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TOPICAL REVIEW — Exciton physics: Fundamentals, materials and devices

Unique high-energy excitons in two-dimensional
transition metal dichalcogenides
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Two-dimensional (2D) transition metal dichalcogenides (TMDs), endowed with exceptional light–matter interaction
strength, have become a pivotal platform in advanced optoelectronics, enabling atomically precise control of excitonic
phenomena and offering transformative potential for engineering next-generation optoelectronic devices. In contrast to the
narrowband absorption characteristics of conventional band-edge excitons, which are limited by the bandgap energy, high-
energy excitons not only demonstrate broad momentum matching capability in the ultraviolet regime due to band nesting
effects, but also exhibit distinct absorption peak signatures owing to robust excitonic stabilization under 2D confinement.
These unique photophysical properties have established such systems as a prominent research frontier in contemporary ex-
citon physics. This review primarily outlines the distinctive physical characteristics of high-energy excitons in TMDs from
the perspectives of band structure, excitonic characteristics, and optical properties. Subsequently, we systematically delin-
eate cutting-edge developments in TMD-based photonic devices exploiting high-energy excitonic band-nesting phenomena,
with dedicated emphasis on the strategic engineering of nanoscale heterostructures for tailored optoelectronic functionality.
Finally, the discussion concludes with an examination of the challenges associated with the design of high-energy exciton
devices and their potential future applications.

Keywords: two-dimensional materials, transition metal dichalcogenides, high-energy excitons, band nesting
effect, optoelectronic applications
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1. Introduction

The discovery of mechanically exfoliated graphene con-
stitutes a pivotal milestone in materials science, unveiling
the extraordinary realm of two-dimensional (2D) layered
systems.[1] Over subsequent decades, the development of this
family of atomically thin materials has profoundly impacted
modern materials science, garnering extensive scientific inter-
est due to their unique fundamental physical properties.[2–4]

These layered structures are primarily maintained by weak
van der Waals interactions along the out-of-plane direction,
enabling precise atomic-scale engineering. This unique ad-
vantage has propelled fundamental discoveries from corre-
lated electron physics to quantum light–matter interactions.
Among them, 2D transition metal dichalcogenides (TMDs,
MX2: M = Mo, W, etc.; X = S, Se, etc.) have emerged as
a cornerstone semiconductor class, exhibiting extraordinary
layer-number-dependent electronic structure reconfiguration.
In their bulk form, TMDs typically behave as indirect bandgap
semiconductors, whereas quantum confinement effects and the
splitting of valley degeneracy states induced by broken inver-

sion symmetry in monolayer configurations induce a dramatic
transition to direct bandgap characteristics.[5] This thickness-
tunable bandgap engineering, coupled with strong spin–orbit
coupling and valley-polarized excitons, has established mono-
layer TMDs as a versatile platform for next-generation op-
toelectronics, valleytronic devices, and quantum light emis-
sion systems.[6–8] Investigations into the excitonic properties
in 2D TMDs have become a foundational element for the
advancement of next-generation optoelectronics, offering un-
precedented opportunities to engineer ultrafast-response, high-
efficiency optoelectronic devices. Compared to their three-
dimensional counterparts, the extreme quantum confinement
and reduced dielectric screening in monolayer TMDs generate
extraordinary Coulomb interactions, yielding exciton binding
energies exceeding several hundred millielectron Volts (meV)
that are two orders of magnitude greater than those in conven-
tional semiconductors (e.g., GaAs: ∼ 10 meV).[9] These re-
markable attributes not only enable room-temperature exciton
stability but also establish 2D TMDs as a pioneering experi-
mental platform for exploring exciton physics and related ap-
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plications at the 2D limit.[10,11] The excitonic landscape in the
2D TMDs unveils a diverse array of physical characteristics,
bearing significant technological ramifications. For instance,
valleytronic studies originate from valley-polarized exciton
states induced by strong spin–orbit coupling (SOC).[12,13] The
exciton dynamics in these materials encompass various many-
body states, including interlayer excitons,[14–17] charged exci-
tons (trions),[18] and dark excitons.[19,20] Furthermore, these
systems exhibit intricate interactions, such as exciton–phonon
coupling[21,22] and strong coupling effects between excitons
and plasmons.[23–26] This confluence of robust exciton re-
silience and programmable quantum interactions positions 2D
TMDs at the vanguard of both fundamental quantum material
research and applied optoelectronic applications. 2D TMDs
have become an ideal platform for studying quantum inter-
actions due to their unique structural flexibility and tunable
quantum effects. In the context of band engineering and elec-
tronic state modulation, both layer stacking and heterostruc-
ture configurations enable precise design of bandgap types and
widths, while vertical electric fields facilitate effective modu-
lation of band alignment. These strategic approaches signifi-
cantly influence exciton formation and carrier transport prop-
erties. The strong SOC of two-dimensional TMDs leads to
band spin splitting. Through valley-selective optical excita-
tion and reasonable material structure design, it is conducive
to achieving the manipulation of spin polarization.

In recent years, high-energy excitons have emerged as a
particularly compelling research frontier in the study of exci-
tonic properties in 2D TMDs, thanks to their transition dipole
moment and strong coupling characteristics with the ultra-
violet band’s intense optical field. These high-energy exci-
tons typically originate from transitions involving higher en-
ergy bands (e.g., those near the Γ -point), exhibiting energy
ranges of 2.5 to 3.0 eV — a range that significantly exceeds
those of band-edge A and B excitons (∼ 1.8–2.0 eV).[27,28]

High-energy excitons not only exhibit significant high-energy
optical transitions but also serve as a source of high photo-
conductivity in 2D TMDs. Early theoretical calculations re-
vealed that such high-energy transitions are intrinsically linked
to the unique band nesting structure.[29] The band nesting
structure endows the joint density of states (JDOS) with the
characteristics of van Hove singularities (VHS).[30] The par-
allelism of the conduction and valence bands in momentum
space enhances the correlation between electron–hole pairs,
thereby significantly increasing the JDOS over a wide range
of momenta. High-energy excitons in 2D TMDs predom-
inantly reside within the visible to near-ultraviolet spectral
range, effectively extending the optical absorption capabilities
of TMDs materials. This combination of high-energy excita-
tion and broadband absorption properties is of great signifi-
cance for the design of high-efficiency UV photodetectors and
solar energy harvesting devices, and is conducive to further

optimization of the light absorption efficiency of high-energy
excitations to achieve photon capture performance close to
the theoretical limit.[31–37] Furthermore, their strong nonlin-
ear optical responses, including second-harmonic generation
and two-photon absorption, position them as promising candi-
dates for next-generation ultrafast photonic modulators.[38,39]

Since strain sensitivity and the resonance effect of high-energy
excitons are tightly linked, strain-detection methods based on
high-energy excitons have a lot of promise for flexible elec-
tronic devices and nanoscale mechanical measurements. As
a novel high-energy quantum state in 2D systems, the study
of high-energy excitons is not only a deepening of many-body
physics in low-dimensional materials, but also a key bridge
connecting optoelectronics, quantum technology and energy
conversion applications. While recent years have witnessed
substantial progress in experimental observations and theo-
retical interpretations of high-energy excitons in 2D TMDs,
comprehensive reviews systematically evaluating current re-
search achievements and practical applications remain notably
scarce. A significant gap still exists: there is no systematic
framework linking the ultrafast dynamics of high-energy exci-
tons (such as inter-excitonic energy transfer, defect-mediated
localization, and hot carrier relaxation) to their revolution-
ary uses in energy conversion systems, photonic devices, and
strain sensing. Such critical analyses are urgently required
to consolidate existing knowledge, identify unresolved chal-
lenges, and guide future explorations in this rapidly evolving
field.

In this review, we systematically summarize recent ad-
vancements in the fundamental properties and applications
of high-energy excitons in 2D TMDs, with comprehensive
discussions focusing on their band structures, intrinsic exci-
tonic characteristics, modulation strategies, and optoelectronic
implementations. The review is organized as follows. Ini-
tially, we consolidate and analyze the band characteristics,
optical absorption mechanisms, and nonlinear optical phe-
nomena associated with high-energy excitons in 2D TMDs.
Following this, we review investigations into exciton dynam-
ics involving high-energy states, encompassing critical pro-
cesses such as hot carrier relaxation/extraction, energy trans-
fer between high-energy and band-edge excitons, and defect-
mediated relaxation pathways. This section concludes with an
overview of high-energy exciton resonance characteristics re-
vealed through Raman scattering spectroscopy. Subsequently,
the review extensively examines four emerging application do-
mains enabled by high-energy exciton engineering: 1) high-
performance optoelectronic devices; 2) nanoscale strain sens-
ing platforms; 3) energy/charge transfer for enhanced quan-
tum yield of band-edge excitons; and 4) quantum light ma-
nipulation technologies. Finally, we present critical perspec-
tives on the current limitations of research in this field and
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potential future directions for development. By synthesiz-
ing cutting-edge experimental findings and application break-
throughs, this work aims to provide researchers engaged in
high-energy exciton studies with an updated framework for
understanding fundamental mechanisms, technological poten-
tials, and interdisciplinary connections. The systematic com-
pilation of these advances serves not only as a technical refer-
ence but also stimulates innovative approaches for harnessing
high-energy excitonic phenomena in next-generation quantum
and optoelectronic systems.

