
Ultrafast exciton transport in van der Waals heterostructures

M.M. Glazov∗ and R.A. Suris
Ioffe Institute, 194021, St. Petersburg, Russia

Excitons in van der Waals heterostructures based on atomically thin transition metal dichalco-
genides are considered as potential candidates for the formation of a superfluid state in two-
dimensional systems. A number of studies reported observations of ultrafast nondiffusive prop-
agation of excitons in van der Waals heterostructures, which was considered by their authors as
possible evidence of collective effects in excitonic systems. In this paper, after a brief analysis
of exciton propagation regimes in two-dimensional semiconductors, an alternative model of ultra-
fast exciton transport is proposed, based on the formation of waveguide modes in van der Waals
heterostructures and the radiation transfer by these modes.
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I. INTRODUCTION

The discovery [1] in 1937 by Pyotr Leonidovich Kapitza
of liquid helium superfluidity (see also [2]) has made a
strong impact on the development of condensed mat-
ter physics. Together with the phenomenological the-
ory of this effect proposed by L.D. Landau [3], as well
as with an exactly solvable model of a weakly nonideal
Bose gas, proposed by N.N. Bogolyubov [4], and micro-
scopic theories of R. Feynman [5], O. Penrose and L. On-
sager [6], which established, in particular, the connection
between the superfluidity and Bose-Einstein statistics of
4He atoms (see, e.g., [7]), Kapitza’s remarkable experi-
ment has led to the formation of a new field of research
and to an active search for other condensed matter sys-
tems where the Bose-Einstein condensation and super-
fluidity are possible.

In semiconductors and insulators, the Coulomb inter-
action between electrons and holes leads to formation
of quasiparticles, excitons, which have integer spin and,
accordingly, obey the Bose-Einstein statistics [8–10]. Af-
ter the experimental discovery of large-radius excitons in
cuprous oxide [11] a number of authors drew attention to
the possibility of condensation and therefore superfluid-
ity of excitons in semiconductors [12–16]. In ideal two-
or quasi-two-dimensional systems, where the free motion
of particles is possible only in the plane, and motion in
the transverse direction is quantized, Bose condensation
in the strict sense of the term is impossible. However,
at sufficiently low temperatures, a two-dimensional gas
of repelling bosons experiences a Berezinskii-Kosterlitz-
Thouless transition to a superfluid state [17, 18]. Ac-
cordingly, a superfluid state is also possible for two-
dimensional excitons [19]. Theoretically, non-diffusive
transport of excitons in a thin semiconductor film was
considered in Ref. [15] where by analogy with the a su-
perfluid liquid flow in capillaries, the speed of a ring vor-
tex with a characteristic diameter equal to the thickness
of the film was used as the limiting speed. Experiments
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aimed at search and study of collective excitonic effects
in quantum well structures, including those placed in mi-
crocavities, have been actively conducted for the last 30
years [20–30], for reviews see [31–34].
A rise of a novel material platform, van der Waals het-

erostructures based on transition metal dichalcogenides
(TMDCs) [35, 36], whose optical spectra are controlled
by Wannier-Mott excitons with a large (100 . . . 500 meV)
binding energy, short (∼ 1 ps) radiative recombination
time, effective coupling with light [37] and unusual fine
structure of the energy spectrum and dynamics [38–44],
has, naturally, aroused the interest of researchers in exci-
tonic collective effects and their superfluidity in such sys-
tems [45–47]. Despite significant efforts, to date, as far
as we know, no unambiguous experimental evidence has
been obtained for exciton superfluidity in TMDC-based
heterostructures. The vast majority of experiments show
the diffusive propagation of excitons in TMDC monolay-
ers and van der Waals heterostructures based on these
materials, see reviews [48, 49].
Nonetheless, in a number of works, an effective

