BRAR. anlE] 2(b) BT, MoSe,/W Se,
S TG F B IR Y T R RE T HESY 19 iR
HL B 2R 555 2 MoSe, JZ2H, 125 7RIk T WSe,
H O BRI TR A 2 R BRI T R VR HTR
o R E Z AT I 2(c) BoR, Fh i X,
TE 1.36 eV AbH BLAHr & G0, AHAS A2 I i 2188,
FEHERR T H 2T T, 20 SR R R
o AL 2 AR A A, AL, %G S BE B R
Z 2, AT AR, T8 )2 A
A

AR BB ST 3% A FE IR TR R RN
RER 251, L S SRR R M Re o 1 50t
SERRITAT M. Merkl %5 (121 3 35 o 2T SN & -HR I 47

twist angle.

AR, 7E WSey/ WS, 5 J5t 45 #4) Hh i YA DN 3] J2 1] 34
T 1s-2p BT, WA 2(d) s, ZE3m-45000 4L 38 s
[ 5.1 ps B, S S 38 AR 1 18 S 15 v o R
T (6746) meV YUY, SHEIE TN 1s-2p BR
iTHER (6946) meV mEVIS, BHMTZHET
() 1s-2p BRITAER (2 144 meV), AT DLW AT
R % TAR R 2L Ak b 55 i
HUR A PR, 256 4k Wannier R, #iE
HEEAREN (12647) meV, F W1 B A 5 i 4
FEPE.

X B LE RURAIESE T TMD 53R 45 44 )2 ]
WA A RO, Wi s TIHES 568 iR it 5
U RS [R] 53 A S SHOWARAAIE . BEE XTI i 72
PR ASERT, HE—25 1 T B 5 T Sk

207102-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 20 (2025) 207102
(a) | WSe,
(b) MoSe, WSes
2 & e
el —_— &
)
5
~
Z
g
E
J[ XMo _‘_.--‘7 -
o BN R S h+t
| soh it
1.3 1.4 1.5 1.6 1.7 1.8
Energy/eV
(c) (d) 200
1.0 N[()SeQ WSeZ WSez/WSQ
150 ®)
T 49
= T
i (o
T o5 7. 100 o
i =R ey,
: 5 9
3
g 50 f oo
0 T T 0 T T T
1.2 1.4 1.6 1.8 50 100 150
Energy/eV Photon energy/meV

2 R RIE A

(a) B2 WSey. B2 MoSe, Ml 57 BT 45 1 B9 DL B & OLOL %, 1 B SCHk [19], & 4K 4% B AL (b) 2D

MoSe,/WSe, 5 B 4 A9 T 82 SR e A HESI A, A STk [19], ©ARE AL (c) WSey/MoSe, S i 45 K H 92 41 73 1Bk itk
X H, 1.36 eV AL & 1 Sk IR T2 A3 2 A, A SCHk [13], B3R AL (d) WSey/W'S, 5 B 25+ w2 181 3 1 A9 1s-2p BRAT

(67 meV) ELLAM N, i H SCHK [12], B AL

Fig. 2. Formation of interlayer excitons: (a) PL spectra of monolayer WSe,, monolayer MoSe,, and their heterostructure, repro-

duced with permission from Ref. [19]; (b) type- Il semiconductor band alignment diagram for the 2D MoSe,/WSe, heterojunction,

reproduced with permission from Ref. [19]; (c) comparison of PL spectra between the WSey/MoSe, heterojunction and its monolay-

er components, where the emission peak at 1.36 eV arises from interlayer exciton recombination, reproduced with permission from

Ref. [13]; (d) mid-infrared absorption spectrum of the 1s-2p transition (67 meV) of interlayer excitons in the WSe,/WS, heterostruc-

ture, reproduced with permission from Ref. [12].
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Fig. 3. Identification of interlayer excitons: (a) PL spectra of monolayer WS,, MoS,, and the WS,/MoS, heterostructure, repro-

duced with permission from Ref. [10]; (b) PLE spectrum of the MoSe,/WSe, heterostructure, reproduced with permission from Ref.