2. Characteristics of high-energy excitons in 2D
TMDs

2.1. The energy band structure of high-energy excitons

In common semiconducting 2D TMDs such as MoS2,
WS2, and WSe2, the trigonal prismatic (2H) phase repre-

sents a thermodynamically stable hexagonal crystal structure.

This configuration features an ABA stacking sequence of

sulfur-metal-sulfur trilayers (Fig. 1(a)).[40] The quantum de-

grees of freedom inherent in this structure endow the Bril-

louin zone with distinctive valley characteristics, where the

valley physics at the zone edges is governed by spin-selective

+K and −K valleys (Fig. 1(b)).[41] Figure 1(b) illustrates the

layer-dependent band structure evolution of 2H-phase MoS2,

demonstrating a critical transition from indirect bandgap be-

havior in bulk crystals to direct bandgap characteristics in

monolayers. In monolayer configurations, both the conduc-

tion band minimum and the spin–orbit-split valence band max-

imum converge at the K-point, highlighting the significant in-

fluence of interlayer interactions on the electronic structure of

2D TMDs semiconductors.

(a) (b)

(d)(c)

Fig. 1. (a) Top-view schematic of the hexagonal crystal structure of monolayer TMDs. Blue and orange spheres represent transition metal (M) and
chalcogen (X) atoms, respectively. The triangular inset indicates the cross-sectional atomic arrangement. The first Brillouin zone is labeled with the
Γ point and two inequivalent high-symmetry momentum points (+K and −K).[40] (b) The variation in the band structure of MoS2 with the change in
layer number from bulk to monolayer.[41] (c) The variation diagram of optical conductivity for MoS2 with a triangular prismatic structure, along with
the corresponding energy band structure and density of states (DOS).[29] (d) The absorption spectrum of few-layer MoS2 on 40 nm Ag glass.[47]

The remarkable light–matter interaction in 2D TMDs
manifests as strong optical absorption across ultraviolet and
visible spectral ranges. Theoretical investigations reveal that
this phenomenon fundamentally arises from the synergistic in-
teraction between excitonic states (electron–hole bound states)
and band nesting effects in high-energy regions of the band
structure.[29,42] The energy band nesting effect is the exis-
tence of parallel regions in momentum space (where the en-
ergy difference gradient approaches zero), causing electrons
and holes to share identical group velocities with opposite
directions, which significantly increases the JDOS and trig-
gers singularities (divergences) in optical conductivity. These
are manifested as strong and broad absorption peaks in the
optical absorption spectrum. In contrast, D excitons occupy

higher-energy shoulders of C excitons, exhibiting distinct non-
parallel band characteristics.[43,44] As shown in Fig. 1(c), the
2H-phase MoS2 displays pronounced band nesting regions
along the Γ –M–K path,[29] where strong parallelism between
conduction and valence bands generates intense optical con-
ductivity peaks in the 2.5–3 eV range. The C excitons in these
nesting regions primarily comprise six nearly degenerate ex-
citonic states, forming a hexagonally symmetric ring near the
Γ -point of the Brillouin zone. Van Hove singularities emerge
near the K-point, contributing step-like features to the density
of states, while dominant optical peaks originate from band
nesting at non-symmetric points.

Notably, the band nesting effect enables TMDs to achieve
optical conductivities of approximately 1 mS, substantially
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exceeding graphene’s characteristic value of 0.06 mS.[45,46]

Compared to the absorption signatures of A and B excitons
near the band edges, C excitons exhibit exceptionally broad
and intense absorption bands in high-energy nesting regions
(Fig. 1(d)), underscoring their potential for designing ad-
vanced light-harvesting devices.[47] This unique combination
of enhanced optical response and quantum-engineered elec-
tronic states positions high-energy excitons as key enablers for
next-generation optoelectronic technologies.

2.2. Nonlinear optical response

The pronounced quantum confinement effects in the ver-
tical dimension and the substantial exciton binding energies
in 2D TMDs, as exemplified by monolayer MoS2 and WS2,
give rise to complex excitonic many-body effects. This inter-
play between nonlinear optical phenomena and excitonic ef-
fects has significant implications for the design of nanoscale
optoelectronic properties in contemporary 2D TMD systems.
The resonant wavelength dependence of second harmonic gen-
eration (SHG) enables precise control of quantum excitonic
behaviors in nanomaterials, facilitating efficient and tunable
nonlinear optical responses.[48,49] Previous studies have exten-
sively investigated the nonlinear optical phenomena associated
with A and B excitons arising from valence band splitting. No-
tably, when the frequency-doubling energy in WSe2 resonates
with A and B excitons at cryogenic temperatures, the SHG
signal exhibits a three-order-of-magnitude enhancement.[50]

In molybdenum selenide-sulfide alloys, an increased selenium
composition enhances the SHG intensity of B excitons relative
to A excitons. This efficient modulation of nonlinear optical
responses arises from the intricate coupling between exciton
resonance broadening and defect state engineering.[51] These
findings underscore the critical role of excitonic interactions in

engineering quantum-enhanced optical functionalities for ad-
vanced nanophotonic applications.

High-energy C excitons come from band-nesting areas
with intersecting energy bands, which leads to more intri-
cate excitation processes and optical properties than band-
edge A and B excitons. This multi-component nature en-
dows C excitons with distinctive spectral signatures in ab-
sorption profiles and intricate energy-level structures, provid-
ing rich information for investigating nonlinear optical phe-
nomena. Recent studies have explored C exciton-mediated
nonlinear responses through various experimental approaches.
One prominent strategy leverages the localized field enhance-
ment from surface plasmon polaritons (SPPs). By combin-
ing monolayer WS2 with subwavelength silver nano-groove
gratings, Shi et al. showed effective coupling of C exciton
resonances, significantly enhancing C exciton-driven nonlin-
ear responses.[52] Figure 2(a) presents the reflection spectra
of WS2 on silver substrates, demonstrating redshifted plas-
monic resonances that overlap with C exciton transitions in the
grating-incorporated structure. Finite-difference time-domain
(FDTD) simulations in Fig. 2(b) reveal strong in-plane electric
field confinement along the Ag grooves, where the SHG wave-
length (430 nm) associated with high-energy C excitons coin-
cides with plasmonic resonances, thereby facilitating synergis-
tic exciton–plasmon interactions. The SHG intensity exhibits
dual resonance peaks near C exciton transitions (Fig. 2(c)),
highlighting the high-resolution spectroscopic advantages of
nonlinear processes. Remarkably, as shown in Fig. 2(d), the
grating-patterned WS2 regions achieve an SHG enhancement
factor exceeding 400× compared to unpatterned areas, with
a conversion efficiency reaching 2.0×10−5, enabled by spec-
tral matching between plasmonic modes and C exciton reso-
nances.

(a) (b)

(d)

(e) (f)

(c)

Fig. 2. (a) Reflection spectra of monolayer WS2 on Ag substrates, demonstrating plasmon–exciton coupling in grating-incorporated
structures.[52] (b) Finite-difference time-domain (FDTD) simulations of electric field distributions at fundamental (808 nm) and second-
harmonic (404 nm) wavelengths.[52] (c) The dependence of the SHG intensity in the grating on the pump laser wavelength ranging from
810 nm to 900 nm, as well as the corresponding absorption spectra.[52] (d) The intensity ratio of the same WS2 flake between the Ag grating
and Ag plate regions reaches an SHG enhancement factor of 400.[52] (e) The geometric schematic diagram of aluminum plasma vortex lens.
Reflection spectra from different measurement regions. The SHG circular dichroism at the C exciton resonance is±1.2.[53] (f) SHG spectral
shifts (445–435 nm) in twisted bilayer MoS2 under C-exciton excitation, reflecting twist-angle-dependent band nesting modifications. The
SHG spectra at small angles of 2◦ and 3◦.[54]
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Furthermore, although C excitons inherently lack valley-
dependent chiral optical properties, Guo et al. engineered arti-
ficial chiral plasmonic structures (aluminum spiral metalenses)
to induce spin-selective nonlinear responses.[53] As shown
in Fig. 2(e), the reflection spectrum exhibits dual resonance
peaks at 442 nm (tailored to WS2 C excitons) and 600 nm.
Through optical spin–orbit interactions, the bare aluminum
spiral lens demonstrates exceptional SHG circular dichroism
(±120%) at the C exciton resonance wavelength. This break-
through establishes a novel approach for imparting chiral func-
tionalities to originally achiral high-energy excitonic systems,
thereby expanding their potential applications in spin-photonic
devices and quantum information processing architectures.

The nonlinear optical response of C excitons can be fur-
ther modulated by small twisting angles, a phenomenon asso-
ciated with lattice reconstruction that alters band-nesting spac-
ing and symmetry. The SHG technique can serve as a non-
destructive method for characterizing the lattice reconstruc-
tion state of distorted bilayer MoS2 by monitoring changes
in the C exciton resonance.[54] As shown in Fig. 2(f), SHG
spectra under C-exciton resonant excitation (800–980 nm) ex-
hibit pronounced intensity variations correlated with twist an-
gles. The SHG peak progressively blueshifts from 445 nm
(θ = 2◦) to 435 nm (θ = 3◦), mirroring the corresponding C-
exciton peak shifts in absorption spectra. This spectral align-
ment confirms band-nesting modifications induced by twist-
angle-dependent lattice reconstructions, establishing SHG as
a sensitive diagnostic tool for mapping atomic-scale structural
transformations in twisted 2D heterostructures.

