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Abstract
The assembly of monolayer transition metal dichalcogenides (TMDs) in van der Waals
heterostructures yields the formation of spatially separated interlayer excitons (IXs) with large
binding energies, long lifetimes, permanent dipole moments and valley-contrasting physics,
providing a compelling platform for investigating and engineering spatiotemporal IX
propagation with highly tunable dynamics. Further twisting the stacked TMD monolayers can
create long-term periodic moiré patterns with spatially modified band structures and varying
moiré potentials, featuring tailored traps that can induce strong correlations with
density–dependent phase transitions to modulate the exciton transport. The rich exciton
landscapes in TMD heterostructures, combined with advancements in valleytronics and
twistronics, hold great promise for exploring exciton-integrated circuits base on manipulation of
exciton diffusion and transport. In this Review, we provide a comprehensive overview of recent
progress in understanding IXs and moiré excitons, with a specific focus on emerging exciton
diffusion and transport in TMD heterostructures. We put emphasis on spatial manipulation of
exciton flux through various methods, encompassing exciton density, dielectric environment,
electric field and structure engineering, for precise control. This ability to manipulate exciton
diffusion opens up new possibilities for interconverting optical communication and signal
processing, paving the way for exciting applications in high-performance optoelectronics, such
as excitonic devices, valleytronic transistors and photodetectors. We finally conclude this review
by outlining perspectives and challenges in harnessing IX currents for next-generation
optoelectronic applications.

∗
Author to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

2752-5724/25/012701+29$33.00 1
© 2025 The Author(s). Published by IOP Publishing Ltd
on behalf of the Songshan Lake Materials Laboratory

https://doi.org/10.1088/2752-5724/ad8cf2
https://orcid.org/0000-0003-4519-5836
https://orcid.org/0000-0002-5945-220X
mailto:dehuili@hust.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/2752-5724/ad8cf2&domain=pdf&date_stamp=2025-1-2
https://creativecommons.org/licenses/by/4.0/


Mater. Futures 4 (2025) 012701 Topical Review

Keywords: interlayer exciton, moiré exciton, exciton diffusion, exciton transport,
excitonic device

1. Introduction

Monolayer transition metal dichalcogenides (TMDs) have
emerged as promising candidates for the exploration of
exciton diffusion and transport dynamics [1–9]. These two-
dimensional (2D) atomically thin semiconductors, including
the well-known MoS2, WS2, MoSe2 and WSe2, exhibit dir-
ect bandgaps and weak dielectric screening in the 2D environ-
ment, which enables the formation of tightly bounded excitons
through strong Coulomb interactions [10–14]. As a result,
monolayer TMDs host rich excitonic physics that govern their
spatiotemporal propagation, showing large exciton binding
energies up to hundreds of millielectronvolts (meV) that can
withstand thermal fluctuations at room temperature [15–18].
Moreover, excitons can interact with other quasiparticles, res-
ulting in the emergence of many-body excitonic complexes
with highly tunable optical and electrical properties [19–22].
Besides, the significant band splitting due to strong spin-orbit
coupling, along with broken inversion symmetry and pre-
served time-reversal symmetry, allows for the coupled spin–
valley physics to engineer valley-polarized excitons, provid-
ing monolayer TMDs with valley degree of freedom to pro-
cess, storage and transport information [23–25]. Therefore, the
rich exciton landscapes inmonolayer TMDs offer an appealing
pathway towards realizing exciton flux and exploring diverse
exciton diffusion dynamics.

Notably, monolayer TMDs can be vertically stacked or lat-
erally stitched by the top–down (e.g. dry-transfer) and bottom–
up (e.g. chemical vapor deposition) approaches to form van der
Waals (vdW) heterostructures with designed functionalities
[26–29]. In contrast to traditional II–VI and III–V quantum
wells where the lattice mismatch induces inevitable distortion
and defects due to the covalent bonds, the vdW integration of
disparate 2D materials circumvents the lattice compatibility
with unprecedented flexibility, creating a new quantum sys-
tem to explore novel phenomena [30, 31]. By engineering the
bandgap with a type II (staggered) band alignment, ultrafast
interfacial carrier dynamics take the stage within 50 fs [32–
35], facilitating photoexcited electrons and holes to transfer to
opposite layers, forming interlayer excitons (IXs) in vertical
heterostructures or charge transfer (CT) excitons in lateral het-
erostructures (figures 1(a) and (b)) [36–39]. The spatial separa-
tion of electrons and holes reduce their wavefunction overlap,
leading to lifetimes several orders of magnitude longer than
intralayer excitons [40–42]. Additionally, IXs exhibit perman-
ent dipole moments that can further be tuned by external elec-
tric fields [43, 44], making them attractive for the realization of
exciton-integrated circuits that bridge the optical signals with
electrical generation of IX currents [45–47]. Furthermore,
the introduction of interlayer twist angles creates periodic
moiré patterns with varying moiré potentials, offering a new
avenue for the exploration of moiré excitons [48–50]. The

moiré potential can also be tuned by altering the twist angle
or lattice mismatch, allowing for the trapping or de-trapping
of IXs and further modifying the exciton transport dynamics
[51, 52]. More importantly, these exciton states retain the
optically addressable spin–valley physics of constituentmono-
layers, endowing IXs with valley-dependent optical selec-
tion rules and valley Hall effects (VHEs) (figure 1(c)) [53–
56], thereby generating valley-polarized IX flux under the
circularly polarized excitation [57]. Therefore, TMD hetero-
structures hold great promise for investigating and engin-
eering the transport dynamics of various exciton states, fea-
turing interlayer, CT, and moiré excitons, opening novel
avenues in the optoelectronics, twistronics and valleytron-
ics, and pursuing towards the exploration of next-generation
exciton-integrated circuits.

Several recent reviews have covered the exciton transport
dynamics, primarily focusing on monolayer TMDs [58–60].
Although the exciton transport in monolayer TMDs exhib-
its unique behaviors, such as the halo effect [8], their tunab-
ility is usually constrained. For instance, the electrical con-
trol of neutral intralayer exciton transport remains challen-
ging due to the in-plane dipole moment and charge neut-
rality. In contrast, IXs in separated layers exhibit prolonged
lifetimes and out-of-plane dipole moments, which facilitate
long-range transport and highly tunable diffusion dynamics.
Therefore, beyond studying the underlying characteristics of
the rich exciton landscapes in monolayer TMD and hetero-
structures, we provide an overview of the recent advance-
ments in the spatiotemporal IX diffusion and transport dynam-
ics in the TMD heterostructures, along with the manipulation
of exciton flux and the associated practical applications. In this
review, we begin with an introduction of fundamental prop-
erties of IXs and moiré excitons, outlining the optical signa-
tures of exciton emission under varying excitation densities
and electrical control in section 2. We then review state-of-
the-art characterizations of spatial IX transport utilizing the
2D drift-diffusion model in section 3, including the stead-state
acquirement under continuous wave excitation and the tem-
poral record under the pulsed laser excitation, which shows
long-range propagation distance that can be characterized by
the exciton density and repulsive dipolar interactions. We also
touch on the dynamics of moiré exciton diffusion by vary-
ing potential landscapes via twist angle, exciton density and
temperature. Section 4 further highlights the manipulation of
IX propagation by varying the exciton density to alter exciton
phase, surrounding dielectric environment, electrical control
and customized structure incorporation. Thereafter, the relev-
ant applications inmolding exciton transport, such as excitonic
devices, valleytronic transistors and photodetectors are sum-
marized in section 5. A final discussion with challenges and
opportunities in controlling IX expansion and exploring the
exciton-integrated circuits are presented in section 6.
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Figure 1. IXs in TMD heterostructures. (a) Schematic diagram of the typical type II MoX2/WX2 heterostructure and the charge transfer
process. ET and HT stand for electron transfer and hole transfer, respectively. (b) Schematic illustrations of IXs in the vertical
heterostructure and CT excitons in the lateral heterostructure. (c) Schematic description of valley-polarized IXs.

2. IX basics

2.1. IXs in TMD heterostructures

The vdW stacking of various TMD monolayers endows IXs
with unique and intriguing properties compared to their mono-
layer counterparts, thereby attracting increasing attention in
recent years. As previously mentioned, the rapid CT in the
type II band alignment enables the formation of spatially
indirect IXs [61], which can be experimentally observed in
the photoluminescence (PL) measurements. As illustrated in
figures 2(a) and (b), the first experimental observation of IXs
was reported in a typical WSe2/MoS2 heterostructure. While
the heterostructure region exhibit direct absorptions corres-
ponding to monolayer WSe2 and MoS2, an additional peak
appears at the lower energy side, along with the quenched
emission of constituent monolayers, suggesting the presence
of strong interlayer coupling and dominant IX emission within
the TMD heterostructure [62]. Such IX emission has been
widely documented in TMD heterostructures, with emission
energies corresponding to the lowest-energy transitions of the
type II band gap in the visible to near-infrared range [40,
62–73]. This IX formation can be further demonstrated by
PL excitation (PLE) measurements [63, 66, 69]. As shown
in figure 2(c), the PL intensity of IXs (blue dashed circle)
enhanced only when the excitation energy resonates with int-
ralayer exciton states of both layers by recording the PL intens-
ity as a function of excitation energy, reinforcing the interlayer
nature of IXs in TMD heterostructures.

Interestingly, the IX emission exhibits a strong dependence
on the interlayer twist angle θ [65, 74–81]. The relative rota-
tion between the hexagonal Brillouin zones of TMDmonolay-
ers can modify band structures in the heterostructure, signific-
antly impacting both emission intensity and peak energy of
IXs, and may also form moiré superlattices as discussed in the
next section [48–50, 82, 83]. Typically, IX emission exhibits a
maximum intensity at angles closet to 0◦ or 60◦, and gradually
become less apparent in the intermediate range of 10◦–50◦,
indicating the change from momentum-direct to momentum-
indirect IX states (figure 2(d)) [74].Meanwhile, the twist angle
(actually the interlayer distance) can modify the indirect band
gap, making IXs to exhibit lowest peak energy at nearly 0◦

or 60◦ alignment, with a gradual blueshift to a constant value
for intermediate angles [75, 78–81]. Notably, although hetero-
structures with large twist angles show poor radiative emis-
sion, the interlayer coupling still cannot be ignored, evid-
enced by the strong PL quenching of intralayer excitons cor-
responding to monolayer TMDs in the heterostructure region
and the presence of angle-independent sub-100 fs CT [76,
77], together with the nonradiative recombination of IXs
with varied decay lifetimes without conclusive trend on the
twist angle [77, 84].