[50]; (c) formation dynamics of IXs (0.8 ps delay) and IHT (0.2 ps) observed in ultrafast TA spectroscopy, reproduced with permis-
sion from Ref. [51]; (d) intrinsic absorption peaks of IXs (1.359 eV, 1.377 eV) and indirect transition PL peak (L1) in EA spectro-

scopy, reproduced with permission from Ref. [37].
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Fig. 4. Interlayer exciton density under electric field conditions: (a) Schematic of a WSe,/MoSe, excitonic transistor structure, re-
produced with permission from Ref. [31]; (b) comparison of PL intensities demonstrating exciton current switching (ON/OFF
states) under gate voltage modulation, reproduced with permission from Ref. [31]; (c) gate voltage dependence of the ON/OFF ra-
tio in WSe,/MoSe, excitonic transistors, reproduced with permission from Ref. [31]; (d) schematic of a dual-gated WSe,/MoSe, het-
erostructure excitonic transistor, reproduced with permission from Ref. [60]; (e) spatial distribution of interlayer exciton PL with
and without trapping potentials, reproduced with permission from Ref. [60]; (f) electric-field-induced blue shift energy (AE) of inter-
layer excitons and corresponding electron-hole pair density as functions of excitation power under different external gate biases, re-

produced with permission from Ref. [60].
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Fig. 5. Electric-field-controlled exciton transport: (a) Schematic of exciton diffusion regulation in a WSe,/hBN/MoS, sandwich
structure through the synergistic effects of electric potential energy (8F,)) and exciton-exciton repulsion (dE.,), reproduced with per-
mission from Ref. [61]; (b) exciton propagation distance (L) as a function of the ratio between electrostatic potential energy and ex-
citon-exciton repulsion energy (8E,/0F,,), with the inset showing the simulated potential energy distribution reproduced with per-
mission from Ref. [61]; (c) device schematic of a nanopatterned MoSe,/WSe, heterostructure reproduced with permission from
Ref. [62]; (d) design schematic of triangular potential “channels” in a MoSe,/WSe, heterostructure; (e) CCD image of the excita-

tion laser intensity distribution reproduced with permission from Ref. [62].
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Fig. 6. Strain-engineered interlayer excitons: (a) Schematic of periodic wrinkle structures in MoS,/WSe, heterobilayers, where peak
and valley regions introduce tensile and compressive strains, respectively, reproduced with permission from Ref. [69]; (b) continuous
tuning of exciton emission peak energy along the wrinkle profile, showing a total modulation range of 107 meV, reproduced with
permission from Ref. [69]; (¢) GW+BSE calculated binding energies of interlayer and intralayer excitons under biaxial strain in
MoSey/WSe, heterostructures, reproduced with permission from Ref. [70]; (d), (¢) PL enhancement and valley polarization effects
(20% polarization degree at 10 K) in WSe,/WS, heterostructures under tensile strain, reproduced with permission from Ref. [71];
(f) schematic of strain-induced valley potential inequality, reproduced with permission from Ref. [71]; (g) evolution of excitonic
states and band rearrangement in WSe,/MoSe, heterostructures under hydrostatic pressure, reproduced with permission from
Ref. [65]; (h), (i) schematic of pressure-induced band rearrangement (low-pressure vs. high-pressure band alignment), reproduced
with permission from Ref. [65].
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Fig. 7. Magnetic-field-controlled interlayer excitons: (a) Magnetic-field-dependent PL spectra of spin-singlet (IXg) and triplet (IXy)
states in WSe,/MoSe, heterostructures, reproduced with permission from Ref. [27]; (b) valley Zeeman splitting energy gaps and
magnetic-field dependence of g-factors (up to ~15.2) for IXg and IXy states, reproduced with permission from Ref. [27]; (¢), (d) res-
onance-enhanced valley degree of polarization (DOP) in H-type and R-type stacked heterostructures under 24.2 T magnetic field,
Reproduced with permission from Ref. [80]; (e) magnetic-field evolution of valley polarization for neutral excitons (X;) and charged
excitons (T) in WSe,/YIG heterostructures, reproduced with permission from Ref. [82]; (f) linear dependence of valley Zeeman split-

ting on external magnetic field, reproduced with permission from Ref. [82].
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Fig. 8. Twist-angle-engineered interlayer excitons: (a) ADF-STEM image of a WS,/WSe, heterostructure showing moiré superlat-

tices with ~7.6 nm periodicity, Reproduced with permission from Ref. [5]; (b), (c¢) twist-angle dependence of excitonic PL intensity

and transition pathways (direct K-K transition vs. indirect @-K transition) in WSe,/WS, heterostructures, reproduced with permis-

sion from Ref. [87]; (d), (e) circularly polarized emission reversal and periodic oscillations of polarization degree under different twist

angles, reproduced with permission from Ref. [88]; (f) interlayer exciton lifetime evolution with twist angle (1° to 3.5°) in