2.3. The exciton dynamics of high-energy excitons

The 2D TMDs have emerged as ideal materials for in-
vestigation of excitonic ultrafast dynamics due to their strong
quantum confinement effects, high exciton binding energies
(reaching hundreds of meV), and significant many-body inter-
actions. Extensive research on excitonic dynamics has demon-
strated their potential applications in optoelectronics, which
is instrumental in designing high-performance nanophotonic
devices. However, the photoluminescence (PL) quantum ef-
ficiency of the excitonic peaks is decreased from monolayers
to multilayers due to the layer-dependent bandgap change in
TMDs. Additionally, substantial differences in light absorp-
tion and carrier decay between high-energy and low-energy
excitons have been observed, making exciton dynamics in
TMDs a complex process. High-resolution femtosecond tran-
sient absorption (TA) spectroscopy can effectively capture the
formation, thermalization, decay, and annihilation of these ex-
citons on ultrafast timescales. Studying the ultrafast dynamics
of high-energy excitons enables the differentiation and corre-
lation of dynamical characteristics between low-energy exci-
tons, thereby providing a microscopic understanding of car-

rier behavior variations among different excitonic states. Con-
sequently, further investigation of the relationships between
multiple exciton carrier dynamics and changes in high-energy
exciton dynamics is essential.

2.3.1. The dynamics between high-energy excitons and
band-edge A, B excitons

The interplay between crystal field effects and spin–orbit
coupling in 2D TMDs promotes the formation of distinct mul-
tiparticle excitonic states. These interactions lift the degener-
acy of energy levels in the valence band. Low-energy, strongly
bound A and B excitons emerge as a result. Electronic transi-
tions from the valence to conduction bands drive their forma-
tion. Energy and momentum conservations govern these tran-
sitions. Previous studies have systematically investigated car-
rier dynamics in low-energy excitonic systems. Manca et al.
demonstrated a novel upconversion excitation mechanism in
monolayer WSe2, where resonant A-exciton excitation facil-
itates efficient B-exciton generation via interactions between
two A excitons. The resulting high-energy electron–hole pairs
subsequently relax into B excitons or 2s states of A exci-
tons. This process revealed valley-selective exciton scatter-
ing dynamics and anomalous negative polarization emission,
attributed to preferential intravalley B-to-A exciton scattering
within the same momentum valley.[55] Complementary inves-
tigations by Plechinger et al. on WS2 monolayers uncovered
marked differences in spin-valley dynamics between A and
B excitons, originating from conduction band spin splitting
characteristics.[56] While A and B excitons exhibit high PL
quantum yields at the K/K′ valleys, C excitons display fun-
damentally distinct relaxation pathways. The parallel band
alignment in C excitons induces spontaneous electron–hole
separation and intraband relaxation, rendering them optically
inactive. This contrasts sharply with the radiative recombina-
tion processes dominating A and B excitons’ dynamics. Con-
sequently, establishing connections between high-energy C-
exciton dynamics and low-energy (A/B) excitonic behaviors
is imperative for elucidating carrier interaction mechanisms.
Further exploration of these inter-excitonic relationships will
advance the understanding of quantum many-body effects and
enable precise engineering of exciton-mediated optoelectronic
functionalities in 2D TMDs systems.

Shi et al. employed broadband femtosecond transient
absorption spectroscopy (FTAS) to elucidate the coupled dy-
namics and momentum-space delocalization characteristics of
A, B, and C excitons in chemical vapor deposition (CVD)-
grown monolayer MoS2. Their work revealed that C ex-
citons interact with A/B excitons through momentum-space
coupling, with carrier relaxation dominated by defect scatter-
ing and phonon interactions.[57] Camellini et al. demonstrated
anisotropic spectral blueshifts and distinct dynamic relaxation
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rates of C and D excitons in nanostructured rippled MoS2 un-
der polarization perpendicular to the ripple axis. This phe-
nomenon arises from shape anisotropy-induced modifications
in electron–phonon coupling, which further modulate the ul-
trafast dynamics of C excitons.[58] Kozawa et al. systemati-
cally investigated band nesting-mediated regulation of photo-
carrier dynamics in 2D TMDs, as illustrated in Fig. 3(a).[59] In
MoS2 systems, when excitation energy resonates with band-
nesting regions, electrons relax to the Λ valley of the conduc-
tion band while holes migrate to the Γ peak of the valence
band. Notably, the relaxation pathways of photocarriers in C
excitons differ significantly between monolayers and bilayers.
Monolayer systems exhibit suppressed photoluminescence ex-
citation (PLE) intensity under C-exciton excitation, indicat-
ing reduced A-exciton recombination due to momentum-space
separation of photocarriers. Conversely, bilayer configura-
tions show enhanced indirect PLE peaks with weaker direct
emission (A-peak) enhancement, confirming that band nest-
ing promotes indirect excitonic transitions. Schematic dia-
grams elucidate photocarrier relaxation trajectories under C-

exciton excitation, highlighting layer-number-controlled di-
rectional manipulation of carrier relaxation pathways. TA
spectroscopy serves as a powerful tool for probing ultrafast
carrier dynamics between high-energy and band-edge exci-
tons. Our group’s previous work revealed a bidirectional cou-
pling mechanism between C excitons and band-edge A exci-
tons in monolayer WS2, as illustrated in Fig. 3(b).[60] High-
energy pump excitation induces C-exciton relaxation through
distinct fast and slow processes that temporally coincide with
A-exciton decay dynamics. Under 515 nm excitation, ther-
malized carriers from C-exciton relaxation compensate for A-
exciton losses via carrier–phonon scattering (∼ 10 ps) and di-
rect electron–hole recombination (< 100 ps), effectively de-
laying A-exciton decay. Conversely, sub-C-exciton-energy ex-
citation enables band-edge A excitons to upconvert into C ex-
citons through multibody processes such as exciton–exciton
annihilation (EEA) or defect-assisted Auger recombination.
This bidirectional exciton coupling mechanism facilitates en-
hanced utilization of photoexcited carriers.

(a) (b)

(d)(c)

Fig. 3. (a) The PLE intensity map of bandgap emission for monolayer and bilayer MoS2. Schematic illustration of the photogenerated
carrier relaxation mechanism in monolayer and bilayer TMDs materials.[59] (b) The pump-fluence-dependent A-exciton dynamics in monolayer
WS2 under 515 nm excitation. τ2 and τ3 represent the intermediate and slow decay components, respectively.[60] (c) Transient dynamics of
high-energy C/D excitons under different pump energies.[62] (d) Normalized relaxation trajectories of A, C, and D excitons after 3.35 eV
photoexcitation, with schematics of intervalley scattering pathways.[62]

Beyond single layers, the interaction between high-
energy C and D excitons and low-energy A and B excitons,
as well as the regulation of exciton relaxation mechanisms
in few-layer TMDs, is particularly significant. Borzada et
al. reported the relaxation dynamics of A, B, and C exci-
tons in few-layer MoS2, which mainly encompass the gener-
ation, rapid dissociation, and decay processes of excitons.[61]

Goswami et al. investigated the formation and relaxation pro-

cesses of high-energy C/D excitons and low-energy A/B ex-
citons in few-layer WS2, systematically revealing the regula-
tory mechanisms of band nesting effects, intervalley scatter-
ing, and many-body processes on exciton relaxation.[62] As
shown in Fig. 3(c), the formation time of C/D excitons can be
rapidly achieved under high-energy pump excitation, whereas
low-energy pumping can only induce the generation of C exci-
tons through many-body processes, such as interband tunnel-
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ing, with the ineffective generation of D excitons due to the
lack of energy band overlap with the K valley. Figure 3(d)
shows that the relaxation time of C/D excitons is significantly
longer than that of A excitons, primarily attributed to the indi-
rect recombination between the Λ valley and the K valley and
the intervalley scattering processes. At high carrier densities,
valley filling in the K valley and the Pauli blocking effect delay
the intervalley transfer of C/D excitons.

2.3.2. The relaxation and extraction of hot carriers in
high-energy excitons

Hot carriers, defined as high-energy charge carriers above
the band edge, possess significant research value and applica-
tion potential in various fields including photocatalysis, pho-
tovoltaic device design, photodetection, and high-speed elec-
tronic devices.[63–65] For example, due to their high reactivity,
hot carriers can lower the effective potential barrier required
for photocatalytic reactions, thereby facilitating and improv-
ing reaction efficiency. Furthermore, hot carriers not only in-
crease the photoelectric conversion efficiency of photovoltaic
devices but also broaden the spectral detection range, enhanc-
ing light energy collection and utilization. Consequently, the
completion of the processes of hot carrier generation, relax-
ation, and extraction requires an in-depth study of the kinetic
processes of hot carriers.

In 2D materials, hot carriers relax quickly to the band
edge. This relaxation occurs on a sub-picosecond timescale.
Two main factors cause this rapid relaxation: carrier–carrier
scattering and thermal phonon effects. This fast thermaliza-
tion process significantly hinders efficient hot carrier extrac-
tion. Therefore, slowing hot carrier cooling has become cru-
cial for the practical applications of hot carriers. In energy
band nesting regions, high-energy excitons exhibit sponta-
neous electron–hole separation, which also results in a sub-
stantial difference in the relaxation process of hot carriers
within their energy bands compared to those at the band edge.