“spreading” of excitons in the plane of the structure with
TMDC mono- and bilayers was observed [50–53]. In this
regard the experiment of the Singapore group [54] is very
remarkable. In this work the authors discovered that in a
MoS2-based channel the excitons propagate at a speed of
≈ 6 % of the speed of light in vacuum c = 299792458 m/s,
and their distribution is well described by the model of
an inviscid fluid. Such a scenario is, in principle, possi-
ble, but the propagation speed of excitons is too high: It
exceeds all characteristic speeds that can be realized in
two-dimensional semiconductors (including for superfluid
excitons) [55].
In this paper, after discussing the known in the lit-

erature scenarios for the exciton propagation in two-
dimensional crystals (Sec. II), we propose a model
(Sec. III), which allows, at least at a qualitative level, to
describe the ultrafast propagation of excitons in TMDC-
based van der Waals heterostructures containing hexago-
nal boron nitride layers. In such structures, as estimates
show, waveguide modes [56–58] can be formed, propa-
gating at high speed, only several times lower than the
speed of light in vacuum. These modes can be excited,
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for example, by the recombination of photogenerated ex-
citons and, propagating in the plane of the structure,
can cause excitonic luminescence far from the excitation
point. Thus, in principle, the propagation of waveguide
modes may be responsible for the observed ultrafast ex-
citon transport.

Note that the possibility of such “secondary” lumines-
cence was mentionned earlier in connection with specifics
of experimental data on exciton transport in now classical
structures with GaN quantum wells [59]. The accelera-
tion of the propagation of excitons in a TMDC mono-
layer in the strong coupling regime with the photonic
modes of the substrate was discussed, for example, in
Ref. [60], see also Ref. [61], where the regimes of excitons
and exciton-polaritons propagation in microcavities were
analyzed in detail. The scenario we propose, however,
refers to the weak coupling regime between an exciton
in a two-dimensional semiconductor and a photon in a
waveguide mode. We emphasize that even in this regime,
where polaritons are not formed, multiple reflections of
light from the interfaces of van der Waals heterostruc-
tures significantly affect the spectrum of excitons and
their lifetime due to the Purcell and Lamb effects [62–
65]. The formation of waveguide modes is also possible
in other structures based on TMDCs, for example, in
nanotubes [66].

II. EXCITON PROPAGATION REGIMES

A schematics of the van der Waals heterostructure
based on TMDC studied in this work is shown in
Fig. 1. For example, a structure with a TMDC mono-
layer (TMDC ML) is shown, but all the analysis below
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Figure 1. Schematic illustration of van der Waals het-
erostructure with atom thin crystal (TMDC ML) encapsu-
lated in hexagonal boron nitride (hBN) and deposited on the
SiO2 substrate (in many experiments a SiO2 layer on silicon
is used). A spatial profile of a fundamental waveguide mode
in the structure is shown to the right.

applies to the structures with TMDC hetero- and homo-
bilayers and, in principle, to structures with a larger num-
ber of atomically thin layers. Encapsulation of TMDC
monolayers in hexagonal boron nitride (hBN) leads to
a significant narrowing of exciton lines in all widespread
materials: MoS2, MoSe2, WS2 and WSe2, and we discuss
hBN encapsulated structures from the theory standpoint
hereafter. Even at cryogenic temperatures the line broad-
ening is mainly homogeneous [67]. For the ground opti-
cally active exciton state (A:1s), the linewidth at half
maximum at a temperature T ≈ 4 K is a few meV,
which is close to the exciton radiative broadening [67].
With increasing the temperature (at T ≲ 30 . . . 50 K),
the exciton line broadens almost linearly with the slope
ratio of 5 × 101 . . . 102 µeV/K. This qualitatively and
quantitatively corresponds to the broadening of the ex-
citon resonance due to interaction with long-wavelength
acoustic phonons [68, 69], which confirms insignificant
role of a static disorder in high-quality TMDC-based het-
erostructures. It allows us to analyze the exciton trans-
port within the framework of semiclassical models as-
suming free propagation of excitons and their relatively
rare scattering by phonons. The effects of localization of
excitons in such structures can be neglected.1

In the semiclassical approach, the key parameter that
determines the propagation regime of quasiparticles is
the ratio of the exciton lifetime τr and its scattering time
τp. In typical experiments performed under conditions
far from the exciton gas degeneracy

τr ≫ τp. (1)

Therefore, the exciton experiences many collisions during
its lifetime [48, 70–74]. Thus, the propagation of excitons
on time scales t ∼ τr obeys the diffusion law. The mean
square displacement of excitons over time t is described
by the relation