Since IXs are spatially separated, with electrons and holes
residing in different layers, the overlap of their wavefunctions
is significantly reduced. This results in decreased exchange
interactions and leads to long lifetimes of IXs that can extend
to nanoseconds or even microseconds [40, 41, 63, 68, 85,
86]. As shown in figure 2(e), the time-resolved PL meas-
urement have yielded an IX lifetime of 1.8 ns with a single
exponential fitting [63]. This long lifetime highly surpasses
the picosecond lifetime of intralayer excitons, making IXs
more suitable for the practical applications of TMD-based
excitonic devices with long-range exciton transport. More
importantly, these aligned electron-hole pairs create perman-
ent out-of-plane electrical dipole moments (p= edz, where e
is the charge quantity and d is the dipole size), enabling both
optical and electrical control of the IX emission. As illustrated
in figure 2(f), the peak energy of IXs exhibit a pronounced
density–dependent blueshift with increasing excitation power,
which is a hallmark of repulsive dipole–dipole interaction
between IXs at high exciton density [66]. Besides, this energy
shift can be quantitatively described by the capacitor model,
∆E = nde2/εHSε0, where the n is the exciton density, ε0 is
the vacuum permittivity and εHS is the effective relative per-
mittivity of the heterostructure [87, 88]. Furthermore, apply-
ing a vertical electric field E across the heterostructure can
modify the energy landscape of IXs via the linear Stark effect
∆E =−p ·E [43, 44, 89]. Generally, in a dual-gated device,
the electric field can be independently controlled by adjust-
ing the ratio of top and bottom gates (determined by the top
and bottom hBN thickness) without changing the electrostatic
doping of TMDs. As illustrated in figure 2(g), the peak energy
of IXs linearly shift with variations in electric field, exhibiting
blueshift (redshift) when then dipole moment is antiparallel
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Figure 2. Fundamental properties of IXs in TMD heterostructures. Optical image (a) and normalized PL and absorption spectra (b) in the
WSe2/MoS2 heterostructure. Scale bar, 3 µm. (a) And (b) Reproduced from [62]. CC BY 4.0. (c) PL and PLE spectra of the MoSe2/WSe2
heterostructure at 4.5 K. Reproduced from [66]. © IOP Publishing Ltd. All rights reserved. (d) PL peak intensity of IXs in the MoSe2/WSe2
heterostructure versus twist angle at room temperature. Reprinted (adapted) with permission from [74]. Copyright (2017) American
Chemical Society. (e) Time-resolved PL spectrum of IXs in the MoSe2/WSe2 heterostructure at 20 K. The blue line shows the single
exponential fit. Adapted from [63], with permission from Springer Nature. (f) Power-dependent PL spectra of the MoSe2/WSe2
heterostructure at 4.5 K. Reproduced from [66]. © IOP Publishing Ltd. All rights reserved. (g) PL spectra and lifetime of IXs as a function
of vertical electric field in the MoSe2/WSe2 heterostructure at 4 K. Insets show the optical image and schematic illustration of the device.
From [44]. Reprinted with permission from AAAS. Polarization-resolved (h) and time-resolved (i) PL spectra of IXs in the MoSe2/WSe2
heterostructure at 30 K under different gate voltages. The single exponential fits give out the valley polarization lifetimes of 39 ± 2, 10 ± 1,
and 5 ± 2 ns for gate voltages of +60, 0, and −60 V, respectively. (h) And (i) From [54]. Reprinted with permission from AAAS.

(parallel) to the electric field [44]. Consequently, this linear
slope enables the estimation of the dipole size, which has
been found to be in the range of 0.5–0.9 nm [43, 90, 91].
Additionally, the electric field can also influence the IX life-
time by altering the overlap of electron and hole wavefunc-
tions, thereby controlling the recombination rate. Specifically,
a parallel electric field to IX diploe moment tends to separate
IXs, thus reducing their recombination rate and lifetime.

Alternatively, varying the electrostatic doping level allows
to further control over the conversion among complex exciton
states. As doping level increases, singlet and triplet IXs
become distinguishable [91, 92], and different charged states
such as charged IXs or interlayer trions also emerge [93,
94]. With even higher exciton density, the strongly correlated
many-body states should be further taken into consideration
[95, 96]. Notably, electrostatic doping significantly affects the
intervalley scattering, which in turn controls the valley polar-
ization of IXs [97, 98], along with a tunable valley polariza-
tion lifetime (figures 2(h) and (i)) [54, 99]. Further considering

the opposite optical selection rules of singlet and triplet IXs
[92, 100, 101], polarization switching devices can be achieved
[91, 102, 103]. These phenomena demonstrate the highly tun-
able valley dynamics of IXs, showing promise for valleytronic
applications based on IXs.

2.2. Moiré excitons in moiré superlattices

As stated above, stacking TMD monolayers with small twist
angle θ and/or slight lattice mismatch δ can result in the form-
ation of periodic moiré superlattices that can further extend
to mesoscopic scale [104–110]. This periodicity is commonly
referred to the moiré superlattice wavelength λ, which can be
given by [48, 111]

λ=
(1+ δ)a0√

2(1+ δ)(1− cosθ)+ δ2
(1)

4
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Figure 3. Basic characteristics of moiré excitons in moiré superlattices. (a) Schematic diagrams of R-type and H-type stacking moiré (left)
and periodically reconstructed (right) patterns in the MoSe2/WSe2 heterostructure. Reproduced from [112]. CC BY 4.0. (b) Band structure
of pristine WSe2 (green line) and strained WSe2 (black line) in the reconstructed WSe2/WS2 heterostructure. Adapted from [119], with
permission from Springer Nature. (c) Spatial maps of moiré potential of IX transition and optical selection rules for K-valley IX excitons.
(d) Circularly polarized PL spectra for σ+ excitation of the MoSe2/WSe2 heterostructure with the twist angle of 1◦. (c) And (d) Adapted
from [105], with permission from Springer Nature. Power—(e) and temperature—(f) dependent PL spectra of moiré excitons and free IXs
in the WSe2/MoSe2 R-type stacking heterostructure. (e) And (f) Reproduced from [123]. CC BY 4.0. (g) Reflectance contrast spectra of
hybrid moiré excitons in the WS2/MoSe2 heterostructure with different twist angles. Reproduced from [124]. CC BY 4.0. (h) Time-resolved
PL spectra of IXs with different twist angles. The inset shows the twist-angle-dependent lifetimes in the MoSe2/WSe2 heterostructure,
including both fast and slow decay components. Reprinted figure with permission from [125], Copyright (2021) by the American Physical
Society. (i) Contour plots of stimulated moiré excitonic potentials for different twist angles. ( j) Cross section of excitonic potentials at
varying twist angles and the optical selection rules at different sites. (k) Twist-angle-dependent degree of polarization as a function of gate
voltage of the WSe2/WS2 heterostructure. (i)–(k) From [126]. Reprinted with permission from AAAS.

where δ = |a ′
0 − a0|/a0, a and a0 are the lattice constants of the

constituent monolayers. Typically, the size of the moiré period
varies with twist angle, usually becoming larger with smal-
ler twist angle, ranging from 1 to 100 nm [82, 83]. Besides,
the symmetry of the moiré superlattice also depends on the
twist angle. Given the three-fold rotational symmetry (C3) in
monolayer TMDs, they can be aligned nearly 0◦ or 60◦ to
form rhombohedral (R-type) or hexagonal (H-type) stacking
orders with three high-symmetry points (Rhh, R

M
h , R

X
h or Hh

h,
HM
h , H

X
h ) that preserving this C3 symmetry (figure 3(a)) [105,

106, 112]. Here, the superscript refers to the hexagonal center
(h), metal atom (M) or chalcogen atom (X) in the electron layer
aligns vertically with the hexagonal center (h) in the hole layer
marked by the subscript. These periodic local atomic regis-
tries significantly modulate the electronic band structure, lead-
ing to the formation of energy-separated flat minibands and
spatially tailored moiré potentials (figures 3(b) and (c)) [109,
113, 114]. The moiré potential depths are reported to be on the
order of tens to hundreds of meV based on first-principle cal-
culations and scanning tunneling microscopy measurements
[115–119]. Such deep potentials are expected to trap IXs in a
quantum-dot-like manner, facilitating the discrete emission of

moiré excitons characterized by spectrally ultranarrow lines
and imposing new optical selection rules at local potential
minima [105, 110, 112, 120–122]. For instance, in the R-type
stacking moiré pattern, the preservation of C3 symmetry with
different rotation centers allows exciton wave pockets at Rhh
(RXh ) site to couple selectively to σ+ (σ−) circularly polar-
ized light but is forbidden at RMh site, leading to the altern-
ating circular polarization between ground- and excited-state
IXs (figures 3(c) and (d)) [105]. Other work also reported
a common interlayer atomic registry with C3 symmetry in
a given sample, revealing uniform circular polarization with
same helicity in the R-type (2◦) stacking bilayer but opposite
helicity in the H-type (57◦) stacking bilayer [110].

Interestingly, these sharp emission lines of moiré excitons
usually appear at low excitation power [110, 112, 123, 127,
128]. As illustrated in figure 3(e), these disperse narrow peaks
gradually blueshift and merge into broad IX emission with
increasing incident power, suggesting the quantized filling
of the moiré potential and promoting exciton delocalization
[123, 127–129]. Such transition can be further corroborated
by increasing temperature, which leads to the PL shift from
moiré exciton to free IX dominated emission, demonstrating
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excitons de-trapping from moiré potentials above at elevated
temperatures (figure 3(f)) [123]. Conversely, a recent work
further reports the existence of high-temperature moiré-locale
excitons by enhancing the interlayer coupling and engineer-
ing the heterointerface [130]. These observations highlight
the highly tunable exciton dynamics achieved by regulat-
ing the transition between localized and delocalized states in
moiré potentials, which can impose a significant impact on the
exciton transport behavior.

Notably, altering the twist angle hold great potential for
excitonic manipulation within the moiré potentials [118, 124,
126, 131, 132]. Previous study has observed prominent mul-
tiple moiré exciton absorption peaks for near-zero twist angle
but disappear for the twist angle larger than 3◦ [104]. Other
work also reported robust interlayer and intralayer hybrid
moiré excitons even for large twist angles, which show twist
angle-dependent oscillator strengths, peak energies and dipole
interactions (figure 3(g)) [124, 131, 133]. Moreover, the IX
lifetime exhibits a strong dependence on the twist angle,
with one order of magnitude enhancement as the twist angle
increases from 1◦ to 3.5◦ due to the shift to momentum-
indirect transition with increasing twist angle and extra relax-
ation channels for high-energy excited states within moiré
potentials (figure 3(h)) [125]. Furthermore, the excitonic
potential in moiré patterns varies with twist angle, showing
deeper potential difference between site A (Rhh) and site B (RXh )
with increasing twist angle (figures 3(i) and (j)) [126]. Since
electric control can effectively modulate the moiré potential
and switch the local minimum from site A to site B [106, 134,
135], and site A (Rhh) and site B (RXh ) follow opposite optical
selection rules, the twist angle-dependent polarization switch-
ing can be achieved (figure 3(k)). Besides, the electric con-
trol further promotes moiré excitons couple to charge carriers
under electrostatic gating, forming moiré trions with different
gating dependences and doping-dependent valley polarization
[134, 136–138]. The twist-angle and electrically tunable emis-
sion ofmoiré excitons broadens the scope of excitonic physics,
offering novel opportunities for excitonic manipulation and
optoelectronic devices.

In this section, we have reviewed the fundamental proper-
ties of IXs and moiré excitons and their manipulation in TMD
heterostructures. Due to their spatially indirect nature, IXs
usually exhibit the lowest energy configuration, which can be
clearly observed at low energy sides of the intralayer excitons
in the PL spectra, and can be further verified by the PLEmeas-
urements. These spatially separated IXs not only display pro-
longed exciton lifetimes, but also possess permanent dipole
moments that can be modified by the excitation power and
electric field, holding great potentials for the exciton con-
densation and superfluidity. Further twisted TMD heterostruc-
tures with small twist angles and/or slight lattice mismatches
can form periodic moiré superlattices, introducing new lattice
length and moiré potentials, which offer a powerful platform
to engineer the band structures and excitonic physics. The
moiré-trapped IXs exhibit spectrally narrow bandwidths and
new optical selection rules, which can be tuned by varying the

excitation power, temperature, and twist angles. Besides, the
electric control can introduce multiple exciton complexes, sig-
nificantly manipulating their lifetimes and valley polarization.
The ability to control the formation, dynamics, and proper-
ties of IXs opens up new avenues for designing and optimiz-
ing excitonic systems, paving the way for future advances in
optoelectronics and quantum technologies.