Wang and colleagues investigated the cooling behav-
ior of hot carriers associated with C excitons in mono-
layer MoS2.[66] A graphene heterostructure design was im-
plemented to achieve efficient extraction of these hot carriers.
As shown in Fig. 4(a), a global analysis of transient absorp-
tion spectroscopy on the MoS2 monolayer yielded four life-
time components (0.27 ps, 1.3 ps, 23 ps, and 1.5 ns), with A
and B excitons undergoing rapid decay, while the lifetime of
C excitons was extended to 23 ps. This reflects the slow cool-
ing characteristics of hot carriers associated with C excitons,
which stem from the spontaneous electron–hole separation in
the band nesting regions. In the MoS2/graphene heterostruc-
ture, the TA spectrum revealed only three lifetime compo-
nents, indicating rapid charge transfer to graphene (Fig. 4(b)).
Graphene, through its dielectric screening effect, reduced the

exciton binding energy (Eb) of MoS2, promoted the vertical
separation of photogenerated charges, and modulated the elec-
tronic structure of MoS2, achieving an efficient extraction of
80% for the hot carriers associated with the C excitons.

The slow cooling of high-energy excitons is critical for
achieving efficient hot carrier extraction. Therefore, identify-
ing the origin of this slow cooling and analyzing and control-
ling its mechanisms are essential. Our team employed fem-
tosecond transient absorption spectroscopy to demonstrate that
the cooling mechanism of C excitons originates from interval-
ley transfer.[67] Figure 4(c) illustrates the relaxation dynam-
ics of C excitons under low and high pump flux conditions
to verify the Pauli blocking effect. At higher light intensi-
ties, exciton–exciton annihilation accelerates exciton recombi-
nation, weakening the Pauli blocking effect and significantly
reducing the relaxation time of C excitons. However, the pho-
tobleaching signal of C excitons increases nonlinearly with in-
creasing pump intensity, confirming the dominant role of inter-
valley transfer (Fig. 4(d)). By normalizing and comparing the
decay signals of A excitons under different pump intensities
(1.3 µJ·cm−2 and 127 µJ·cm−2), we identified a compensat-
ing signal under high pump intensities. The fitting results of
the compensating signal decay curve matched the cooling time
of C excitons, confirming that intervalley transfer dominates
the slow cooling of C excitons. Additionally, Rose et al. cou-
pled C excitons in few-layer MoS2 with surface plasmon po-
laritons, utilizing their delocalization to suppress defects and
intervalley scattering, thereby significantly extending the cool-
ing time of C excitons.[68] This strong-coupling approach of-
fers a new strategy for hot carrier extraction. Recently, Wei
et al. used transient absorption microscopy (TAM) to reveal
the anomalous negative diffusion of hot carriers in monolayer
MoS2, attributed to the spatially non-uniform hot phonon bot-
tleneck (HPB) induced by Gaussian pump beams.[69] By en-
hancing the HPB effect through high pump flux, the lifetime
of hot carriers was prolonged, providing a method to optimize
hot carrier extraction efficiency.

D excitons, located on the high-energy side of C exci-
tons as shoulder excitons, exhibit more complex structures
along with higher kinetic energy and greater degrees of free-
dom. Investigation of their relaxation dynamics may enhance
the application potential of high-energy excitons. Tran et al.
demonstrated the advantages of the slow cooling mechanism
of D excitons in monolayer MoS2 and their potential appli-
cations in heterostructures.[70] Figure 4(e) illustrates the for-
mation mechanism of D excitons. The slow rise of D exci-
tons in TA spectra under low pump energy indicates interval-
ley carrier–carrier scattering from the K valley to the Γ valley.
The pump-energy independence of D excitons suggests they
are generated via an indirect process, supporting their free car-
rier characteristics. D excitons also exhibit slow cooling dy-
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namics, significantly shower than those of C excitons and 2–3
orders of magnitude slower than conventional semiconductors
such as perovskites and quantum dots. As shown in Fig. 4(f),
the intervalley scattering from the Γ valley to the Λ and K
valleys, along with the differences in electronic structure be-
tween high-energy and low-energy bands, contributes to this
complex slow cooling mechanism. To investigate hot carrier
extraction from D excitons, a type-II heterojunction can be
formed between the Γ valley of MoS2 and the conduction band
of TiO2. The built-in electric field facilitates electron transfer
from MoS2 to TiO2. As depicted in Fig. 4(g), the prolonged

cooling time of hot carriers in the Γ valley of D excitons al-

lows more electrons to complete the transfer. The combina-

tion of free carrier characteristics and slow cooling results in

substantially higher hot carrier extraction efficiency for D ex-

citons (98%) compared to C excitons (87%). This dual mech-

anism — intervalley scattering delaying high-energy exciton

cooling and interfacial charge separation in heterojunctions —

enhances hot carrier extraction efficiency, presenting a promis-

ing strategy for the design and utilization of hot carrier-based

devices.

(a) (b)

(d)(c)

(e) (f) (g)

Fig. 4. (a) Under 400 nm excitation, the global analysis results of transient absorption spectroscopy for monolayer MoS2. The normalized decay kinetics of
A, B, and C excitons under the same pump condition.[66] (b) Schematic diagrams of the normalized attenuation kinetics of A, B and C excitons in monolayer
MoS2 under a pump condition of 400 nm and the charge transfer process in the corresponding graphene heterostructure.[66] (c) Schematic illustration of
the photophysical processes excited by low and high pump fluences in monolayer MoS2.[67] (d) The function related to the peak energy of C exciton with
respect to pump fluence. The decay kinetics and fitting curves of two different pump fluence intervals for A exciton.[67] (e) Schematic diagram illustrating the
generation mechanism of D excitons through intra-K-valley scattering and Γ -valley tunneling.[70] (f) The slow scattering path from the Γ point to the Λ/K
point in D excitons.[70] (g) Schematic illustration of the energy band structure and hot carrier transfer between monolayer MoS2 and TiOx.[70]

2.3.3. Defect state-mediated localization of high-
energy excitons

In large-area monolayer TMDs synthesized via chemi-
cal vapor deposition (CVD), sulfur and selenium vacancies
are unavoidable. Consequently, investigating exciton local-
ization and ultrafast dynamics in defect states becomes essen-
tial. Substantial advancements have been achieved in single-
photon emission, energy transfer, exciton transport, and the
regulation of spin and valley degrees of freedom in TMDs
through the study of interactions between defect states and ex-
citon effects.[71–73] Zhang et al. found that increased defect
state density accelerates the EEA rate and reduces lumines-
cence efficiency.[74] Liu et al. visualized the interaction be-
tween defects and exciton transport dynamics in 2D TMDs us-
ing TAM spatially and temporally resolved measurements.[75]

Elucidating the ultrafast dynamics between defect states and
high-energy exciton relaxation is pivotal for advancing the

manipulation and applications of high-energy excitons in 2D
TMDs.

Qu et al. revealed defect-mediated localization of high-
energy excitons and their relaxation behavior using fs-TA
spectroscopy.[76] As illustrated in Fig. 5(a), under 515 nm ex-
citation, electrons from C excitons become trapped in defect
energy levels while holes remain in the valence band, form-
ing localized C excitons. This defect-mediated direct exci-
tation process, which remains unaffected by pump fluence,
differs from the band transition mechanism responsible for
free C exciton formation. Distinct differences emerge in TA
spectra when comparing C exciton excitation under 343 nm
and 515 nm pumping: the C exciton peak exhibits a blueshift
(redshift) under low-energy (high-energy) excitation. The
blueshift of localized C exciton peaks in Fig. 5(b) results from
hole tilting from the Λ to Γ points in the valence band, which
increases the bandgap of localized C excitons. Conversely, the
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redshift of free C excitons primarily stems from band renor-
malization, where band tilting effects are counterbalanced by
simultaneous hole–electron diffusion. The relaxation pathway
of localized C excitons involves both intraband and interval-
ley transfer. Sulfur vacancies localize C excitons, thereby re-

stricting electron and hole relaxation and prolonging interval-
ley transfer times. Simultaneously, phonon-assisted hole in-
traband scattering enhances the intraband transfer rate of C
excitons, highlighting the potential of defect engineering for
optimizing optoelectronic device design.

(a)

(b)
(c)

Fig. 5. (a) The defect-mediated direct excitation model of C excitons. The peak positions of high-energy C excitons and D excitons vary with
delay time under 515 nm and 343 nm pumping.[76] (b) The electron–hole distribution of C excitons and the variation in absorption spectra
under different pumping conditions.[76] (c) The relaxation pathways of localized C excitons, including intraband (represented by light green
arrows) and inter-valley (represented by blue arrows) transfers.[76]

2.4. The resonance effect of high-energy excitons

The significant light–matter interactions in 2D TMDs
arise from quantum confinement and weakly screened exci-
tons with high binding energies, resulting in excitonic reso-
nances at specific wavelengths that manifest as distinct spec-
tral peaks. These resonances provide unique advantages for
enhancing Raman scattering, activating interlayer vibrational
modes, and manipulating phonon states through tailored light–
matter interactions.[77–79]

Raman spectroscopy serves as a powerful tool for inves-
tigating the stacking, layer coupling, and strain in 2D TMDs.
When excitation energies align with excitonic transitions, res-
onance effects can significantly enhance specific Raman sig-
nals. Lee et al. demonstrated that in few-layer MoS2, C-
exciton resonance selectively amplifies interlayer breathing
modes, with peak positions sensitive to stacking configura-
tions (2H, 3R, mixed), whereas high-frequency Eg and Ag

modes exhibit no phase dependence.[80] Kim et al. showed
that in few-layer MoSe2, C-exciton resonance modulates both
interlayer shear and breathing vibrations (Fig. 6(a)), unlike A-
exciton resonance, which obscures low-frequency modes.[81]