∆σ2(t) = 2Dt, t ≫ τp, (2)

where the diffusion coefficient D can be estimated as

D =
kBT

M
τp, (3)

and M is the translational mass of the exciton. An order
of magnitude estimates give D ∼ 1 . . . 10 cm2/s. Com-
bined with lifetimes of an exciton ensemble in the range
of tens to hundreds of picoseconds, it gives the charac-
teristic diffusion spreading of the exciton cloud ∆σ(τr)
of several microns. This situation is typical in many ex-
periments, see [48] and references therein. In a number
of works [50–52], however, excitons spread by ∼ 100 µm.
Also, the above estimates cannot explain the ultrafast
propagation of excitons in the first few picoseconds af-
ter an excitation, observed, for example, in Ref. [53]:

1 We leave moire heterostructures outside the scope of this work.
In such systems, exciton transport can be qualitatively different.
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the corresponding diffusion coefficient at the initial stage
exceeds ∼ 1000 cm2/s.

As the pump power and, accordingly, the density of
photogenerated excitons increases, exciton-exciton inter-
actions come into play. In both mono- and bilayers of
TMDCs, the exciton-exciton annihilation (the Auger ef-
fect) plays an important role, where one of the two col-
liding excitons recombines, transferring its energy and
momentum to the second one [75–79]. It leads to a re-
duction in τr and a non-exponential decay of the exciton
luminescence intensity as a function of time, as well as
an effective increase in the observed exciton diffusion co-
efficient [80, 81]. The exciton-exciton repulsion is also
significant in bilayer structures, which also results in an
increase in the diffusion coefficient [74, 82]. According
to rough estimates, at not too low temperatures of the
exciton gas (T ≳ 10 K), these effects control the exci-
ton transport up to the Mott transition densities, which
is confirmed, for example, by experiments on the recon-
structed MoSe2/WSe2 heterobilayer [74]. The joint prop-
agation of excitons and electron-hole plasma [74, 83], as
well as purely nonequilibrium phenomena associated with
the appearance of drift fluxes of excitons due to the See-
beck effect and phonon drag or phonon wind [84, 85] may
additionally play a role under such conditions.

According to estimates, at least at low temperatures
T ≲ 4 K, there is a fairly wide range of exciton densities
N , where the exciton gas becomes degenerate while the
Auger effect is insignificant. Under the condition [45, 86]

T < TBKT , kBTBKT ∼ ℏ2N
M

, (4)

the Berezinskii-Kosterlitz-Thouless transition should oc-
cur, and the excitonic liquid should become superfluid. In
this case, the propagation of excitons becomes nondiffu-
sive, since scattering in a superfluid liquid is suppressed.
The spread of excitons is described by a linear law [87]

∆σ(t) = vt, (5)

where the speed v is on the order of magnitude the speed
of sound (Bogolyubov excitations) cs in the condensate.
For weakly interacting excitons

cs =

√
U0N

M
, (6)

where U0 > 0 is the exciton-exciton repulsion constant.
The product U0N is the chemical potential of excitons.
It is considered small compared to the exciton binding
energy and, naturally, compared to the band gap. There-
fore, the characteristic velocities cs are significantly less
than the “Kane” velocity vcv = pcv/m0 (pcv is the matrix
element of the momentum operator, m0 is the mass of the
free electron), which corresponds to the interband matrix
element of the velocity operator in the crystal.2 The lat-

2 In reality, the spread velocity may be even lower and associated
with the formation of vortices, cf. [15].

ter is several 10−3 – 10−2 of the speed of light in vacuum.
Under experimental conditions [54] the value of cs does
not exceed 10−3c, but within a few picoseconds the ex-
citons spread over tens of microns, which corresponds to
v ≈ 6 × 10−2c. Therefore, the superfluid propagation of
excitons cannot explain the experiment [54].