3. Characterization of IX diffusion and transport

3.1. Steady-state spatial characterization of IX diffusion and
transport

The long lifetime of IXs enables them to travel long distances
before recombination. While the local laser excitations create
the concentration gradients to drive IXs diffusion in the hetero-
structure, the repulsive exciton–exciton interaction of IXs can
act as a density–dependent drift force to enhance IX transport
at high incident powers. In this case, the spatial and temporal
distribution of exciton density n(r, t) can be described by the
classical 2D drift-diffusion model [88, 139]:

∂n(r, t)
∂t

= D∇2n(r, t)+µ∇(n(r, t)∇(δE(n(r, t))))

− n(r, t)
τ

+G (2)

where µ is the exciton mobility, D is the exciton diffusion
coefficient (or diffusivity) which can be expressed with µ and
temperature T via the Einstein relation D= µkBT, τ is the
exciton lifetime,G is the exciton generation rate, and δE is the
total potential energy including exciton–exciton repulsion and
external potentials such as electric field. On the right-hand side
of equation (2), the first term represents the diffusion term, the
second term denotes the drift term and the third teem accounts
for the population decay. In the absence of external fields, the
equation (2) can be simplified to:

∂n(r, t)
∂t

=∇ [D∇n(r, t)+µn(r, t)∇(u0n(r, t))]

− n(r, t)
τ

+G (3)

where u0 is the exciton–exciton interaction energy. We should
note that the drift term contributed from repulsive exciton–
exciton interaction comprises two components: dipolar repul-
sion and exchange interaction. Since the electron-hole separ-
ation of IXs (0.5–0.9 nm) is comparable to the Bohr radius
of IXs (1 nm), the exchange interaction can be negligible in
certain cases to simplify the issue [140]. Therefore, only the
repulsive dipole–dipole interactions are taken into consider-
ation in TMD heterostructures. Notably, this dipolar repul-
sion can also be disregarded for exciton density lower than
1010 cm−2 [51, 90].
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Under steady-state conditions without external potentials,
the equation (3) exhibits an analytical solution:

n∝
∞̂

−∞

K0

(
r
LD

)
e−(r−r ′)

2
/w2

dr ′ (4)

where K0 is the modified Bessel function, r is distance from
the excitation spot, w is width of the laser spot, and LD
is diffusion length. In addition, the diffusion coefficient can
be derived from the diffusion length and lifetime using the
relation D= LD

2

τ .
In this scenario, a quantitative analysis of IX diffusion and

transport can be performed. For instance, Jauregui et al have
demonstrated the visible IX propagation controlled by the
excitation power, observing PL signals beyond the diffraction
limit of the focused laser beam (figure 4(a)) [44]. As the incid-
ent power increases, the exciton cloud exhibits a pronounced
growing size limited in the heterostructure region, suggest-
ing the increasing IX diffusion at elevated powers. The LD
can be quantified by fitting the radially averaged PL intens-
ity away from the excitation spot with e−r/LD/

√
r/LD, reveal-

ing a nonlinear increasing trend (figure 4(b)). Since the time-
resolve PL exhibits two decay components with lifetimes of
τ1 ∼ 10 ns and τ2 ∼ 100 ns, the diffusion coefficient shows
two variable ranges of 0.01–0.1 cm2 s−1 and 0.1–1 cm2 s−1,
representing the upper and lower limits for nonlinear IX dif-
fusion process driven by the repulsive dipolar interaction. To
mitigate the influence of moiré potentials on IX diffusion [51],
Unuchek et al have inserted a monolayer hBN between WSe2
and MoSe2 to reduce the moiré interaction and Auger recom-
bination to promote efficient exciton transport [90]. As shown
in figure 4(c), the spatial PL emission profiles exhibit signi-
ficant expansion with increasing excitation power compared
to the device without hBN spacer. They defined the effective
LD as the distance at which the emission intensity decreases to
1/e as its initial value. This effective LD demonstrates a lin-
ear dependence on excitation power, indicating the absence
of exciton–exciton annihilation (EEA) and the dominance of
exciton–exciton repulsion (figure 4(d)). Lately, Zhang et al
reported an unusual correlation between LD with excitation
power when focusing only the regions far from the excita-
tion spot [141]. They obtained a constant diffusion length of
17 ± 6 µm, which remains unchanged with excitation power
variations due to dipolar repulsive interactions (figure 4(e)).
In addition, regarding of the robust IX emission in monolayer
WSe2/2D perovskite heterostructure [142], Yao et al have
demonstrated the large diffusion coefficient of IXs is about
10 cm2 s−1, which is at least an order magnitude larger than of
IXs in previous TMD heterobilayers [143]. Interestingly, the
diffusion length decreases with increasing power, which may
be attributed to reduced IX lifetimes. The observed distinct
diffusion behavior across different types of TMD-based het-
erostructures highlights the intriguing exciton dynamics under

various excitation power conditions, shedding light on under-
standing the fundamental mechanisms governing exciton dif-
fusion, which has gathered significant research attention in
recent years.

Very recently, Fowler-Gerace et al have revealed ultralong
IX transport with 1/e decay distance surpassing 100 µmwhen
the optical excitation is near resonant with the direct exciton
energy of MoSe2 or WSe2, suggesting negligible emission
decay within the heterostructure (figures 4(f) and (g)) [144].
This long-range IX transport only sustains at temperatures
below 10 K and exhibits a non-monotonically dependence on
excitation power (figure 4(h)). Specifically, the transport dis-
tance increases gradually with power, exceeding 100 µm with
diffusivity reaching up to 104 cm2 s−1, before decreasing at
higher powers. These observations cannot be explained by the
classical transport model, but are consistent with the theoret-
ical predictions of Bose–Hubbard model describing IX super-
fluidity and excitonic insulators [145, 146].

Moreover, since IXs sustain the spin–valley polarization
with long valley lifetimes extending to nanosecond timescales,
it is possible to observe valley polarized IX drift-diffusion
under the circularly polarized excitation. Indeed, Rivera et al
have reported the density–dependent spatial distribution of
the valley-polarized IXs [54]. The spatial degree of polariz-
ation evolves into a ring-like pattern with increasing incident
power, demonstrating the discrepant drift-diffusion of the σ+

and σ− component (figures 4(i) and (j)). The polarization ring
may be attributed to the valley-dependent many-body interac-
tions, where the majority valley excitons experience stronger
exchange interactions and higher density gradients, leading to
more rapid diffusion. Table 1 further summarizes the recently
reported exciton diffusion in TMD heterostructures. These
observations provide valuable insights into valley-polarized
IX transport, potentially bridging a gap in the field of excitonic
and valleytronic devices.

3.2. Spatiotemporal characterization of IX diffusion and
transport

Beyond studies of the steady-state IX diffusion, the employ-
ment of temporal characterization enables the investigation
of spatiotemporal IX diffusion dynamics under pulsed laser
excitation. The long-lived IXs, along with the rapidly decay-
ing direct intralayer excitons, allow them to diffuse away from
the excitation spot after the pulse excitation, leading to a wider
spatial distribution that can be detected at different time win-
dows (figure 5(a)) [147]. Notably, by quickly scanning PL
images across excitation spot at various times, Sun et al have
observed a sublinear spatiotemporal expansion of the exciton
cloud (figure 5(b)) [140]. They employed equation (3) to stim-
ulate and fit the exciton area as a function of time under dif-
ferent diffusion coefficients, both with and without consid-
ering the exciton–exciton interaction strength Uxx (determ-
ined using the parallel-plate capacitor model, Uxx =

e2d
ε0εHS

[87]), demonstrating that repulsive dipolar interaction acts
as the drift source controlling IX propagation (figures 5(c)
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Figure 4. Steady-state characterization of IX diffusion and transport. (a) Spatial normalized PL with the excitation power of 10 µW and
1 mW in the MoSe2/WSe2 heterostructure, respectively. The white lines depict the heterostructure area. Scale bar, 5 µm. (b) LD, τ , and D
versus excitation power. (a) And (b) From [44]. Reprinted with permission from AAAS. (c) Power dependence of normalized profiles of PL
intensity as a function of the distance from the excitation point in the WSe2/hBN/MoSe2 heterostructure. (d) Effective LD as a function of
excitation power. (c) And (d) Adapted from [90], with permission from Springer Nature. (e) Power dependence of radially averaged PL
intensity of IXs as a function of the distance r in the MoSe2/hBN/MoSe2 heterostructure. Reprinted figure with permission from [141],
Copyright (2024) by the American Physical Society. (f) Normalized IX PL profiles for laser excitation off (1.771 eV) and near (1.676 eV)
resonant with the direct excitons in the MoSe2/WSe2 heterostructure. (g) The 1/e decay distances as a function of excitation energy. (h)
Power and temperature dependence of 1/e decay distances. (f)–(h) Adapted from [144], with permission from Springer Nature. (i)
Power-dependent spatial map of valley-polarized IXs in the MoSe2/WSe2 heterostructure. The white line outlines the heterostructure area.
Scale bar, 2 µm. (j) Polarization-resolved spatial profiles of IXs under 40 µW excitation. (i) And (j) From [54]. Reprinted with permission
from AAAS.

and (d)). While previous studies focused solely the dipolar
repulsion, Erkensten et al have developed a comprehens-
ive microscopic theory for IX transport that includes both
repulsive exciton–exciton interaction and attractive exchange

interaction (figure 5(e)), leading to the highly nonlinear
IX migration [164].

In order to quantify the exciton diffusion at the ini-
tial time and any delay time t during the exciton trans-
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Table 1. Summary of state-of-the-art IX propagation in TMD heterostructures.

Heterostructure θ (◦) Exciton density (cm−2) LD (µm) τ (ns) D (cm2 s−1)
Temperature
(K) References

MoSe2/WSe2 0 5 × 1011 1–2
τ1–10 0.01–0.1

4 [44]
τ2–100 0.1–1

WSe2/hBN/MoSe2 0.3 ± 0.25 <3 × 1011 1.2–2.6 — — 4 [90]
MoSe2/hBN/MoSe2 0 7.6 × 1010–1.3 × 1011 17 ± 6 — — 6 [141]
1L-WSe2/(iso-BA)2PbI4 — —

4–7.6 3–9 ∼10 78 [143]
2L-WSe2/(iso-BA)2PbI4 2.7–5.4 0.4–0.9
MoSe2/WSe2 1.1 2 × 1011 > 100 ∼10 2 × 101–104 <10 [144]
MoSe2/WSe2 0 ∼1012–1013 — 10 0.01 30 [54]
MoS2/3L-hBN/MoS2 — — 1 10 1 300 [147]
WSe2/hBN/MoSe2 — 2 × 1011–8 × 1011 0.8–2 3.5 0.15 4.6 [140]
WS2/PtSe2 — <4 × 1012 0.2 0.4 0.9 ± 0.2 Room

temperature
[148]

WSe2/MoSe2
0

∼109
3–6 (2.4–13.5) 1.7 (1.8) 50–1506 (32–1013)

4 [51]1.1 ± 0.3 — 1 —
3.5 ± 0.3 0.35–1.1 100 0.012–0.12

WSe2/MoSe2
53.9

∼1012
— — 0.11

296 [52]2.49 — — 0.09
5.12 — — 0.05

WS2/WSe2 60 2.1 × 1011–6 × 1011 — 0.97 ± 0.18 5.4 ± 0.6 295 [149]
WSe2/WSe2 0 — — — ∼2 80–400 [150]

WS2/WSe2
0

5 × 1010 ∼0.6 ∼12
0.16

30 [151]
60 0.24

MoSe2/WSe2 2.6 ± 0.5 >1012 ∼2 ∼20 ∼2 4 [152]
MoSe2/WSe2 1.3 ± 0.6 1.2 × 1011 0.5 0.78 ± 0.1 1.1 ± 0.2 5 [153]
WS2/WSe2 0 ± 0.5 1.15 × 1012 ∼1.1 9.5 ± 0.3 ∼0.7 83 [154]
WSe2 homobilayer 0 ∼1012 — 0.4–0.75 0.32 4 [155]
MoS2/WS2 3.48 — 0.133 ∼1 0.2 — [108]
MoSe2/WSe2 0.5 ± 0.8 2 × 1011 13 1000 ∼1 <50 [156]
WSe2 homobilayer 0 — 20 — — 100 [157]
MoSe2/WSe2 54.4 — 10–20 — — 10 [158]
MoS2/WSe2 0 — 3–5.5 — — Room

temperature
[159]