McCreary et al. observed a 50 meV shift in C-exciton res-
onance peaks between 2H- and 3R-stacked WSe2 bilayers,
confirming stacking-dependent energy modulation.[82] First-
principles calculations by Wang et al. revealed that in mono-
layer MoS2, C-excitons enhance Raman scattering through
energy accumulation in excitonic states and wavefunction
rehybridization, accounting for the absence of A/B-exciton

resonance responses.[83] While A/B excitons couple to in-
tralayer phonons (K-point), high-energy C-excitons at the Γ -
point exhibit strong interlayer vibrational coupling, with layer-
dependent signal enhancement.[84]

Bilgin et al. combined experiments and theoretical cal-
culations to investigate the double resonance Raman pro-
cesses and phonon coupling mechanisms of C excitons in
high-quality MoSe2 single crystals.[85] As shown in Fig. 6(b),
the intensity ratios of the A′1/E ′ and 2ZA/E ′ peaks both ex-
hibit maxima near 2.54 eV (488 nm), corresponding to the C
exciton energy. High-energy C exciton resonance enhances
electron-phonon scattering dominated by the A′1 and 2ZA
phonon modes. To confirm the origin of the Raman peaks,
double resonance Raman simulations demonstrated a promi-
nent double resonance peak at 250 cm−1 under 488 nm exci-
tation, consistent with the experimental 2ZA mode (Fig. 6(c)),
confirming the correlation between ZA phonons and C exciton
resonance. The 2.54 eV isoenergetic contour in the Brillouin
zone revealed a double resonance path with momentum match-
ing between electrons and ZA phonons. From the band struc-
ture perspective, high-energy electrons excited to the conduc-
tion band are scattered back via ZA (M-point) phonons, form-
ing a double resonance process. The combination of experi-
mental and theoretical results revealed the phonon double res-
onance characteristics under C exciton energy matching. This
double resonance mechanism based on C exciton resonance
can also activate forbidden phonon modes associated with in-
trinsic defects in monolayer and few-layer MoS2, with Raman
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peak frequencies showing significant layer-dependent varia-
tions, highlighting the sensitivity of phonon modes to layer
number under C exciton resonance.[86] Trovatello et al. used
Fourier-transform (FT) spectroscopy at different pump ener-
gies to probe coherent phonon oscillations at the C exciton
peak position.[87] As shown in Fig. 6(d), when the pump en-
ergy approaches the C exciton resonance energy (2.95 eV), the
amplitude of the A−1 phonon mode (406 cm−1) is significantly
enhanced, reaching a maximum, and decreases sharply when
the pump energy deviates from the C exciton energy, indicat-
ing a strong correlation between A−1 phonons and C exciton
resonance. The theoretically calculated Raman tensor peak
positions showed resonance enhancement consistent with ex-
perimental results, confirming that C exciton resonance can
efficiently modulate A−1 phonon coherence and demonstrat-
ing a strong coupling mechanism between C excitons and A−1

phonons.
In bilayer TMDs, the interlayer twist angle influences the

symmetry of interlayer atomic arrangements, generating a dis-
tinctive moiré superlattice effect and tunable interlayer cou-
pling properties. Schneider et al. proposed a method to de-
tect the interlayer coupling strength in bilayer TMDs by us-
ing optically excited interlayer Raman modes under C-exciton
resonance.[88] As shown in Fig. 6(e), under C-exciton energy
resonance excitation (514 nm), interlayer Eg and Ag Raman
peaks appear distinctly at different angles. Comparative anal-
ysis of Raman spectra for MoS2 and MoSe2 at different excita-
tion wavelengths confirmed the correlation between C-exciton
resonance excitation and the intensity of interlayer modes.
These findings demonstrate that the detection of interlayer
coupling states in twisted bilayer TMDs through C-exciton
resonance represents a highly efficient approach.

(a)

(b)

(d)

(e)

(c)

Fig. 6. (a) The Raman intensity contour of 2TL to 5TL MoSe2 varies with different excitation energies.[81] (b) The Raman intensity ratios of
the A′ peak and the 2ZA peak to the E ′ peak under different excitation energies, respectively.[85] (c) Simulation of double-resonance Raman
intensity under two excitation wavelengths (632 nm and 488 nm). The isoenergetic contour map under 2.54 eV excitation in the Brillouin zone
of monolayer MoSe2, as well as the double-resonance process scattered by ZA(M) phonons during electron transitions in the electronic band
structure.[85] (d) Fourier transform (FT) spectra of monolayer MoS2 under varying pump energies. Comparison of the measured A−1 phonon
amplitude (normalized values) with theoretical values derived from Raman tensor analysis.[87] (e) Raman spectra of twisted bilayer MoSe2
under C exciton resonance energy excitation. Comparison of Raman spectra of MoS2 and MoSe2 under different excitation wavelengths.[88]

3. Advances in application research based on the
characteristics of high-energy excitons in 2D
TMDs

As mentioned in Subsection 2.4, the complex resonance
phenomenon of high-energy excitons not only provides pro-
found insights into the dynamic interaction between electronic
states and vibrational dynamics, but also establishes a funda-
mental framework for longitudinal light–matter interactions
at the quantum level. The synergy between this fundamen-
tal characteristic and the engineering of applied devices serves

as a reference for the breakthroughs in ultraviolet-enhanced
luminescence discussed in Subsection 3.1. In this section,
material integration and energy funnel mechanisms are em-
ployed to address the inherent limitations of high-energy exci-
ton utilization. In the realm of low-dimensional semiconduc-
tors, the pronounced light–matter interactions in 2D TMDs
have emerged as a cutting-edge research focus for optical
property engineering and optoelectronic device design. This
phenomenon is intrinsically linked to the robust excitonic ef-
fects arising from quantum confinement and reduced dielec-
tric screening in TMDs. Notably, band-nested regions in the
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Brillouin zone (the C-exciton region), characterized by paral-
lel energy alignment of conduction and valence bands, con-
tribute to strong ultraviolet absorption in optical spectra, cor-
responding to the enhanced density of states near Van Hove
singularities. These unique high-energy states hold signifi-
cant potential for broadening the spectral response range of
photodetectors and improving light emission efficiency and
photoelectric conversion performance. However, the practi-
cal application of high-energy excitons is impeded by sub-
stantial challenges arising from competing relaxation mecha-
nisms — rapid intravalley nonradiative recombination and in-
efficient intervalley transfer of hot carriers. These limitations
impose stringent constraints on the design and performance of
devices in relevant technological contexts. Consequently, de-
veloping novel experimental strategies to enhance the utiliza-
tion efficiency of high-energy excitons is critical for advanc-
ing ultraviolet optoelectronic devices based on TMDs. In the
following sections, we discuss potential application directions
and device design concepts leveraging high-energy excitons,
focusing on three key aspects: ultraviolet photoelectric con-
version systems, light-emission efficiency enhancement, and
strain-sensing probes. Optimizing performance and engineer-
ing devices based on high-energy excitonic properties will sig-
nificantly expand the functional applications of TMDs materi-
als.

3.1. Improvement of photoluminescence efficiency based
on high-energy excitons under ultraviolet excitation

High-energy excitons exhibit pronounced and broad ul-
traviolet (UV) absorption characteristics due to their band-
nested structure with parallel band alignment. However, un-
der C-exciton resonance excitation, the photogenerated carri-
ers struggle to relax effectively to the band edges for radia-
tive recombination. Notably, unlike the direct radiative re-
combination within the K valley for band-edge excitons, the
electrons and holes in C-excitons predominantly undergo non-
radiative recombination processes, involving rapid intravalley
relaxation and slow inter-valley scattering. The photolumines-
cence efficiency of TMDs materials excited in the UV range
is significantly suppressed compared to that excited in the vis-
ible light range. Therefore, constructing new channels for the
utilization of light energy targeting the relaxation processes
of C-excitons is crucial for enhancing photoluminescence ef-
ficiency.

Yan et al. constructed a novel rare-earth-doped
LaPO4:Tb3+/WS2 hybrid system to investigate Förster res-
onance energy transfer (FRET)-mediated enhancement of PL
efficiency in TMDs.[89] As shown in Fig. 7(a), the fluorescence
microscopy images of monolayer WS2 reveal suppressed PL
intensity with increasing excitation energy, particularly in the
UV spectral region, reflecting the inhibitory effect of band
nesting on radiative recombination under high-energy exci-
tation. To circumvent this limitation, a strategic design was

implemented by creating alternative energy transfer channels
that bypass band-nested regions, thereby directly enhancing
direct bandgap radiative recombination in WS2. Figure 7(b)
illustrates the hybrid system architecture, where Tb3+-doped
LaPO4 nanorods are directly integrated with monolayer WS2

to establish UV-driven energy transfer pathways. Unlike con-
ventional UV excitation generating C-excitons, Tb3+ ions in
the hybrid system absorb UV photons and transfer energy
non-radiatively to the WS2 monolayer via resonant coupling.
Remarkably, as demonstrated in Figs. 7(c) and 7(d), the hybrid
structure exhibits a tenfold PL enhancement under 325 nm
excitation. This improvement originates from Tb3+-mediated
downconversion of high-energy UV excitation to lower-energy
excited states (5D4 level), enabling resonant energy transfer
to WS2 band-edge free excitons. This mechanism effectively
suppresses direct C-exciton generation while demonstrating
the superior efficiency of FRET in boosting luminescence
yield. Notably, this strategy exhibits generalizability across
other TMDs materials, with the nanorods concurrently pro-
viding protective effects on TMDs layers.