III. EXCITON AND PHOTON TRANSPORT

The “generally accepted” transport scenarios outlined
above cannot, as noted, explain a number of experimen-
tal results on ultrafast exciton propagation. In this sec-
tion we analyze alternative scenarios due to exciton-light
interaction.
To begin with, we note that the interaction of the ex-

citon with the modes of the electromagnetic field signif-
icantly renormalizes its dispersion even for a free mono-
layer (without hBN and substrate). The renormalization
is mainly experienced by the longitudinal exciton, whose
microscopic dipole moment (oscillating at the exciton res-
onance frequency ωexc = E/ℏ) is parallel to its wave vec-
tor k. Its dispersion can be written in the form [88–93]

EL(k) = EL(0) +
ℏΓ0

EL(0)
ck. (7a)

Here EL(0) is the exciton energy at zero wave vector in
the plane of the layer, calculated taking into account the
direct Coulomb interaction and short-range electron-hole
exchange interaction, ℏΓ0 is the radiative damping of the
exciton (at k = 0) expressed in the energy units, and
the ℏ2k2/2M contribution is neglected. Equation (7a)
is valid at k ≫ ωexc/c and describes the contribution of
the long-range exchange interaction between an electron
and a hole to the exciton energy. The presence of the
linear dispersion can be interpreted as a result of resonant
excitation transfer [94]. It follows from Eq. (7a) that the
group velocity of the longitudinal exciton

vL(k) =
k

k
× ℏΓ0

EL(0)
c. (7b)

A screening of the long-range exchange interaction in van
der Waals heterostructures [95] leads to a slight decrease
of EL(k) and vL(k) as compared to Eqs. (7). It follows
from (7b) that the speed of longitudinal exciton propa-
gation is ∼ 10−3c,3 which, as noted in [54], is not enough
to explain the experiment.
The ultrafast propagation of excitons discovered in a

number of experiments, however, can be associated with

3 As for any quasiparticles with linear dispersion, the scattering of
a longitudinal exciton on static defects and phonons at k → 0
is suppressed, for example, due to a decrease of the density of
states.
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the propagation of the electromagnetic field in the waveg-
uide modes, which can be formed in van der Waals het-
erostructures. It is easy to calculate the dispersion and
propagation velocities of waveguide modes for the model
system presented in Fig. 1 within the framework of the
general theory of planar waveguides [56, 57]. To that end,
we introduce standard notations nc = 1 for the refractive
index of air (cap layer), ns = nSiO2 = 1.46 for the refrac-
tive index of the SiO2 substrate and nf = nhBN = 2.2
for the refractive index of a hexagonal boron nitride film
(we neglect the anisotropy of its optical properties as well
as the frequency dispersion of the refractive indices for
simplicity) [96]. We also neglect the contribution to the
reflection of light from the TMDC monolayer.4 Since the
relation is satisfied

nf > ns > nc,

a waveguide mode can indeed form in the boron nitride
layer. The waveguide asymmetry parameters for TE and
TM modes are written in the form

αTE =
n2
s − n2

c

n2
f − n2

s

, αTM = αTE

n4
f

n4
c

. (8)

The dispersion law for TE modes can be represented
as [56, 57]

V
√
1− b = πm+ arctan

√
b/(1− b)

+ arctan
√
(b+ αTE)/(1− b), (9)

where

V =
ω

c
d
√

n2
f − n2

s, b =
(ck/ω)2 − n2

s

n2
f − n2

s

. (10)

Here ω is the mode frequency, k is the absolute value of
the wave vector in the layer plane, and m = 0, 1, 2, . . .
enumerates the modes.

Figure 2(a) shows the dispersion of the two lowest
energy TE-polarized waveguide modes in the structure
under consideration (solid curves marked m = 0 and
m = 1), as well as dispersion lines for light in the air (dot-
ted line), in hBN (dashed line), and in SiO2 (dash-and-
dot line). The dispersion is calculated by Eq. (9). It can
be seen that the waveguide modes are present in a wide
range of wavevectors and energies. Their energy varies
from the photon energy in the substrate layer (ℏck/ns) at
small wavevectors, where the field is mainly concentrated
in the SiO2 layer, to the energy ℏck/nf at large k, where
the field is localized in the hBN layer. The mode cut-off
energies at small k are determined by the condition of
“detachment” of the dispersion curve of the waveguide

4 It can be taken into account as a small renormalization of the
thickness of the boron nitride layer d.

(a)