WSe2 homobilayer 0 — 4 4.18 — 10 [160]
WSe2/MoSe2 0 — 1.5–3 — — 6 [161]
MoTe2/MoS2 0 8 × 1011 1.1–3 — — 5 [162]
MoSe2/WSe2 0 1–2.5 × 1012 0.95–1.6 ∼1 — 4 [163]

port, the exciton density created by the Gaussian excit-
ation beam is assumed to follows a Gaussian spatial
distribution (figure 5(f)) [8, 164, 166–168]:

n(x,y,0) = Nexp

[
− (x− x0)

2

2σ2
x,0

− (y− y0)
2

2σ2
y,0

]

n(x,y, t) = Nexp

[
− (x− x0)

2

2σ2
x,t

− (y− y0)
2

2σ2
y,t

]
. (5)

Here, n(x,y,0) is the initial exciton population, n(x,y, t) is
the exciton density as a function of position (x,y) and time t, N
is a constant, σ2

t,x and σ
2
t,y are the time-dependent variances of

the Gaussian along x and y directions. For isotropic diffusion,
σx,t = σx,t = σt. Therefore, the exciton diffusion length LD and
diffusion coefficient D can be given by:

σ2
t = σ2

0 +L2D = σ2
0 + aDt (6)

where a is a coefficient related to the diffusion dimensional-
ity. The experimentally measured σ2

t −σ2
0 corresponds to the

mean squared distance travelled by excitons at a later delay
time t. For 2D diffusion, a= 4. Therefore, the diffusion coef-
ficient D is given by fitting the variance as a function of time:

D=
σ2
t −σ2

0

4t
. (7)

When t= τ , the diffusion length LD can be given by:

LD =
√
σ2
t −σ2

0 = 2
√
Dτ . (8)

In this scenario, exciton diffusion can also be described by
the 2D drift-diffusion model, where the spatiotemporal distri-
bution of exciton density adheres to equation (3). As illus-
trated in figure 5(g), while purely diffusive process exhib-
its a linear increase in variance over time, the presence of
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Figure 5. Transient characterization of IX diffusion and transport. (a) Spatial profiles of emission measured in different time windows
excited by the laser with a pulse duration of 50 ns and a period of 200 ns in a MoS2/3L-hBN/MoS2 heterostructure. Reproduced from [147].
CC BY 4.0. (b) PL images of the WSe2/hBN/MoSe2 heterostructure at different times with the incident power of 200 µW. The yellow lines
depict the heterostructure area. (c) Simulated exciton areas versus time for different diffusion coefficients with and without considering Uxx.
(d) Measured exciton areas and the fitting results versus time for different excitation powers. (b)–(d) Adapted from [140], with permission
from Springer Nature. (e) Schematic illustration of the repulsive dipolar interaction and attractive exchange interaction in the
MoSe2/nL-hBN/WSe2 heterostructure. (f) Time evolution of spatiotemporal distribution of exciton density n(x,y, t). (g) Time-dependent
width of exciton distribution considering various terms. (h) Time-dependent effective diffusion coefficient for varying numbers of hBN
spacers. (e)–(h) Reproduced from [164]. CC BY 4.0. (i) Local density states of the WSe2/WS1.16Se0.84 lateral heterostructure using DFT
calculation which reveals an electron-hole distance of 5.6 nm. (j) Time-dependent pump-probe transport at the lateral interface.
Exciton-density–dependent σ2

t −σ2
0 along (k) and across (l) the interface as a function of pump-probe delay times. (i)–(l) Reprinted with

permission from [165]. Copyright (2023) American Chemical Society.

both repulsive (dipole–dipole) and attractive (exchange and
Coulomb-hole) interactions leads to a nonlinear growth in the
width of the exciton distribution. Notably, the width of the
exciton distribution is reduced compared to the case where
only repulsive dipolar interactions are considered. Further
increasing the number of hBN spacers can enhance the repuls-
ive dipolar interaction while reducing the exchange interac-
tion, allowing IXs to propagate faster with larger interlayer
separation (figure 5(h)).

More importantly, the utilization of transient reflection/ab-
sorption microscopy enables the imaging the spatiotemporal-
dependent exciton populations, facilitating the study of ultra-
fast exciton diffusion on picosecond timescales. For example,

Yuan et al have performed time-dependent pump-probe ima-
ging to reveal the highly anisotropic expansion of exciton
cloud within 20 ps in the WSe2/WS1.16Se0.84 lateral hetero-
structure, where the CT exciton population profiles along the
interface exhibits a broader distribution (figures 5(i) and (j))
[165]. By fitting the mean squared displacement σ2

t −σ2
0 using

equation (3) and incorporating an extra EEA term to account
for the high exciton density that enhances the exciton diffusion
[162], they demonstrated that the repulsive dipolar interaction
contributes to the nonlinear diffusion (figures 5(k) and (l)).
This distinct exciton transport in orthogonal directions sug-
gests anisotropic repulsive interactions, offering a potential
method for reconstructing IX transport within a 1D channel.
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Figure 6. Moiré exciton diffusion and transport. (a) Schematic diagram of energy landscape of the TMD heterostructure and IX diffusion
process within moiré potentials. Reprinted with permission from [52]. Copyright (2021) American Chemical Society. (b) Spatially
resolved PL images of IXs in different WSe2/MoSe2 heterostructures with θ = 0◦, 1.1◦ ± 0.3◦ and 3.5◦ ± 0.3◦, respectively. From [51].
Reprinted with permission from AAAS. (c) Illustrations of the moiré potentials in 0◦ (top) and 60◦ (bottom) heterostructures. (d)
Twist-angle-dependent σ2

t −σ2
0 as a function of pump-probe delay times with the density of 6.0 × 1012 cm−2 in the WS2/WSe2

heterostructure. (e) Density–dependent IX transport of the 60◦ heterostructure. (c)–(e) Adapted from [149], with permission from Springer
Nature. (f) Temporal evolution of σ2

t −σ2
0 of IXs within various twisted WSe2/MoSe2 heterostructures. (g) Temperature-dependent

diffusivity of IXs for different twist angles. (f) And (g) Reprinted with permission from [52]. Copyright (2021) American Chemical Society.
(h) Temperature-dependent diffusion length, lifetime and diffusivity for 0◦ and 60◦ WS2/WSe2 heterostructures. (i) Schematic illustration of
exciton transport assisted by moiré phasons (red arrows). (h) And (i) Reproduced from [151]. CC BY 4.0.

3.3. Moiré exciton diffusion and transport

The formation of moiré patterns introduces varying moiré
potential landscapes that modify exciton emission behavi-
ors and localize excitons [82, 83]. Nonetheless, excitons can
migrate from one location to another energyminima,manifest-
ing as trapping and de-trapping processes within moiré peri-
odic potentials, allowing them to diffuse over long distances
(figure 6(a)) [52]. However, at small twist angles, the moiré
pattern exhibits deep potentials that may completely local-
ized IXs, impeding their diffusion and transport. As depic-
ted in figure 6(b), in the absence of moiré superlattice at zero
twist angle, the spatial IX diffusion shows the longest diffusion
length [51]. In contrast, when the moiré periodicity reduces
from 20 nm with θ = 1.1◦ to 5.7 nm with θ = 3.5◦, IXs can
tunnel between different supercells, resulting observable dif-
fusion beyond the excitation spot size over longer lifetimes. To
comprehensively describe the exciton transport in the presence
of moiré potential, Knorr et al have developed a microscopic

approach that demonstrates the transition from the hopping
regime to the dispersive regime depending on the twist angle
[169]. Their model reveals that for twist angle smaller 2◦, IXs
are strongly localized within the moiré potential landscape,
while at large twist angles, IXs transport like free particles
with a modified mass. The transition between these two states
provides new insights into the fundamental nature of exciton
diffusion and transport in moiré superlattices and highlights
the crucial importance of the twist angle in determining the
exciton propagation.

In addition to the rotational misalignment that create moiré
potentials to modulate exciton propagation, lattice mismatch
also introduces periodic energy landscapes for the manipula-
tion of exciton transport. Using the first principles calculation
with density functional theory (DFT), Yuan et al have calcu-
lated the energy landscape of themoiré patterns for both 0◦ and
60◦ heterostructures with approximately 4% lattice mismatch,
corresponding to a moiré periodicity of 7.6 nm [149]. Notably,
the 0◦ heterostructure possesses a much deeper potential of
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159 meV, in contrast to the 60◦ heterostructure which shows
a shallower potential of 124 meV (figure 6(c)). Therefore,
IXs exhibit reduced mobility in the 0◦ heterostructure, show-
ing suppressed diffusion compared to the 60◦ heterostructure
(figure 6(d)). Meanwhile, the acceleration of IXs at higher
densities, accompanied by nonlinear temporal dependence,
again confirms the presence of repulsive dipolar interactions
as previously discussed [44, 105, 140, 164] (figure 6(e)).

Moreover, IXs are reported to exhibit anomalous diffusive
transport when subjected to different moiré potential depths at
elevated temperatures due to the non-equilibrium many-body
effects [52]. This transport shows a temperature-activated dif-
fusivity dependence on the twist angle, suggesting that thermal
energy can cause the de-trapping of IXs when exceeding the
moiré potential depth, except for the extremely deep potential
depth of the twist angle of 0.15◦, which always trap IXs even at
room temperature (figures 6(f) and (g)). Besides, a recent study
has compared the temperature-dependent diffusion dynamics
for direct excitons in WSe2 monolayers and indirect excitons
in WSe2 homobilayers [150]. This study demonstrated that
the effective diffusivity of direct excitons initially increases
from 80 K to 280 K and then decreases, whereas it remains
unchanged in the 80–400K for indirect excitons in homobilay-
ers. This discrepancy can be attributed to the smaller disorder
potentials (≈17 meV) in monolayers and much larger moiré
potentials (>50 meV) compared to the thermal fluctuation
energy in homobilayers. These observations reveal the com-
plex interplay between periodic moiré potential landscapes
and the thermal energy of IXs, which can substantially alter
exciton transport dynamics.

Intriguingly, unlike the previously observed temperature-
dependent IX diffusion in moiré heterostructures, Rossi et al
have unveiled an unprecedented IX diffusion mechanism
assisted by the moiré-induced phonons, usually referred to
as phasons [151]. While IX diffusion typically displays an
Arrhenius-like behavior with temperature variation, this pion-
eering study demonstrates a nonzero, constant diffusivity
D0 below 90 K, indicating IXs remain mobile at relat-
ively low temperatures for both 0◦ and 60◦ heterostructures
(figure 6(h)). These observations deviate from the classical
temperature-activated hopping out of the moiré potentials.
Instead, by employing the classical molecular dynamics sim-
ulations, they found that moiré potentials exhibit a dynamic
in-plane motion mediated by the thermally activated phasons,
thereby allowing for the diffusing excitons (figure 6(i)). These
simulations also reveal an increasing speed of phasons with
rising temperature, reaching approximately 20 m s−1. These
phenomena shed light on the intricate interplay between
excitons and phonons within moiré superlattice, establishing
a compelling framework for the integration of phason dynam-
ics and moiré exciton transport.

In this section, we have reviewed the diffusion dynam-
ics of IXs and moiré excitons, with a focus on their spatial
and temporal behaviors. The long-lived nature of IXs enables
them travel across the heterostructure under local excitation,
which can be described by the classical 2D drift-diffusion
model. Numerous studies have highlighted the pronounced

exciton expansion with increasing excitation power over time,
exhibiting varying dependence indicate of IX diffusion driven
by different reasons, including concentration gradients, EEA,
repulsive dipolar and attractive interactions. Further intro-
duction of moiré potentials plays a critical role in govern-
ing exciton transport. Although localized moiré excitons are
expected to exhibit shorter diffusion lengths in twisted het-
erostructures than those in untwisted heterostructures, the
IX propagation can be efficiently manipulated within moiré
superlattices bymodulating the depth and shift of moiré poten-
tials through variations in twist angle, or by tuning exciton
density and temperature. The precise control over periodic
potential landscapes, combined with the versatile diffusion
dynamics of TMDs, provide a comprehensive understanding
of exciton transport in TMD heterostructures, paving the way
for the realization and optimization of advanced optoelectronic
devices with novel functionalities.