In contrast to strategies that introduce new absorp-
tion/emission centers for energy transfer within hybrid sys-
tems, constructing type-I heterojunctions to enable rapid inter-
facial charge transfer represents an alternative high-efficiency
energy utilization approach. Designing a dual type-I cascaded
channel between C-excitons and band-edge excitons has been
demonstrated as an effective method to enhance hot carrier uti-
lization from C-excitons.[90] As illustrated in Fig. 7(e), the
heterostructure comprising monolayer WS2 and CdS quan-
tum dots facilitates both rapid hot carrier transfer from C-
excitons to CdS and subsequent carrier recycling back to the
WS2 band edge to form A-excitons. This “round-trip” car-
rier pathway effectively circumvents the intrinsic nonradiative
recombination channels of C-excitons. Figure 7(f) demon-
strates that the PL intensity of WS2 in the heterostructure
is significantly amplified, while that of CdS is suppressed,
yielding a heterostructure photoluminescence quantum yield
(PLQY) of 11.1%, indicative of efficient charge transfer. Spa-
tially resolved PL intensity mapping further corroborates this
enhancement, ensuring experimental reproducibility. Tran-
sient absorption spectroscopy directly monitors carrier dy-
namics through time-resolved excited-state absorption (ESA)
and ground-state bleaching (GSB) signals, elucidating micro-
scopic charge transport mechanisms. As shown in Fig. 7(g),
the heterostructure exhibits weakened C-exciton bleaching
signals and intensified A-exciton bleaching signals. Kinetic
analysis reveals a reduction in C-exciton lifetime from 53 ps
to 27 ps, accompanied by a prolongation of A-exciton lifetime
from 54 ps to 108 ps, achieving a charge transfer efficiency
of 50%. This efficient hot carrier transfer mechanism substan-
tially enhances the UV-excited PL quantum yield in TMDs,
serving as a successful paradigm for engineering exciton dy-
namics in 2D materials.
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(a)

(b)

(d) (f)

(g)(e)

(c)

Fig. 7. (a) Fluorescence microscope images of monolayer WS2 under different excitation wavelengths.[89] (b) Schematic diagram of the
LaPO4:Tb3+/WS2 hybrid structure design and the FRET energy transfer pathway.[89] (c) Comparison of PL spectra of individual WS2 and hybrid struc-
tures under ultraviolet excitation.[89] (d) Schematic illustration of the energy transfer process in the hybrid structure under ultraviolet excitation.[89]

(e) Schematic illustration of energy band alignment and carrier transfer pathways in heterostructures.[90] (f) PL intensity variation and PL intensity
mapping of individual WS2, CdS quantum dots, and heterojunctions under 405 nm excitation.[90] (g) TA spectral variation diagrams of C exciton and
A exciton in individual WS2 and heterojunctions, respectively. The right figure is a comparison chart of exciton decay kinetics.[90]

3.2. Optoelectronic devices based on high-energy excitons

Photonic devices, which utilize the photoelectric effect
to achieve mutual conversion between optical and electrical
signals, have been extensively investigated for applications in
photodetection, optical communication, and bio-inspired vi-
sion systems.[34,36,91–93] Compared to conventional semicon-
ductors, 2D TMDs exhibit superior optoelectronic character-
istics, including high optical absorption coefficients spanning
from visible to near-infrared wavelengths, layer-dependent
tunability of band structures, and exceptional carrier mobil-
ity. The direct bandgap in monolayer TMDs generates robust
excitonic effects under photoexcitation, enabling efficient gen-
eration of electron–hole pairs and supporting stable exciton
manipulation at room temperature — properties that meet the
requirements of high-sensitivity optoelectronic applications.
These excitonic effects enhance light absorption and emission
processes, while the unique band-nested architecture in 2D
TMDs facilitates strong coupling between high-energy exci-
tons and high-photon-energy UV radiation. This synergy not
only improves UV spectral absorption but also enhances de-
vice performance metrics such as response speed and detection
sensitivity, thereby advancing the efficiency of next-generation
optoelectronic systems.

In visual systems, 2D TMDs-based optoelectronic synap-
tic devices integrate multifunctional properties to emulate vi-
sual perception while simultaneously simulating wavelength-
dependent nociception in response to harmful light stimuli.
Recently, our research group developed a monolayer MoS2-

based optoelectronic synaptic device by combining the high-
energy C-exciton band nesting effect with defect-induced
charge trapping mechanisms.[94] This device demonstrates
biomimetic pain responses to optical stimuli, as shown in
Fig. 8(a). By applying simultaneous dual-light-pulse stimula-
tion using green and UV light, the total current reached 87 pA,
with the UV response exhibiting slow decay and sustained ac-
tivity, resulting in an asymmetric variation curve (Fig. 8(b)).
For this device, UV light input (short-wavelength) delays the
carrier trapping process, resulting in a larger time constant.
Figure 8(c) compares the photocurrent responses under long-
and short-wavelength excitation, showing that the photocur-
rent intensity exhibits a superposition effect at different time
intervals. The significantly stronger UV photocurrent am-
plitude arises from the high-energy exciton band nesting ef-
fect, which enhances short-wavelength absorption efficiency,
thereby increasing the number of photogenerated carriers and
amplifying the current response. This confirms the device’s
sensitivity in simulating UV-induced pain perception. The
temporal regulation of light signals is crucial for spatiotem-
poral encoding in neuromorphic computing. As shown in
Fig. 8(d), combinations of 532 nm and 320 nm light inputs en-
able multiple optical logic functions. AND logic is achieved
when both light pulses are applied simultaneously with a pulse
width of 5 s, producing an output current exceeding the thresh-
old of 154 pA. OR logic can be realized with a single light
pulse input of 25 s pulse width to trigger the threshold cur-
rent. NAND/NOR logic is implemented by inverting the “on”
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and “off” states of the light signals, enabling complementary
operations. This flexible photonic logic not only achieves all-
optical logic functionality but also simplifies the design com-
plexity of traditional optoelectronic hybrid devices.

Self-powered ultraviolet photodetectors can directly con-
vert UV light energy into electricity without external power,
featuring low power consumption and high sensitivity, mak-
ing them a key research focus in recent years. Although
TMDs materials have high UV light absorption coefficients
and charge transfer rates, their bandgap is limited to the
visible to near-infrared range, hindering direct UV detec-
tion. Previously, the construction of heterojunctions with
wide-bandgap semiconductors served as an effective strategy
to enhance the performance of self-powered devices. This
approach not only preserves the high UV response from

the wide bandgap but also accelerates exciton separation
via the built-in electric field at the interface, boosting pho-
tocurrent and response speed, as seen in combinations like
MoS2/β -Ga2O3,[95] PtSe2/GaAs,[96] and WS2/GaN.[97] Re-
cently, Wang et al. achieved 92% external quantum efficiency
(EQE) and 270 mA·W−1 responsivity under 365 nm illumina-
tion in WS2.[98] This high carrier separation efficiency stems
from defect-free van der Waals (vdW) metal contacts and op-
timized channel structures. However, the rapid recombination
relaxation mode of high-energy exciton charges under UV il-
lumination still severely limits carrier transfer and utilization
efficiency in TMDs. To further optimize TMD-based photode-
tectors, it is essential to maintain the strong light absorption of
high-energy excitons while simultaneously enhancing carrier
transfer efficiency.

(a)

(b)

(d)

(f)

(e)

(c)

Fig. 8. (a) Optical synaptic device structure based on Van der Waals electrode-integrated monolayer MoS2.[94] (b) Spatial and temporal summation decay
curves of photocurrent under dual-wavelength optical input as a function of pulse interval.[94] (c) Photocurrent variation diagrams of synapse 1 and synapse 2
at different time intervals.[94] (d) Optical logic operation functions under various light pulse widths and intensity regulations.[94] (e) Working principle
of the built-in electric field with energy band alignment and schematic diagram of the Au/WSe2/Gr photodetector device structure.[99] (f) TA spectra and
corresponding normalized decay curves of two types of Gr/WSe2/Gr and Au/WSe2/Gr photodetector devices under 300 nm pumping.[99]

Our group discovered that in multilayer WSe2, a strong
built-in electric field formed by a unilateral Schottky junc-
tion effectively suppresses C-exciton recombination, thereby
promoting the separation and extraction of hot carriers.[99] As
shown in Fig. 8(e), WSe2 forms a unilateral Schottky contact
with the bottom Au electrode and a quasi-Ohmic contact with
the top graphene electrode. The Schottky barrier (hole) at the
interface causes upward band bending, driving high-energy
electrons to rapidly transfer toward the graphene electrode
under the strong built-in electric field, thereby reducing the
probability of non-radiative recombination of C-excitons. By
comparing the TA spectra of Gr/WSe2/Gr and Au/WSe2/Gr

devices, we analyzed and fitted the decay dynamics of pho-
togenerated carriers in the two devices (Fig. 8(f)). The ex-
citon lifetime in the Au/WSe2/Gr device was 31 ps, signif-
icantly shorter than that in the Gr/WSe2/Gr device (56 ps),
which lacked a built-in electric field to drive C-exciton sep-
aration. This clearly demonstrates the accelerating effect of
the built-in electric field on high-energy exciton separation and
carrier transfer. In addition to accelerating exciton decay, the
electric field optimizes carrier transport pathways, achieving
an EQE of up to 98% and a responsivity of 286 mA·W−1.
The WS2/GaN heterojunction device exhibits a responsivity
of 77 mA/W and an EQE of 36%, while the MoS2/β -Ga2O3
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heterojunction demonstrates a responsivity of 60 mA/W and
an EQE of 21%. In contrast, the built-in electric field of the
Schottky junction effectively suppresses non-radiative recom-
bination of high-energy C excitons and optimizes carrier trans-
port pathways, achieving 2- to 4-fold enhancements in EQE
and responsivity compared to conventional heterojunctions.
Notably, devices with a built-in electric field constructed via
a Schottky structure outperform previously reported van der
Waals heterojunction designs and avoid the impact of interfa-
cial dangling bonds on performance. This optimization strat-
egy, based on the C-exciton recombination relaxation pathway
to accelerate carrier separation and extraction, provides a new
approach for exploring the performance of TMDs materials in
ultraviolet detection.