MoSey/WSe, heterostructures, reproduced with permission from Ref. [90].
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Fig. 9. Optical field resonance control: (a) Cavity setup at 4.2 K, the fiber-based micro-mirror forms the cavity together with a
planar macro-mirror with CVD-grown MoSe,-WSe, heterostructure on top, reproduced with permission from Ref. [92]; (b) schemat-
ic of the device structure, comprising a MoSe, /WSe, heterobilayer encapsulated with hBN, with bottom and top graphene (Gr)
layers, bottom (V) and top (Vyg) gate voltages are applied to the graphene layers, respectively, while the TMD flakes are groun-
ded (GND), the cavity consists of the bottom and top SiO, layers and the van der Waals heterostack, reproduced with permission
from Ref. [93]; (c) total integrated IX PL intensity (red) and lifetime (blue) as a function of E,, reproduced with permission from
Ref. [93]; (d) the right column shows the schematic diagrams of the heterojunction without PLoM structure (top) and with PLoM
structure (bottom), while the left column presents the photoluminescence mapping images of interlayer excitons without PLoM
structure (top) and with PLoM structure (bottom), reproduced with permission from Ref. [94]; (e) Rabi splitting as a function of
the square root of the number of layers for different insulators, hBN (red) and SiO, (blue), a clear N'/? enhancement of the coup-
ling strength is found, reproduced with permission from Ref. [96]; (f) the upper figure shows the reflection spectra of moiré lower po-
laritons (LPs) and middle polaritons (MPs) at zero detuning under different pumping densities, the lower figure shows the relation-

ship between the energy shift of moiré heterobilayer polaritons and carrier density, reproduced with permission from Ref. [98].
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Fig. 10. Additional modulation approaches: (a), (b) Temperature-dependent PL intensity evolution of spin-singlet (IXgyge;) and
triplet (IXiyiple) States in WSey/MoSe, heterostructures, reproduced with permission from Ref. [99]; (c) dual-WSe, sandwich config-
uration in WSe,/WSe,/MoSe, trilayer heterostructures showing near 20x exciton emission enhancement, reproduced with permis-
sion from Ref. [102].
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Table 1.  Comparison of main regulation methods for interlayer excitons.
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SPECIAL TOPIC—2D materials and future information devices

Formation, identification, and regulation mechanisms of
interlayer excitons in transition metal dichalcogenides
heterostructures”
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Abstract

Interlayer excitons (IXs), formed in type-II van der Waals (vdW) heterostructures where electrons and
holes reside in adjacent monolayers, have attracted increasing interest due to their spatially indirect nature,
long lifetime, strong Coulomb binding, and unique out-of-plane dipole moment. These features make IXs a
promising platform for exploring many-body physics and realizing next-generation excitonic devices. This review
systematically presents the formation mechanisms, identification methods, and external modulation strategies of
interlayer excitons in two-dimensional materials.

First, we analye the prerequisites for the IX formation, emphasizing the role of band alignment, interlayer
charge transfer, and momentum mismatch. Recent studies have also revealed that direct interlayer absorption is
an alternative pathway for IX generation. For identification, we summarize multiple optical techniques,
including photoluminescence (PL), photoluminescence excitation (PLE), transient absorption (TA), and electro-
absorption (EA). These techniques can detect IX energy positions, binding energies, and recombination
pathways. However, distinguishing interlayer excitons from defect-bound or momentum-indirect excitons
remains challenging in experiment due to spectral overlap and measurement-dependent explanation.

Then, we review five primary external modulation methods: electric field, strain, magnetic field, twist
angle, and optical cavities. Electric fields can realize fast, reversible tuning of exciton energy levels, especially
for excitons with large dipole moments. Strain provides nanoscale spatial control and can reshape local potential
landscapes. Magnetic fields affect the spin-valley configurations and allow access to exciton polarization
dynamics. Moiré engineering via twist angles introduces periodic potential landscapes, yielding moiré-trapped
IXs and novel hybrid exciton—polaritons. Optical cavities enhance exciton radiative recombination via
light—-matter coupling and open up possibilities for strong coupling regimes. We further discuss additional
strategies such as substrate-induced screening, dielectric environment, probe-induced local stress, and
ferroelectric gating, all of which enrich the modulation toolbox.

To facilitate cross-comparison, we present a comprehensive summary table comparing different modulation
approaches in terms of tuning targets, dimensionality, efficiency, dynamic responsiveness, and implementation
complexity.

Finally, we discuss emerging applications of IXs in optoelectronic and quantum devices. Their tunable
emission and long-lived nature make them suitable for exciton-based memory, logic, lasers, and reconfigurable
photonic circuits. With the development of material synthesis, interface engineering, and hybrid integration,
interlayer excitons are evolving from basic quasiparticles to programmable excitonic elements in chip-scale
photonics and quantum information technologies.

Keywords: interlayer excitons, van der Waals heterostructures, exciton modulation, spectroscopic identification
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