4. Manipulation of IXs diffusion and transport

4.1. Excitonic phase transitions

Moiré superlattices, characterized by their strong light-matter
interaction and flat energy bands, can host novel quantum
many-body states and constitute a platform to engineer
strong electronic correlations, such as correlated insulating
states [170–173], Mott insulators [174–179], Bose-Einstein
condensation [180–182], superconductors [183–185], charge
density waves [186, 187], and Wigner crystals [188–190]. In
most systems, the appearance of these correlated states can be
controlled by varying the filling factors of the moiré supercell
via electrostatic gating or electric fields, enabling the gate-
tunable phase transitions [170–179, 182, 186, 188–191]. In
addition, optical excitation density above the Mott threshold
(3 × 1012 cm−2) provide an alternative pathway to drive
phase transition from IXs to charge-separated electron/hole
plasmas [192]. Therefore, this optical carrier density control
over phase transitions consequently allows for the modula-
tion of exciton diffusion and transport properties by tuning
the photoexcited carrier densities. As depicted in figure 7(a),
Brem and Malic proposed that intermediate exciton densit-
ies (1011–1012 cm−2) can introduce strong dipolar repulsion
between IXs that reduce effective moiré potentials and modify
the exciton wave function, promoting the delocalization of
moiré-trapped IXs and manipulation of density–dependent IX
transport [193]. Further increasing the density beyond Mott
transition, Wang et al have observed two distinct phase trans-
itions for IX diffusion [152]. They demonstrated the first phase
transition from moiré exciton trapping to free exciton gas as
density reach 1–5 × 1011 cm−2, accompanied by the merging
of sharp moiré exciton PL peak into broaden peaks, indicat-
ing excitons escape from moiré traps (figures 7(b) and (c)).
Further increasing the density beyond 1012 cm−2 above the
Mott transition can enable the second phase transition from
free exciton gas ionized into highly mobile electron-hole plas-
mas, which give rise to asymmetric spatial distribution of PL

12



Mater. Futures 4 (2025) 012701 Topical Review

Figure 7. Density–dependent phase transition for controllable IX diffusion. (a) Schematic diagram of moiré potentials localizing excitons at
low density and delocalizing excitons by reducing potential energy at high density. Reprinted with permission from [193]. Copyright (2023)
American Chemical Society. (b) PL evolution of the MoSe2/WSe2 heterostructure as a function of density. (c) PL images of IXs at different
excitation densities of 8 × 109 cm−2, 6 × 1010 cm−2 and 5 × 1011 cm−2. Scale bar, 1 µm. (d) Color plot of PL intensity, FWHM and
average energy at different high excitation densities from 2.0 × 1011 cm−2–2.2 × 1014 cm−2. Scale bar, 2 µm. (e) Time-dependent effective
diffusion coefficient at different density. (b)–(e) Reprinted figure with permission from [152], Copyright (2021) by the American Physical
Society. (f) Normalized transient differential reflection images of the MoSe2/WSe2 heterostructure at varying delay times for low
(4 × 1011 cm−2) and high (3 × 1014 cm−2) densities. Scale bar, 2 µm. (g) Schematic diagram of the effect of Fermi pressure on exciton
transport. (h) Impact of pure diffusion, Fermi pressure and Coulomb repulsion on hot plasma expansion for the high density of 1014 cm−2.
(f)–(h) Reprinted with permission from [194]. Copyright (2023) American Chemical Society. (i) Time-resolved PL images of the
MoSe2/WSe2 heterostructure for the density of 6 × 1012 cm−2. (k) Time-resolved mean squared displacement at high (50n0) and
intermediate (15n0) densities and the simulation results at high density. (k) Time-dependent effective diffusion coefficients at high density.
(l) Schematic diagram of the two-component model for the temporal IX transport from short-lived plasma to longer-lived excitons. (i)–(l)
Reprinted figure with permission from [153], Copyright (2024) by the American Physical Society. (m) Schematic illustration of phase
transition with increasing density in the WSe2/MoSe2/WSe2 trilayer. (n) Mean squared displacement as a function of excitation density for
WSe2/MoSe2 bilayer and WSe2/MoSe2/WSe2 trilayer. (m) And (n) Reprinted with permission from [195]. Copyright (2023) American
Chemical Society.

intensity, full width at half maximum (FWHM), and aver-
age energy (figure 7(d)). Consequently, the diffusion coeffi-
cient, defined as dσ2 (t)/dt, differs with density at varying
delay times. As depicted in figure 7(e), while diffusivity usu-
ally exhibits a decreasing trend with increasing delay times,
the temporal diffusion coefficient at high density undergoes
an initial decrease to a plateau followed by a further decrease,

revealing a two-step transition for densities exceeding the
Mott threshold.

Remarkably, when the excitation density significantly sur-
passes the Mott density, Choi et al have demonstrated that
this hot plasma expansion occurs on an ultrafast timescale
approaching the spatial resolution limit of 0.2 ps (figure 7(f)).
In addition to the repulsive interaction driving IX diffusion at
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the intermediate excitation density, they further revealed that
both Coulomb repulsion and Fermi pressure lead to the rapid
diffusion of IXs over several micrometers at high excitation
density of 1014 cm−2, as evidenced by the microscopic calcu-
lation (figures 7(g) and (h)) [194]. Besides, other factors may
also govern the IX transport, potentially introducing novel
behaviors. For instance, Wietek et al have reported the anom-
alous nonlinear diffusion of IXs with increasing carrier density
[153]. By comparing individual simulations of EEA and repul-
sion, they determined that bothmechanisms contribute equally
to the nonlinear propagation. Similarly, increasing the excita-
tion density beyond the Mott threshold, they observed a rapid
initial expansion within the first 50 ps attributed to the plasma
propagation, followed by a propagation contraction extend-
ing to hundreds of picoseconds due to the presence of long-
lived excitons (figures 7(i) and (j)). This phenomenon yields
an effectively negative diffusivity of IXs, suggesting a transi-
ent crossover from plasma to excitons, enabling the efficient
modulation of IX transport (figures 7(k) and (l)).

Interestingly, recent studies have unveiled the emergence
of quadrupolar IXs in the symmetric trilayer structures, in
which electrons (holes) are confined in the middle layer
and holes (electrons) reside in both top and bottom layers
(figure 7(m)) [196–199]. Unlike dipolar IXs which possess
permanent dipolar moments, quadrupolar IXs are the super-
position of the two dipolar IXs with opposing polarities, show-
ing two branches with opposite Stark shifts due to the layer
hybridization. Consequently, quadrupolar IXs may display
distinct transport behaviors compared to dipolar IXs, partic-
ularly as exciton density varies. Bai et al have investigated
the exciton diffusion of dipolar IXs and quadrupolar IXs in
the bilayer and trilayer structures, respectively, demonstrat-
ing the formation of robust exciton crystals and the occur-
rence of quantum phase transitions in trilayer with increasing
exciton density [195]. As shown in figure 7(n), while dipolar
IXs present a monotonical expansion from moiré trapped
excitons to free exciton gas and eventually to electron-hole
plasmas, quadrupolar IXs remain nearly immobile for dens-
ities below 5× 1011 cm−2 but followed by a sharp increase in
diffusion. These observations reveal the transition from quad-
rupolar exciton crystal to the dipolar exciton phase, further
motivating the exploration of exciton transport enabled by
phase transitions.

Moreover, apart from the density-induced phase transition
that can manifest itself to regulate IX migration, temperature
modulation can also significantly control the exciton trans-
port behavior via phase transition. As previously discussed,
moiré potentials tend to trap excitons at low temperatures, but
delocalize them to free excitons once the thermal activation
overcomes moiré potentials at elevated temperatures [52, 123,
150]. Therefore, the transition in IX transport from classical
free exciton gas to exciton degeneracy states can be demon-
strated with decreasing temperature. According to Liu et al,
this phase transition occurs at around 30 K and shows a sudden
drop in the diffusivity [200]. These manipulations offer novel
and accessible approaches to control the exciton mobility,

thereby advancing the understanding the many-body states for
the application of excitonic devices.

4.2. Dielectric engineering

The dielectric screening, determined by the immediate sur-
roundings or substrates, has been reported to play an important
role in controlling the exciton transport dynamics in mono-
layer TMDs [4, 7, 201–203]. In this situation, the Coulomb
interaction can be tuned by varying the dielectric environ-
ment, which exhibit strong modulation effect on electronic
bandgaps, exciton linewidths, and exciton binding energies
[202, 204, 205]. Specially, the integration of hBN encapsu-
lation effectively suppresses the dielectric disorder from the
substrate for TMD monolayers, leading to intrinsic optical
properties and faster exciton propagation with increased dif-
fusion coefficients [4, 202, 203]. Similarly, the top and bot-
tom surrounding media with larger dielectric constant exhibit
a stronger dielectric screening effect, which has also been
demonstrated to efficiently reduce the binding energy of IXs
[206–209]. As illustrated in figure 8(a), the band gap energy
E0
CT and exciton energy XCT exhibit redshifts with increasing

dielectric constant ε due to the reduced Coulomb interactions,
leading to a considerable decrease in the exciton binding ener-
gies XbCT, ranging from nearly 200 meV in the free-standing
situation (ε= 1) to 63 meV in the SiO2-air case (ε= 2.4) and
ultimately to just a few meV in the hBN-encapsulated envir-
onment (ε= 4.5). Meanwhile, the XbCT decreases with increas-
ing exciton dipole, corresponding to the increasing interlayer
spacing of IXs [209, 210]. Therefore, IXs are weakly bound
in high-dielectric environments. Together with the substrate
surface passivation, IXs are hence more easily to transport in
vdW heterostructures.

On this basis, Erkensten et al have developed a microscopic
theory to elucidate the interplay between IX-exciton interac-
tions and IX transport affected by varying the surrounding
dielectric environments [164]. They demonstrated that while
the repulsive dipole–dipole and attractive exchange interac-
tions are independent of dielectric screening, the Coulomb
interaction is gradually weakened with increasing dielectric
constant (figure 8(b)). Therefore, the strong dielectric screen-
ing can introduce a pronounced Coulomb drift, enabling the
acceleration of IX propagation in the hBN-encapsulated het-
erostructures compared with the freestanding cases or those
deposited on SiO2 substrates (figure 8(c)).

On the other hand, the reduced binding energy of IXs sur-
rounded by high-dielectric environments will in turn hinder
the formation of IXs [96]. In contrast, the suspended hetero-
structure without dielectric screening hold potential for higher
formation efficiency of IXs, contributing to highly enhanced
IX emission intensities (figures 8(d) and (e)) [154]. Thus, the
intrinsic IX transport properties can be fully studied in the
freestanding heterostructure. As shown in figure 8(f), IXs are
completely localized by the moiré potential at density below
1.49 × 1011 cm−2, but strikingly mobile for a larger density
of 1.15 × 1012 cm−2 (<Mott density) due to the strong IX
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Figure 8. Dielectric engineering of exciton characteristics and diffusion. (a) CT exciton energy, binding energy and exciton dipole as a
function of dielectric constant in the lateral MoSe2/WSe2 heterostructure. Reproduced from [207]. CC BY 4.0. (b) Energy renormalization
contributed by different interaction terms as a function of dielectric constant in the MoSe2/WSe2 heterostructure. (c) Time-dependent
σ2
t −σ2

0 for various dielectric environments. (b) And (c) Reproduced from [164]. CC BY 4.0. Schematic diagram (d) and PL mapping
(e) of the suspended WS2/WSe2 heterostructure. Scale bar, 3 µm. (f) Diffusion length and diffusion coefficient for various exciton densities.
The inset shows time-resolved PL spectra of IXs exhibiting a lifetime of 9.5 ns. (d)–(f) Adapted from [154], with permission from
Springer Nature.

pair correlation influenced by the dipole–dipole interactions.
In contrast, a very recent study found the enhanced emission
from more localized moiré excitons only at the edge of this
circular hole due to the deeper moiré potential induced by the
uniaxial strain [211], which may give rise intriguing diffu-
sion behaviors. Therefore, the combination of different factors
should take into consideration when studying IX diffusion.