Another notable example involves driving C-exciton sep-
aration in WS2 via a strong built-in electric field, enabling
rapid carrier transfer and participation in graphene-mediated
carrier multiplication (CM), thereby further enhancing the UV
light response and EQE.[100] Self-powered solar-blind UV
photodetectors, designed through the synergistic interaction
of multiple modulation mechanisms, have achieved a high
responsivity of 77 mA/W and an EQE of 36% in the solar-
blind UV range. This optimization strategy, centered on the
carrier relaxation process of high-energy C-excitons, provides
broader options for developing UV photodetector performance
based on individual 2D TMDs. In summary, high-energy C-
excitons not only exhibit significant UV light absorption co-
efficients but also provide critical insights for improving op-
toelectronic device performance due to their efficient modula-
tion mechanisms. However, research on high-energy excitons
in TMD-based optoelectronic devices remains limited, sug-
gesting considerable potential for advancing the performance
of UV optoelectronic devices.

3.3. A strain probe based on high-energy excitons

For atomically thin 2D TMDs materials, the flexible
lattice exhibits a significant capacity to withstand external
strain. Strain engineering has emerged as an effective ap-
proach for modulating material properties and device perfor-
mance, including bandgap tuning,[101] carrier transport,[102]

and electron–phonon coupling.[103] The strong exciton effects
in 2D TMDs facilitate precise measurement of both the mag-
nitude and direction of strain, particularly the nonlinear SHG
characteristic peaks, which have been demonstrated to exhibit
high sensitivity to the resonance energy of high-energy exciton
regions with band nesting.[82,84,88]

Khan et al. demonstrated that the SHG response induced
by high-energy C-exciton resonance in WS2 is sensitive to
folding angles and strain levels.[104] Changes in SHG charac-
teristic peaks enable dynamic monitoring of folding and strain
levels in monolayer and few-layer WS2. As shown in Fig. 9(a),
the wavelength-dependent SHG intensity variations in folded

monolayer (1L) and wrinkled five-layer (5L) strained WS2

demonstrate that the SHG intensity in folded regions is gener-
ally enhanced under different wavelength excitations. This en-
hancement is independent of high-energy exciton resonance.
In contrast, C-exciton resonance under strain governs the SHG
intensity, while the SHG intensity in non-resonant regions is
significantly suppressed. The significant nonlinear optical re-
sponse due to band nesting is confirmed during the straining
process. For monolayer WS2, the SHG intensity exhibits sig-
nificant variation between folded and unfolded regions, while
the peak position remains largely unchanged, a phenomenon
attributed to the interlayer coupling in the folded-angle re-
gion. For compressive strain, as the strain degree increases
from −1.72% to −2.38% in the vertical direction, the SHG
peak blue-shifts. The direct bandgap transition increases the
C-exciton resonance energy, and the energy change of SHG re-
veals the strain sensitivity of high-energy excitons (Fig. 9(b)).
Furthermore, compressive and tensile strains exhibit distinct
tuning effects on the C-exciton resonance peak. Compressive
strain leads to an increase in C-exciton excitation energy and
a slight decrease in the peak intensity of nonlinear polarizabil-
ity, while tensile strain results in a decrease in energy and an
enhancement in the peak intensity of nonlinear polarizability.
This demonstrates the strain-dependent changes in the inten-
sity of SHG peaks (Fig. 9(c)). As shown in Fig. 9(d), the strain
fitting slope obtained from density functional theory (DFT)
calculations is consistent with experimental values and shows
a linear relationship, verifying the predictability and control-
lability of strain modulation. A non-contact optical measure-
ment method for nanoscale strain can be realized by monitor-
ing the characteristic peaks of C-exciton resonance, facilitat-
ing the feasibility of quantitative strain modulation.

Mennel et al. systematically investigated the band
nesting effects of high-energy C-excitons and strain-induced
nonlinear optical measurements in various TMDs materi-
als through a combination of theoretical and experimental
approaches, demonstrating the universality of high-energy
exciton-based strain probes in 2D TMDs materials.[105] As
shown in Fig. 9(e), for tensile strain, although the SHG re-
sponse curves of MoS2 and MoSe2 both undergo redshifts at
C-exciton energy resonance, the band nesting region of MoSe2

is more dispersed, and the SHG response exhibits the opposite
trend compared to MoS2. By employing the three-point bend-
ing technique on a flexible substrate, specific directional high-
precision tensile strain can be applied to monolayer TMDs,
and the angular-resolved mode of SHG can be determined by
measuring the lattice space group and strain-induced struc-
tural disruption (Fig. 9(f)). Quantitative analysis of symme-
try breaking in SHG signals under uniaxial strain can be per-
formed using the distortion parameter D, the relationship can
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be expressed as

D =
(A+B)2

(A−B)2 (1)

in this context, A represents the contribution from the mate-
rial maintaining symmetry under strain, while B represents
the contribution from symmetry breaking under strain. When
D > 1, the SHG signal in the strain direction is enhanced;
conversely, when D < 1, the SHG signal perpendicular to the
strain direction is enhanced. Measuring the D value can flexi-
bly and accurately reflect strain distribution, which is applica-
ble to the different response trends between MoS2 and MoSe2.
As shown in Fig. 9(g), the total SHG signal intensity Itot in
MoS2 reaches a peak near the high-energy C-exciton reso-
nance excitation energy, and strain causes the peak to redshift
and alter in amplitude. The D value increases from 1 to 2.5
with increasing strain, and the angular-resolved SHG maxi-
mum significantly enhances along the tensile strain direction.
This originates from the high sensitivity of the JDOS in band
nesting to minor strains. The contribution intensity of differ-
ent K points in the Brillouin zone to the distortion parame-

ter D confirms the dominant role of the Γ point in the distor-
tion degree of MoS2 (Fig. 9(h)). After applying 1% uniaxial
strain, the characteristic peak redshift corresponds to a reduc-
tion in the bandgap, a decrease in JDOS, and a weakening of
SHG resonance intensity. The localized JDOS singularities in
MoS2 trigger drastic changes in SHG intensity, and the sig-
nificant increase in the distortion parameter reflects the sen-
sitivity of the SHG response to strain. Notably, compared to
traditional strain measurement methods (e.g., AFM for mon-
itoring strain magnitude and electron microscopy for reflect-
ing strain direction),[101,104] SHG measurement can simulta-
neously monitor both strain magnitude and direction, offering
greater efficiency and flexibility. Moreover, the SHG strain
sensitivity based on high-energy C-excitons (δ1/σ1 ≈ 3.5) far
exceeds the sensitivity of traditional Raman and PL (δ1/σ1 ≈
0.04). In summary, SHG combined with high-energy exciton
resonance and band nesting represents a universal and highly
sensitive strain detection technology. Thus, developing nano-
devices based on SHG holds broad application prospects in
real-time strain monitoring and quantum sensing.

(a) (b)

(d)

(f)

(g) (h)

(e)(c)

Fig. 9. (a) SHG intensity mapping of 1L folding and 5L wrinkling under 830 nm and 900 nm excitation.[104] (b) Wavelength-dependent SHG
intensity curves for 1L and 5L strained regions and flat areas.[104] (c) Wavelength-dependent curves of second-order nonlinear susceptibility
under different strains.[104] (d) The relationship between strain and SHG peak shift: a comparison of experimental data and DFT calculation
results.[104] (e) Theoretical calculation of the SHG response of MoS2 and MoSe2 under tensile strain.[105] (f) Experimental setup based on three-
point bending technique and distribution diagram of SHG polarization dependence.[105] (g) Comparison of experimental data with theoretical
data, revealing the variation of the total SHG intensity (Itot) and distortion parameter D of MoS2 with strain.[105] (h) The JDOS distribution of
unstrained MoS2 and the ∆JDOS changes after 1% strain.[105]

3.4. An nearly perfect light absorber based on high-energy
excitons

For optoelectronic devices dependent on light absorp-
tion, developing material systems with near-unity light ab-
sorption is essential for advancing high-performance optical

communication, green energy harvesting, and photonic sens-

ing technologies.[105,106] In 2D TMDs, heterocavity architec-

tures combining multilayer structures with metallic mirrors

can dramatically enhance light–exciton interactions, enabling

near-perfect optical absorption efficiencies. For example, Ep-
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stein et al. designed an asymmetric Fabry–Pérot cavity com-
posed of WS2, hexagonal boron nitride (h-BN), and an Au
mirror. Through optimized structural design, this hybrid cav-
ity achieved nearly 100% excitonic light absorption efficiency
in monolayer WS2 — far surpassing the ∼ 30% absorption
limit of conventional monolayer TMDs — demonstrating the
superior light-trapping capabilities enabled by resonant ampli-
fication via metallic reflectors.[107]

In 2D TMDs materials, the nested band structure be-
tween the valence and conduction bands, which hosts high-
energy excitons, results in exceptional light absorption ef-
ficiency and an optical conductivity that far surpasses tra-
ditional 2D semiconductors. While the layered stacking of
TMDs shows promise for near-ideal light absorption, actual

efficiency is limited, primarily due to interlayer electronic cou-
pling. Using EELS and DFT calculations, Woo et al. explored
how twisting angles in bilayer WSe2 affect interlayer coupling
and the band structure of high-energy C-excitons.[108] As the
twist angle increases, interlayer coupling weakens, seen in the
C-exciton peak blue-shifting, with the indirect bandgap peak-
ing at a 30◦ twist. This weakening arises from the upward
shift of the conduction band bottom at the Q point in the bi-
layer band structure, which enhances the band nesting effect
and promotes optical transitions associated with C-excitons.
The sensitivity of interlayer coupling strength in high-energy
C-excitons to twist angles in bilayer TMDs is highly advanta-
geous for modulating optical absorption efficiency.