Overall, the dielectric engineering provides a promising
stage to manipulate the exciton optical properties and trans-
port dynamics. The dielectric screening can efficiently amplify
the dipolar interactions and modify the emergence of correl-
ated IX phases [212, 213]. Besides, the dielectric screening
effect can reduce the carrier and phonon scattering, resulting
in prolonged energy relaxation, further recasting the exciton
diffusion [214]. These phenomena strengthen the feasibility of
controlling exciton transport via dielectric engineering, which
can unlock new avenues for exploring exciton behaviors in
emerging excitonic and optoelectronic devices.

4.3. Electric control

IXs possess permanent out-of-plane dipole moment p which
can be tuned by vertical external electric field E, thus the
resulting energy landscape monitored by the linear Stark
effect ∆ε=−p ·E significantly guides the IX movement. To
reinforce this electrically controllable exciton transport, the
insertion of an atomic monolayer hBN between two layers

can strengthen the dipole moment while simultaneously redu-
cing the moiré potential (figure 9(a) [90]. The slope of energy
shift give rise to a larger dipole size of 0.9 nm compared
with 0.6 nm in the structure without the hBN separator,
allows for stronger modulation of IX transport (figure 9(b)).
By tailoring the electric field, IXs tend to flow towards the
lower energy sides, diffuse freely in flat potentials, or be con-
fined by higher energy barriers near the gate edges. Similar
phenomena can also be observed for valley-polarized IXs.
In particular, focusing on the exciton diffusion upon expos-
ure in the splitting gate region, IXs exhibit three typical
diffusion regimes: anti-confinement (potential barrier), free
diffusion (zero potential) and confinement (potential trap)
(figures 9(c)–(d)). While the anti-confinement regime pro-
motes IXs dispersal away from the excitation point, resulting
in a two-lobe exciton cloud, the confinement regime signific-
antly constrains IXs in the gate region with strong exciton–
exciton interactions. Consequently, the energy shift exhibits
a nonlinear relationship, which can be described by ∆ε=
−p ·E+ nIXde2/εHSε0. This suggests that the confining elec-
trostatic potential can effectively trap IXs to increase their
densities, as reported in a very recent study that demon-
strated an IX ionization transition in a tunable electro-
static trap, representing a significant advancement towards
exciton condensates [163].

Furthermore, by recording the spatially and temporally
resolved PL images of IX cloud, Sun et al have revealed the
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Figure 9. Electric control of IX transport. (a) Schematic diagram of the WSe2/hBN/MoSe2 heterotrilayer. (b) Energy shift of IXs as a
function of vertical electric field in two types of devices. CCD images of IX cloud polarization for exciton dynamic regimes of
anti-confinement (c), free diffusion (d) and confinement (e). Insets show the corresponding PL intensity images. (a)–(e) Adapted from [90],
with permission from Springer Nature. Schematic diagram of exciton energy profiles, CCD images of PL intensity and time-dependent PL
intensity of IXs for the barrier (f) and trap (g) cases. (h) Simulation of the temporal exciton distribution for the ratio around 0.5. (i)
Schematic diagram of the temporal evolution of energy profile of δEel and EXX (t). (j) Exciton propagation distance as a function of
δE0

el/E
0
XX. The inset shows the simulated energy profiles. (f)–(j) Adapted from [140], with permission from Springer Nature. (k) Schematic

diagram of the band structure under different electric field strengths and the homobilayer WSe2 device. (l) Steady-state effective hybrid IX
diffusion area with respect to electric field. Time evolution of measured (m) and stimulated (n) effective hybrid IX areas at different electric
fields. (o) Effective diffusivity extracted from the theoretical simulation. (k)–(o) Reproduced from [155]. CC BY 4.0.

dynamic interplay between electric fields and exciton–exciton
interactions in shaping IX transport using the same device
structure [140]. While the time-independent electrostatic
potential δEel varied by external electric fields can effectively
control the IX motion, the energy profile of repulsive dipolar
exciton–exciton interactions δEXX also imposes a drift term
in the exciton diffusion model (equation (3)). As shown in
figures 9(f) and (g), by tuning the gate voltage, IXs can be
effectively blocked by potential barriers or directed towards
potential traps, resulting in distinct migration dynamics in
both time and space. In the barrier case, IXs remain restric-
ted without time dependence before reaching the gate region.
Conversely, in the trap case, IXs initially move towards the
potential trap within 1 ns, followed by an intriguing shrink
back (figure 9(h)). This anomalous exciton transport arises
from the temporally comparable competition between δEel and
δEXX, where δEXX dominates at short timescales, enabling IXs
to flow towards the gate region, and then δEel becomes promin-
ent away from the gate region due to the reduced spatial dens-
ity (figure 9(i)). This dynamic interplay allows for electrically

precise control of IX transport by varying the ratio of δEel to
δEXX, paving the way for manipulating IX propagation over
specific distances (figure 9(j)).

Beyond tuning IX transport through the construction of
electrically reconfigurable energy barriers or traps, the layer
hybridization of exciton states, comprising intralayer and
interlayer components, can also be modulated by the vertical
electric field, giving rise to controllable hybrid IX transport
[155, 215]. As illustrated in figure 9(k), Tagarelli et al have
reported a shift in the lowest transition from KΛ to KΛ′ in
the WSe2 homobilayer with increasing interlayer mixing in
the layer hybridization at elevated electric fields. The observed
asymmetric field-dependent energy shift, owing to the intrinsic
doping of the natural WSe2, yields dipolar ensemble length
of 0.24 nm and 0.41 nm at high positive and negative elec-
tric fields, corresponding to lower and greater interlayer mix-
ing, respectively [89]. Consequently, by tuning the hybridiz-
ation and dipole length, layer-hybridized IXs exhibit variable
exciton cloud due to the interplay between repulsive dipolar
interactions and attractive exchange interactions (figure 9(l)).
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The spatiotemporal imaging of exciton distribution revealed
an anomalous diffusion for hybrid IXs under both high pos-
itive and negative electric fields, contrasting with the linear
expansion observed at negligible fields (figure 9(m)). In addi-
tion, while hybrid IXs demonstrated an intrinsic diffusivity of
0.32 cm2 s−1, the stimulation of time-dependent exciton dif-
fusion estimates an initially effective diffusivity of 7 cm2 s−1

and 11 cm2 s−1 for low-d (0.24 nm) and high-d (0.41 nm)
dominated ensembles, respectively (figures 9(n) and (o)). This
spatial manipulation underscores the highly tunable layer-
hybridized IX diffusion, characterized by different effective
dipole lengths with electric control. Besides, further modulat-
ing the exciton states from charged IXs to charged intralayer
exciton emission by electrical switching from type-II to type-I
band alignment, the diffusion length exhibits a tunable range
of 1.99–2.89 µm in the WS2/(iso-BA)2PbI4 heterostructure
[216]. These phenomena highlight the feasibility of electric-
ally controllable exciton diffusion by regulating the dipole
sizes or the exciton states, a step towards realizing exciton con-
densates by the manipulation of many-body effects.

Moreover, electric fields also provide a powerful stage to
control the diffusion of moiré excitons. According to the first-
principle calculation on moiré excitons, Guo et al have pre-
dicted that electric fields can significantly influence the degree
of exciton hybridization [108]. This suggests that alternating
electric fields can induce oscillating dipoles of moiré exciton
to modulate the exciton diffusion. Besides, since the moiré
potential can be tuned by electric fields [106, 135], Fowler-
Gerace et al have realized long-range IX propagation con-
trol, achieving a maximum 1/e decay distance over 13 µm
in a moiré superlattice [156]. This electrical tunability arises
from the reduced moiré potential with increasing electric field,
in contrast to the known mechanism of electric-field-induced
energy landscape variations as previously discussed. Further
employing etched gates to generate spatially varying electric
field, it is possible to engineer the moiré potential promote
exciton condensates [180].

Therefore, with gate-tunable exciton oscillator strength
[217], IXs exhibit efficient electrical control over spatial diffu-
sion and transport through various mechanisms. In addition to
the tunable exciton diffusion of these neutral IXs in the pres-
ence of out-of-plane electric fields, the motion of charged IXs
can also be controlled by applying in-plane electric fields. This
results in charged IXs drift towards the heterostructure bound-
ary under the drain-source bias, allowing for controllable IX
currents by changing the doping polarity of IXs or reversing
the bias direction [44]. These diverse approaches demonstrate
the feasibility and versatility of electrically controllable IX
flux, opening new avenues for achieving excitonic devices in
dilute regimes based on vdW heterostructures.

4.4. Other modulation strategies

Base on the efficient electrical tunability of IX transport, the
incorporation of surface acoustic waves (SAW) can further
amplify the effect of electrical regulation, leading to a sig-
nificantly extended tunable diffusion range. For instance, the

employment of piezoelectric substrates (e.g. LiNbO3) can gen-
erate SAW to manipulate the exciton transport at elevated
temperatures [157, 218]. The propagating SAWcreates a time-
varying piezoelectric field with dynamic potential traps that
move in tandem with SAW, allowing IXs to localize in the
energy minimum and travel along with the propagating SAW
over long distance, akin to surfing on a wave (figure 10(a)). As
a result, when the SAW is turned off, IXs diffuse freely with a
limited diffusion length of 1–2 µm (figure 10(b)). Conversely,
with the SAW activated, IXs travel in the direction of SAW
propagation, resulting a diffusion length of ∼20 µm, con-
strained by the device size (figure 10(c)). This spatial mod-
ulation of propagating exciton potential facilitates a long-
range directional SAW-driven IX transport, suggesting that
SAW serves as an effective, contact-free method to control the
IX propagation.

In addition, a recent study has involved the deposition of
the TMD heterostructure onto a patterned gold substrate, aim-
ing to generate near-field coupling of IXs to surface plasmon
polaritons (SPPs) (figure 10(d)). This configuration allows
for the long-distance IX migration over tens of micrometers
[158]. As depicted in figure 10(e), emission beyond the excit-
ation spot appears in both up slit and down slits across the
entire 46 µm-long device. This phenomenon cannot be solely
explained by the pure diffusion of IXs, as the free diffusion
length typically spans only a few micrometers. In this con-
text, Wang et al proposed that photogenerated excitons couple
with the gold strip through near-field coupling, forming SPPs
that propagate along the strip and emit from the heterostruc-
ture and monolayer TMD regions. Notably, the PL emission
at both slits consists of the in-plane intralayer excitons from
both TMD monolayers and out-of-plane IXs from the hetero-
structure, suggesting the efficient coupling of in-plane and out-
of-plane optical dipoles to SPPs (figure 10(f)). More import-
antly, the valley polarization of IXs has also been successfully
transferred to SPPs, maintaining polarization for both sing-
let and triplet IXs over the propagation distances of approx-
imately 10–20 µm. Such observation is unprecedented since
the intralayer excitons usually exhibit limited diffusion dis-
tances due to their relatively short lifetimes [3, 8, 9]. Therefore,
its’s of great importance to incorporate customized structures
into vdW heterostructures, significantly enhancing IX trans-
port and further benefitting the innovative development of
advanced optoelectronic applications.