(a) (b)

(d)

(f)
(e)

(c)

Fig. 10. (a) Comparison of the electronic band structures between monolayer (1L) and bilayer (2L) MoS2, as well as the distribution of energy band
nesting regions in momentum space.[109] (b) Comparison of the optical conductivity σ ′ and absorbance A between monolayer and bilayer MoS2.[109]

(c) Two strategies for suppressing interlayer coupling in bilayer TMDs: lattice distortion and the insertion of a buffer layer.[109] (d) In the case of
experimental measurements, the optical contrast of twisted bilayer MoS2 is compared with the optical contrast of bilayer MoS2 that is separated by
a graphene (Gr) buffer layer.[109] (e) Comparison of theoretical and experimental absorbance for different MoS2 structures when combined with a
Salisbury screen.[109] (f) Theoretical calculation of the absorbance of various TMD materials in structures containing buffer layers.[109]

Recently, Lee et al. proposed an effective strategy to sup-
press interlayer coupling in atomically thin bilayer TMDs and
enhance light absorption efficiency by integrating high-energy
exciton band characteristics with an optical resonant cav-
ity (Salisbury screen) structure, achieving near-perfect light
absorption.[109] Monolayer and bilayer MoS2 exhibit distinct
differences in electronic band structure and momentum space
distribution (Fig. 10(a)). Interlayer coupling in bilayers causes
energy shifts at the valence band Γ point and conduction band
Q point, weakening band nesting features. The nested band re-
gion near the Γ point in the first Brillouin zone is significantly
reduced in bilayers, enlarging the energy gap between bands
and fragmenting the momentum space for optical transitions.
Optical conductivity and absorption, measured to be lower

than ideal additive values in bilayers (Fig. 10(b)), confirm the
impact of reduced band nesting. Thus, suppressing interlayer
coupling is key to restoring band nesting and enhancing light
absorption. Two effective strategies for this are twisting bi-
layer TMDs and inserting a graphene buffer layer (Fig. 10(c)).
Increasing the twist angle enlarges the interlayer distance and
reduces direct sulfur atom overlap, while the buffer layer pro-
vides physical separation, stabilizing the band structure. Op-
tical contrast measurements verify the twist-angle-dependent
absorption (Fig. 10(d)). At 32◦ twist angle, the C-exciton
peak redshifts (?? blueshifts) from 2.71 eV (0◦ ) to 2.82 eV,
showing suppressed interlayer coupling and enhanced absorp-
tion, consistent with previous findings. Compared to twisted
bilayers, the buffer layer strategy employs a MoS2/Gr/MoS2
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heterojunction. After insertion, the C-exciton peak stabilizes,
band nesting is preserved, and optical contrast increases by
48%, surpassing untwisted bilayers and monolayers. Com-
bined with a Salisbury screen of SiO2/Ag reflectors, all struc-
tures show unchanged peak positions, but resonance signifi-
cantly amplifies high-energy exciton absorption peak intensity,
reaching 99% theoretical and 94.8% experimental absorption
(Fig. 10(e)), confirming the screen’s light field localization
enhancement. Additionally, the buffer layer’s band nesting
restoration mechanism is universal across various TMDs (e.g.,
MoS2, CrTe2, WS2), as shown in Fig. 10(f), with significant
improvements in absorption efficiency. This simple structural
optimization, compared to complex nanofabrication, is more
efficient, cost-effective, and scalable. Fully leveraging and op-
timizing high-energy exciton mechanisms in TMDs represents
a new approach for designing efficient light absorbers, expand-
ing applications for next-generation nanoscale atomically thin
optoelectronic devices.

4. Conclusion and perspectives
This review comprehensively examines the physics of

high-energy excitons in TMDs, focusing on their structure,
properties, and applications. The unique electronic struc-
ture of high-energy excitons in 2D TMDs, characterized by
band nesting, significantly enhances light–matter interactions,
creating a sensitive and tunable excitonic platform for ad-
vanced optoelectronic devices. As discussed, high-energy
excitons excel in several domains: 1) Broad-spectrum ab-
sorption: High-energy excitons enable coverage of the visi-
ble to UV spectrum, broadening the spectral response of op-
toelectronic devices. Modulating nanoscale interlayer struc-
tures can achieve uniform light absorption efficiency, benefi-
cial for green energy and optical sensors. Their sensitivity to
UV light, combined with built-in electric fields that facilitate
efficient photogenerated carrier separation, enhances the po-
tential of TMDs in solar-blind UV detection. 2) Nonlinear
optical responses: High-energy excitons show strong nonlin-
ear optical responses under resonant excitation, making them
ideal for ultrafast optical modulators and communication de-
vices. SHG depends on interlayer coupling and strain lev-
els, and the band nesting effect in TMDs presents promis-
ing opportunities for nanoscale strain and biosensing applica-
tions, particularly in flexible and wearable devices. 3) Ther-
mal carrier relaxation: High-energy C-excitons have a slow
thermal carrier relaxation process, reducing energy loss and
enabling efficient carrier extraction and utilization, a signifi-
cant advantage over traditional semiconductors. This distinc-
tive property holds potential for advancing research in pho-
tocatalysis, energy conversion, photovoltaic optimization, and
quantum coherence control. Furthermore, constructing het-
erojunctions or employing interface engineering can establish

carrier recirculation channels, potentially suppressing non-
radiative recombination and improving device stability and
photoelectric conversion efficiency. High-energy exciton re-
search not only deepens our fundamental understanding of
2D TMDs but also serves as a strategic driving force for the
revolution in next-generation optoelectronic devices. High-
energy excitons can endow strain sensors on flexible substrates
with atomic-scale spatial resolution and millisecond-level dy-
namic response capabilities, providing revolutionary solutions
for intelligent bionic skins and micro-electromechanical sys-
tems. Through machine learning-assisted band engineering
and atomic-level interface manipulation, it is anticipated that
directional tailoring of high-energy exciton functionalities can
be achieved in three-dimensional heterogeneous integration
and on-chip photonic systems. These breakthroughs will pro-
pel TMDs from laboratory research to industrial applications,
reshaping the future landscape of photonics, quantum infor-
mation, and green energy technologies.

High-energy exciton properties, as an emerging research
direction in two-dimensional TMDs, are still in a phase of
rapid development while facing numerous challenges. The
band-nesting effects in different TMDs materials vary in their
response to strain, and the nanoscale control of strain distribu-
tion is complex. Additionally, the inevitable sulfur/selenium
vacancy defects in the growth process of TMDs lead to vary-
ing degrees of localization of excitons, which severely affects
the carrier dynamics of high-energy excitons and reduces de-
vice performance. Additionally, the observed low photolu-
minescence efficiency under ultraviolet excitation correlates
strongly with nonradiative recombination pathways of pho-
toinduced hot carriers in high-energy excitons, necessitating
the development of more effective optimization strategies to
enhance the conversion of high-energy excitons to band-edge
excitons. To address these challenges, we propose the fol-
lowing approaches: The issue of defect density in TMDs can
be addressed by introducing passivation layers through atomic
layer deposition to suppress defect-mediated nonradiative re-
combination. Simultaneously, the development of novel in-
situ strain detection techniques based on SHG, such as com-
bining DFT calculations with machine learning to optimize
the precision of measurement processes at the nanoscale, is
warranted. Furthermore, optimizing the construction of more
efficient heterostructure interface engineering is a valid strat-
egy for improving light emission efficiency under high-energy
excitation. It is noteworthy that external control, such as mag-
netic fields or polarized light, facilitates the synergistic utiliza-
tion of multiple exciton states in TMDs, and the exploration
of novel radiative recombination channels to improve emis-
sion efficiency warrants further investigation. In summary, as a
fundamental excitonic characteristic of 2D TMDs, research on
high-energy excitons has evolved from fundamental physics to
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device applications. The future holds promising opportunities
for collaborative innovation in detection technologies, inter-
face engineering design, and theoretical simulations based on
high-energy excitons, which could unlock their full potential
in quantum technology, energy conversion, and flexible elec-
tronic sensing applications.
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