In this section, we have reviewed the effective control
of IX transport over long distance. Firstly, the density–
dependent excitonic phase transition can introduce substan-
tial variation in exciton transport. Specially, tuning the excit-
ation density allows for transitions among moiré trapped
excitons, free exciton gas, and electron-hole plasms. These
states exhibit distinct density–dependent diffusivities with
varying time delays, and can be further tuned by temperatures.
Secondly, by modifying the surrounding dielectric constant,
IXs can be engineered for different propagation behaviors.
They either propagate rapidly due to weak dielectric disorder
and enhanced Coulomb drift in high-dielectric surroundings
(e.g. hBN encapsulation), or facilitate their formation with
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Figure 10. Customized structure incorporation to manipulate the IX transport. (a) Schematic illustration of bilayer WSe2 stacked on SAW
device. 3D plots of real-space PL images when the SAW is off (b) and on (c). The white lines outline the heterostructures. Insets show the
free diffusion and SAW-driven transport of IXs. (a)–(c) Reproduced from [157]. CC BY 4.0. (d) Schematic illustration of the MoSe2/WSe2
device placed on slit-etched gold strip. (e) Optical image and PL images of the SPP device. Scale bar, 10 µm. (f) Normalized PL spectra
from four regions of the device. (d)–(f) Reprinted from [158], with the permission of AIP Publishing.

reduced dielectric screening (e.g. freestanding case) to invest-
igate the correlated IX diffusion in low-dielectric environ-
ments. Thirdly, the electrical control of IXs leads to dynamic
spatiotemporal diffusion and transport. This control can be
efficiently achieved by modulating the energy landscape, the
extent of layer hybridization or the fluctuant moiré exciton
and potential, enabling precise manipulation of IX diffusion
and transport pathways. Finally, the incorporation of special
designed structures can introduce novel phenomena, offer-
ing intriguing mechanisms to manipulate exciton flux. The
piezoelectric substrate can generate kinetic electric fields that
guide IXs transport along the SAW, while the gold sub-
strate facilitates efficient coupling of both interlayer and int-
ralayer excitons to SPPs, enabling long-distance propaga-
tion over tens of micrometers. These compelling strategies of
excitonic manipulation offer a rich platform for controlling
IX transport in vdW heterostructures, unlocking new possib-
ilities for regulating light-matter interactions and advancing
novel quantum technologies.

5. Applications

5.1. Excitonic devices

Since the long-lived IXs allows for long-range transport
that can be further controlled by electric field via intro-
ducing energy potential barriers or wells by linear Stark
effect, IX propagation can be electrically confined and spread
to serve as compelling platforms for electrically operated

excitonic devices and circuits [45, 47, 57]. These devices inter-
connect electronic and photonic signal processing, enabling
photons transform into excitons which diffuse along the
sample and final convert into light emission. The exciton
flux can be efficiently controlled from the input to output
ports and have been demonstrated as all-optical excitonic
transistors in coupled quantum wells [219–221]. However,
due to the rather small binding energy of approximately
10 meV, the pioneer excitonic transistors usually require very
low operating temperatures, limiting the practical applica-
tions of IXs. Leveraging that IX’s binding energy larger than
thermal energy (kBT ≈ 25 meV) and nanosecond lifetimes in
TMD heterostructures, Unuchek et al have reported the first
room-temperature excitonic transistor made of MoS2/WSe2
heterostructures [159]. As illustrated in figure 11(a), three
narrow graphene electrodes are implemented to induce gate
voltages (Vg1, Vg2, Vg3) to engineer potential landscapes
and thus control the IX flux along the channel. Under
Vg1 = Vg2 = Vg3 = 0, IXs diffuse freely inside the hetero-
structure over a distance of 3–5.5 µm and emit out on the edge,
corresponding to the ON state of the excitonic transistor. In
contrast, by setting Vg1 > 8 V to introduce a potential barrier
higher than kBT, IX diffusion is highly terminated and thus
resulting in an OFF state (figures 11(b) and (c)). Such phe-
nomena enable the manipulation of exciton transport over sev-
eral micrometers and the excitonic transistor with an ON/OFF
ration exceeding 100, highlighting the potential of IXs as a
foundation for high-performance, next-generation excitonic
devices. Later on, they further demonstrated a valley-polarized
excitonic transistor, where the valley-contrasting IXs can
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Figure 11. Excitonic devices. (a) Schematic diagram of the MoS2/WSe2 excitonic transistor. (b) Calculated energy variation under different
gate voltages, illustrating the ON (free diffusion) and OFF (potential barrier) states. (c) Corresponding CCD images of the excitonic
transistor. Scale bars, 5 µm. (a)–(c) Adapted from [159], with permission from Springer Nature. (d) Schematic diagram of energy
landscapes for exciton dynamic regimes of trap, free diffusion and spreading. (e) Optical image of the excitonic router based on bilayer
WSe2. (f) Exciton propagation from port 1 to port 2 when V1 = 0 V, V3 = 3 V, V2,ON = −3 V, and V2,OFF = 3 V. (g) Exciton propagation
from port 2 to port 3 when V1 = 8 V, V2 = 0 V, V3,ON = −1 V, and V3,OFF = 10 V. (h) Exciton propagation from port 3 to port 1 when
V2 = 4 V, V3 = 0 V, V1,ON = −0.5 V, and V1,OFF = 6 V. (i) Excitons propagation from port 3 to both port 1 and port 2 when V3 = 0 V,
V1,ON = 0 V, V1,OFF = 8 V, V2,ON = 0 V, and V2,OFF = 8 V. Scale bars, 5 µm. (d)–(i) From [160]. Reprinted with permission from AAAS.
(j) Schematic diagram of the MoSe2/hBN/WSe2 device. (k) COMSOL calculation of the varying electric field in the etched graphene region.
(l) Spatial mapping of excitonic diode with excitation position near x = −2 µm, −4 µm and −6 µm. (m) Time-resolved PL spectra with
localized bottom collection position and various excitation positions. (n) Depiction and time-resolved PL data of the optically gated
excitonic transistor. (o) Schematic diagram of the IX flow controlled by the bottom IX population. (j)–(o) Reprinted with permission from
[161]. Copyright (2022) American Chemical Society.

be electrically controlled and switched, leading to a valley
exciton diffusion distance of ∼1.3 µm between the ON and
OFF states [90].

Employing this electrically reconfigurable energy land-
scape, IXs could be driven to the lower energy region, yield-
ing three typical motion regimes as previously discussed
(figure 11(d)) [160]. Therefore, by changing the gate voltage
to alter the operating regime, Liu et al have demonstrated
excitonic routers to achieve the point-to-point IX movement.
They designed an excitonic circuit consisting of three transist-
ors with three ports (figure 11(e)). The application of different
gate voltages among these three ports allows for IXs transmit
either one port or two ports, enabling a highly programmable
all-optical router (figures 11(f)–(i)). These findings establish
flexible IX distribution and propagationwith electrical control,

representing a critical step towards fully integrated, on-chip
all-optical exciton-based applications.

Interestingly, recently studies have found that the litho-
graphically nanopatterned graphene electrodes can introduce
sharply varying electric field, thus creating electrostatic traps
that modulate IX behavior [222, 223]. Taking advantage of
this feature, Shanks et al have developed triangularly etched
graphene to create a potential energy slide to effectively con-
trol IX flow (figures 11(j) and (k)) [161]. The strength of the
electric field varies from 40 mV nm−1 to 95 mV nm−1. Upon
exposure to laser excitation, the IX current exhibits a unidirec-
tional flow from the high electric field region to the low electric
field region, making the application of excitonic diodes pos-
sible. As shown in figure 11(l), moving the excitation position
from top to bottom preferentially directs excitons toward the
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Figure 12. VHE transistors. (a) Optical image of the MoS2/WSe2 heterostructure on a rectangular suspended silicon-on-insulator substrate.
(b) Schematic illustration of IXs in different valleys transport transversely in opposite directions under the control of Berry curvature and
external strain. (c) Polarization-resolved PL mapping, cutline profiles and associated degree of polarization at room temperature. The green
arrow indicates the exciton transport direction. Scale bar, 5 µm. (a)–(c) Reprinted with permission from [232]. Copyright (2020) American
Chemical Society. (d) Schematic diagram of the VHE in the MoS2/WSe2 heterostructure. (e) Experimental setup of the VHE measurement.
(f) VHE measurement under different polarization modulation. R-L stands for right- and left-circular polarization. L-R represents left- and
right-circular polarization. H-V denotes horizontal and vertical polarization. (g) Hall voltage as a function of bias voltage with linear fittings
at the back-gate voltage of −23.50 V and −28.25 V, respectively. (h) Gate-dependent αH (proportional to Hall conductivity) and βH

(proportional to circular photocurrent). (d)–(h) Adapted from [233], with permission from Springer Nature.

left side, which corresponds to the lower potential energy. The
spatially varying electric field caused by the sliding IX poten-
tial, combined with repulsive dipolar interactions enhanced
by the confined physical channel, enable IX velocity to reach
2 × 106 cm s−1 (figure 11(m)). Meanwhile, the exciton
density can be modulated by optical pumping with a second
laser pulse, resulting in an optically gated excitonic transistor
with an ON/OFF ratio of 8:1 for t = 0–10 ns (figures 11(n)
and (o)). These novel excitonic architectures facilitate the
realization of high-speed, low-loss excitonic circuit, opening
new avenues for investigating the bosonic transport within
low-dimensional channels

5.2. Valleytronic transistors

The VHE describes the opposite anomalous velocity of
carrier transport in different valleys, manifesting as val-
ley currents that flow in opposite directions [24]. Due to
the broken inversion symmetry and preserved time-reversal
symmetry in monolayer TMDs, the Berry curvature at ±K
points exhibit opposite signs [56, 224]. Therefore, carriers

in ±K valleys experience opposite Berry curvatures, lead-
ing to transverse flow in opposite directions and accumula-
tion at opposing edges under the in-plane electric field, giv-
ing rise to measurable Hall voltages or currents [224, 225].
The VHE has been extensively investigated in monolayer
TMDs, yielding a comprehensive understanding [55, 226–
228]. However, compared to the rapid valley depolarization
of intralayer excitons occurring on picosecond timescales [42,
229, 230], IXs in TMD heterostructures exhibit prolonged val-
ley lifetimes extending into the microsecond range, which is
more conducive to the observation of VHE [41, 231]. This
remarkable enhancement further allows for the observation
of VHE in IXs under ambient conditions. Huang et al have
achieved the room-temperature VHE of IXs for the first time in
a uniquely designed device geometry [232]. They utilized sus-
pended slab, bent by gravity on an etched substrate, to induce
strain that generates strong potential gradients at the edges to
achieve the observation of the VHE (figures 12(a) and (b)).
Along the transport of IXs to the sample edge, IXs in ±K
valleys are expected to traverse towards opposite directions
under linearly polarized excitation due to the presence of VHE.
Therefore, the σ+ and σ− components of IX emission become

20



Mater. Futures 4 (2025) 012701 Topical Review

Figure 13. IX photodetectors. (a) Schematic diagram of the vertically sandwiched Gr/WS2/Gr device. (b) Output curves of Gr/WS2(2L)/Gr
and Gr/WS2(1L)/Gr photodetectors under 532 nm illumination with the back-gate of 80 V. (a) And (b) Reprinted with permission from
[238]. Copyright (2018) American Chemical Society. (c) Schematic illustration of the WS2/HfS2 device structure and diagrams of the band
alignment of the WS2/HfS2 photodetector under negative and positive voltages with charge extraction process. (d) I–V curve of the
WS2/HfS2 photodetector under the excitation wavelength of 4.7 µm. (c) And (d) Adapted from [239], with permission from Springer
Nature. (e) Schematic illustration of the top split-gate photodetector. (f) Schematic diagram of the three primary states of photocurrent
evolution. (g) Photoresponse rate as a function of gate voltage. The inset shows the output current density as a function of input power
density. (e)–(f) Reproduced from [240]. CC BY 3.0.

spatially separated, manifesting as positive and negative polar-
ization distribution in the polarization-resolved PL mapping
and cutline profiles (figure 12(c)). This distribution of σ+ and
σ− emission shows a peak separation of 0.30 ± 0.02 µm,
evidencing the robustness of VHE of IXs at room temperat-
ure, opening up practical implementation for developing val-
leytronic devices.

Furthermore, electrons and holes in different layers can also
independently transport in the Hall bar device, demonstrating
a gate-tunable valley transistor with regulable VHEmagnitude
and polarity [233]. In addition to being bound as IXs propagate
in different transverse directions, the layer-dependent separa-
tion of electrons and holes allows for the isolation of opposite
VHE contribution to the valley current (figure 12(d)). By mod-
ulating the light polarization through a set of a liquid crystal
and polarizer, the Hall voltage can be detected under vary-
ing circularly polarized excitation (figure 12(e)). As shown
in figure 12(f), the Hall voltage VH displays a linear correl-
ation with bias voltage Vx when subjected to circular polar-
ization modulation, whereas its dependence on linear polar-
ization modulation is negligible. Notably, the Hall voltages
exhibit distinct polarity changes by varying the back-gate
voltage, especially at −23.50 V and −28.25 V, where the cor-
responding linear slopes show opposite signs (figures 12(g)
and (h)). This phenomenon stems from the electrically con-
trollable valley-dependent band shifts [234], which enables
a gate-tunable bipolar VHE, suggesting the potential applic-
ation of valleytronic transistors with high ON/OFF ratios in
valleytronic logic circuits.

5.3. Photodetectors

Beyond diffusion or transport throughout the entire hetero-
structure region, lateral electric fields further promote effi-
cient charge dissociation of IXs. Coupled with their long
exciton lifetimes that benefits carrier collection, these prop-
erties make them highly suitable for photodetector applica-
tions, enabling large photocurrents and responsivities [235–
237]. For instance, the bilayer WS2 photodetector exhib-
its a significantly increased photovoltaic effects compared
with the monolayer WS2 photodetector. Due to the relat-
ively smaller binding energy of IXs compared to intralayer
excitons, the Gr/WS2(2L)/Gr device exhibits much higher
short-circuit current (Isc = 9 × 10−7 A) and open-circuit
voltage (Voc = 22 mV) than that of Gr/WS2(1L)/Gr device
(figures 13(a) and (b)) [238]. Apart from the increased light
absorbance in bilayer WS2, the relatively low binding energy
of IXs enhance the exciton dissociation, while their nano-
second lifetimes contribute a higher number of free charge car-
riers, thereby increasing the photocurrent.

Notably, the relatively small interlayer coupling trans-
ition energy of the TMD heterobilayers enables infrared
photoresponse. Recently, numerous studies have reported
infrared photodetectors based on IXs in 2D layered vdW
heterostructures [239, 241–247]. The significant photovol-
taic effect suggests that IXs preferentially accumulate at the
junction interface. By applying lateral voltage between the
drain and source, IXs can be dissociated into free carriers,
contributing to the photocurrent. As shown in figure 13(c),
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negative voltages promote efficient charge extraction, facil-
itating the flow of electrons to HfS2 and holes to WS2,
thus providing positive feedback to the photocurrent [239].
Conversely, in the positive voltage regime, the dissociated
electrons and holes move against the applied electric filed,
surmounting a higher energy barrier, resulting in photo-
current with negative feedback (figure 13(d)). Due to the
enhanced oscillator strength of IXs in WS2/HfS2 hetero-
structures, these photodetectors exhibit high responsivities of
approximately 103 AW−1. Furthermore, these infrared photo-
detectors have been reported to exhibit gate-tunable photore-
sponse wavelengths and responsivities [239, 247]. To this end,
this tunability enables spectral reconstruction, paving the way
for the development of novel on-chip spectral imager with
micron footprints.

Nonetheless, it is important to note that the operation
speeds of most infrared photodetectors are limited to the mil-
lisecond to microsecond range. To address this response time
limitation, Lopriore et al have developed ultrafast split-gate
photodetectors with picosecond response times (figure 13(e))
[240]. This split-gate configuration allows for regulated
exciton transport through the vertical electric field. In this
design, gate voltages introduce substantial electrostatic poten-
tials, forming lateral p–n junctions that promote efficient
exciton dissociation into free-carrier driven by the lateral elec-
tric field (figure 13(f)), resulting in maximum responsivit-
ies of approximately 50 mA W−1. Although top and bottom
split-gate detectors exhibit slightly different photoresponse
rate due to variations in electrostatic potential and lat-
eral junction field distribution, both configurations demon-
strate three distinct operational regimes: (1) IX recombin-
ation at low gate voltages, (2) IX dissociation at moder-
ate field strengths, and (3) free-carrier drift for gate voltage
exceeding 1.6 V (figure 13(g)). Furthermore, the photocur-
rent density shows a high degree of linearity with respect
to the input density, paving the way for future photode-
tector arrays in artificial neural networks that require linear
matrix-vector operations.

In this section, we have review the excitonic applica-
tions based on the manipulation of IX diffusion and trans-
port, including the excitonic devices, valleytronic transistors
and photodetectors. IXs can be electrically controlled with
reconfigurable energy landscapes to guide their movement,
enabling the development of all-optical excitonic transistors,
diodes, and routers with high ON/OFF ratios. The in-plane
electric fields further induce VHE to separate IXs into differ-
ent valleys, promoting the innovation of valleytronic transist-
ors. Besides, the efficient charge dissociation enhanced by lat-
eral electric fields render IXs suitable for high-performance
photodetectors, characterized by large photocurrents, high
responsivities, tunable spectral responses and fast response
times. Overall, advances in excitonic applications highlight
the potential of IXs for next-generation excitonic applications
and integrated on-chip devices, offering novel pathways for
manipulating exciton transport and enhancing device perform-
ance across various domains.

6. Future perspectives

The study of IX propagation in TMD heterostructures offers
a fertile platform for exploring unique physical phenomena
and emerging innovative applications, holding great potential
for revolutionizing optoelectronic technologies. The inherent
spatially indirect nature provides IXs with permanent dipole
moments and extended lifetimes, making them ideal candid-
ates for long-range transport with controllable directionality.
Coupled with the twist dynamics and valley-dependent phys-
ics, novel IX-based states can enable tunable exciton fluxes
with emerging quantum phases, offering rich opportunities
for exploring exotic phenomena and initiating technological
advancements. As we mainly review the recent investigation
delving into the fundamental principles, manipulation tech-
niques and applications of IX diffusion and transport, trans-
forming this fundamental understanding into practical devices
necessitates addressing challenges and leveraging emerging
opportunities. One significant challenge is the strict twist-
angle homogeneity, which remains difficult for large-scale
manufacturing for practical applications. As the size of moiré
superlattices and depth of moiré potentials highly depends on
the twist angle, how to achieve uniform moiré superlattice
with minimized dielectric inhomogeneities and defects over
mesoscopic scales remains challenging. The current fabric-
ation method by exfoliating TMD monolayers and stacking
them layer by layer can only produce heterostructures at the
microscopic scale, where the inhomogenous strain and dis-
order are inevitable. Further bottom-up growth, like chemical
vapor deposition may realize large-scale fabrication, but the
precise control of twist angle in mesoscopic scale continues
to be a challenge. Therefore, the innovative scalable fabric-
ation methods are urgently required to produce high-quality
vdW heterostructures with controlled interfaces and desired
twist angles.

Additionally, both temporal and spatial resolutions of
current spatiotemporal mapping techniques remain limited.
Previous work has demonstrated that the formation time of
IXs occurs on the sub-100 fs [35]. However, most imaging
acquisitions are limited to timescales of several hundred pico-
seconds, which may hinder the in-depth comprehension of
time-dependent spatial expansion of degenerate electron-hole
states as the phase transition may occur at any time. Currently,
the study of the exciton diffusion dynamics on ultrafast times-
cale is still constrained by the instrument response time, which
require further improvement. Besides, current PL images of
spatial exciton cloud distributions perform on a micrometer
scale, while reports of local atomic registry within moiré
superlattice usually lies at the nanometer scale, significantly
below the diffraction limit of optical spectroscopies. Thus, the
origin of moiré-trapped excitons and their migration between
periodic moiré potentials should be better understood. Further
research directions are expected to focus on the improvement
of temporal and spatial resolutions.

Moreover, beyond conventional TMD heterostructures,
the exploration of diffusion dynamics of easily access-
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ible momentum-direct IXs in emerging vdW heterostruc-
tures presents exciting opportunities. As discussed above, IXs
exhibit the longest diffusion length at twist angles of 0◦ or
60◦. However, the small twist angles facilitate the emergence
of moiré potentials, which in turn impede IX diffusion and
detrimental to long-range exciton transport. Therefore, the
effective exciton transport necessitates the precise stacking
of various monolayer TMDs, which always remains challen-
ging and requires the second-harmonic generation measure-
ment to accurately verify this twist angle. Thus, exploring
novel 2D materials that can be randomly stacked with mono-
layer TMDs may lead to new systems capable of directly
forming momentum-direct IXs and be conducive to IX trans-
port. For instance, pervious work has demonstrated the tun-
able momentum-direct IXs in nL-InSe/2L-WS2 heterostruc-
tures regardless of stacking alignment [71]; however, studies
on their transport within these heterostructures are seldom dis-
cussed. Besides, other work has also reported long-distance
charge transport over 5 µm in 2D perovskites, mediated by
trap-induced exciton dissociation into long-lived and nonradi-
ative electron-hole separated state, which can be described as
a ‘trapping-detrapping process’ [248]. In addition, the incor-
poration of cross-dimensional materials may introduce novel
exciton transport dynamics, such as the directional transport
in mixed-dimensional heterostructures [249]. These findings
suggest that integration of materials with various types and
dimensions could potentially lead to exotic phenomena with
innovative concepts and novel mechanisms, enabling IXs to
travel long distances and broadening the range of tunable
properties and functionalities.

Lastly, excitonic applications of TMD heterostructures are
still in their infancy. The ability to manipulate IX propagation
by external stimuli, like electric fields, lays the groundwork
for developing excitonic circuits and devices. Considering the
significant valley Zeeman effect and effective magnetic con-
trol of valley polarization, the magnetic field manipulation
emerges as a promising approach to achieve near-unity valley-
polarized IXs. Taking advantage of their valley-contrasting
nature and long valley polarization lifetime, IXs show great
promise for valleytronic transistors and memory devices under
the magnetic field control. However, this particular method of
manipulation has been rarely explored and warrants further
exploration and detailed investigation. In addition, alternative
strategies, such as fluorescence blinking [250], may also regu-
late exciton diffusion, potentially inducing diffusion blinking
between different exciton states. Moreover, current explora-
tion of these devices primarily focuses on free IX transport.
A deeper understanding of excitonic many-body complexes,
such as the charged or hybrid states, quadrupolar IXs or differ-
ent phases under certain conditions, is crucial, holding poten-
tial for macroscopic exciton superfluidity and condensation.
Currently, the understanding of the mechanisms governing the
transport of these complex many-particle compounds, as well
as their valley coherence, is still lacking. Besides, the opera-
tional speeds of these devices are not yet on par with the con-
ventional electronic circuits. Therefore, more efforts should
be dedicated to study the intrinsic diffusion dynamics and

practical application of these exciton complexes, and improve
the performance of these devices.

The field of IX diffusion and transport in TMD heterostruc-
tures is brimming with great potential, providing a compelling
platform for fundamental research and technological innova-
tion. Beyond TMD heterostructures, we expect the integration
of newmaterials and novel device structures further expand the
current discoveries in vdW heterostructures. Advancements
in material selection, precise construction methods, progress-
ive characterization strategies, and performance optimization
propel IXs to the forefront of next-generation optoelectronics,
paving the way for a new era of excitonic manipulation and
applications with unprecedented capabilities.
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