(b)

m=0

m=1

m=0 m=1

Figure 2. (a) Dispersion of two lowest in energy TE-waveguide
modes (solid curves) calculated by solving Eq. (9) for the
structure depicted in Fig. 1, as well as the light dispersion
in the air (dotted curve), the waveguide hBN layer (dashed
curve) and in the SiO2 substrate (dash-and-dot curve). Ho-
risontal dotted lines show the cut-off energies of the modes,
Eq. (11) and Fig. 3. (b) Group velocity of the modes cal-
culated after Eq. (13). Inset shows the decay length of the
waveguide mode into SiO2 layer: exact calculation accord-
ing to Eq. (12) is shown by the solid red line and the large
wavevector approximation by the thin black line. hBN layer
thickness d = 200 nm. Refractive indices: nhBN = 2.2,
nSiO2 = 1.46.

mode from the light cone of the substrate, which corre-
sponds to b = 0 in (10). We obtain from Eq. (9)

ωcut−off
TE,TM

c
=

√
n2
f − n2

s

d

(
πm+ arctan

√
αTE,TM

)
. (11)

For the selected structure parameters, the cut-off energies
of the two lowest TE-modes are represented in Fig. 2(a)
by horizontal dotted lines. The dependence of the cut-
off energies on the thickness of the boron nitride layer
is illustrated in Fig. 3 (solid curves correspond to the
TE-modes, dash-and-dot curves correspond to the TM-
modes). The field penetration depth into the SiO2 sub-
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strate calculated according to

ℓ =

[
k2 −

(
ns

ω

c

)2
]−1/2

, (12)

is shown in the inset to Fig. 2(b) by a solid dark red
curve. The thin black curve is the asymptotic (12) for
large k, where ω = ck/nf .
Figure 2(b) shows the group velocity of propagation of

the two lowest energy waveguide TE-modes (m = 0, 1)

vg =
∂ω

∂k
, (13)

calculated from the dispersion found from Eq. (9). The
group velocity of waveguide modes varies in the range
from the speed of light in the SiO2 substrate (at small
wave vectors) to approximately the speed of light in
hexagonal boron nitride (at large values of k). It is sev-
eral tenths of the speed of light in a vacuum. Thus, the
structure shown in Fig. 1 supports ultrafast (compared
to excitons) optical waveguide modes.

As one can see from Fig. 2, these modes are located
below the light cone in a vacuum and cannot be directly
excited by the light incident on the sample. Under exper-
imental conditions, the waveguide modes can be excited
by the light scattering on inhomogeneities of the struc-
ture (the characteristic dimensions of the samples under
study are 10 . . . 100 µm) or via the secondary radiation
of excitons excited by the incident light. The scattering
from roughnesses can be suppressed near the cut-off fre-
quency due to the large depth of field penetration into
SiO2 [see inset in Fig. 2(b)]. Nonlinear and threshold
effects observed experimentally at the ultrafast exciton
propagation can be associated with changes in the light
scattering conditions (for example, due to a light-induced
shift of exciton dispersion) or with an increase of the

m=0

m=1

m=2

m=3

m=4

0 100 200 300 400 500
0

1

2

3

4

hBN thickness (nm)

C
ut
-
of
f
en
er
g
y
(e
V
)

Figure 3. Cut-off energies of the five lowest in energy modes
in the structure depicted in Fig. 1 as function of the hBN layer
thickness calculated after Eq. (11). TE-modes are shown by
the solid curves and TM modes by the dash-and-dot curves.
Refractive indices: nhBN = 2.2, nSiO2 = 1.46.

number of photons entering the waveguide mode. Light,
propagating by waveguide modes, can generate excitons
in a monolayer far from the excitation spot, which, in
turn, generate luminescence, detected experimentally at
the exciton resonance frequency. So the process

incident photon

→ scattering (roughnesses, excitons)

→ photon in a waveguide mode

→ exciton/scattering → secondary photon (14)

may be responsible for the apparent ultrafast propaga-
tion of excitons. In fact, the energy is transferred by
light in the waveguide mode, and the propagation delay
consists of the actual delay in light propagation and the
delays related to the formation of the secondary lumi-
nescence. We emphasize that if the waveguide mode is
populated due to the emission of photoexcited excitons
(light scattering by excitons), then a secondary photon at
the exciton frequency can be formed when the waveguide
photon is scattered on inhomogeneities of the structure.
A diffusive propagation of excitons and ultrafast trans-

fer of photons by the waveguide modes leads to differ-
ent spatial profiles of the secondary luminescence inten-
sity distribution. For simplicity, let us consider a one-
dimensional case. For the diffusion, the distribution has
a Gaussian shape:

Idiff(x, t) ∝
1√
4πDt

exp

(
− x2

4Dt

)
. (15a)

On the contrary, for the proposed process (14) the light
pulse propagates with a group velocity vg (13), and the
secondary luminescence appears with a delay for a re-
laxation time wherever the waveguide mode has already
“passed”:

Iwg(x, t) ∝ Θ(|x| − vgt). (15b)

Here Θ(x) is the Heaviside step function. The last ex-
pression holds true at times significantly exceeding the
delay time. Scattering and absorption of the waveguide
mode leads to the exponential exp (−|x|/L) in the inten-
sity distribution, where L is the attenuation length of the
waveguide mode.

IV. CONCLUSION

In this paper we have presented a brief review of the ex-
citon propagation regimes in semiconductor heterostruc-
tures based on atomically thin semiconductors – transi-
tion metal dichalcogenides. The features of diffusive and
superfluid propagation of quasiparticles have been pre-
sented. On the basis of the calculation of photon modes
in van der Waals heterostructures, a mechanism of ul-
trafast propagation has been proposed. It is related to
the formation of waveguide modes in a layer of hexago-
nal boron nitride, their excitation by the light scattering
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on structure inhomogeneities or excitons, their propaga-
tion, subsequent generation of excitons and their emis-
sion. The mechanism can lead to an ultrafast – with
speeds constituting tenths of the speed of light in a vac-
uum – energy transfer. This effect can lead to the appar-
ent ultrafast propagation of excitons.

The authors do not claim that the proposed mecha-
nism is fully responsible for all observations of ultrafast
exciton transport in van der Waals heterostructures. In
particular, we do not pretend for the full description of
the experiments [50–54]. Noteworthy, that in hBN-less
structres described waveguide modes do not form. In
structures with a more complex hBN/SiO2/Si substrate,
the refractive index of silicon exceeds that of the remain-
ing layers. Hence, the waveguide mode will be attenuated
by tunneling into the silicon substrate, but this effect is
suppressed at relatively large wavevectors. On the other
hand, if the damping of the waveguide mode is small, and

for a certain wavevector, the resonance condition of the
exciton energy and the waveguide mode is satisfied, then
a strong coupling regime is also possible. It is accom-
panied by the formation of exciton-polaritons similar to
those considered in [60, 97] for structured substrates. In
this regime, significant renormalization of the dispersion
and, naturally, changes in the regimes of propagation of
quasiparticles are expected [61].

We note in conclusion that a possibility of waveg-
uide mode formation should be taken into account for
the analysis of exciton transport in van der Waals het-
erostructures. Further experiments and detailed model-
ing can finally clarify the origin of ultrafast propagation
of excitons or photons in these interesting objects.

Authors thank Andrés Granados del Águila for valu-
able discussions. This work was supported by RSF grant
No. 23-12-00142.
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abe, A. Högele, M. M. Glazov, A. Steinhoff, and
A. Chernikov, Nonlinear and negative effective diffusivity
of interlayer excitons in moiré-free heterobilayers, Phys.
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[84] R. Perea-Cauśın, S. Brem, R. Rosati, R. Jago, M. Kulig,
J. D. Ziegler, J. Zipfel, A. Chernikov, and E. Malic, Ex-
citon propagation and halo formation in two-dimensional
materials, Nano Letters 19, 7317 (2019).

[85] M. M. Glazov, Phonon wind and drag of excitons in
monolayer semiconductors, Phys. Rev. B 100, 045426
(2019).

[86] A. Filinov, N. V. Prokof’ev, and M. Bonitz, Berezinskii-
Kosterlitz-Thouless transition in two-dimensional dipole
systems, Phys. Rev. Lett. 105, 070401 (2010).

[87] E. A. Kuznetsov and M. Y. Kagan, Semiclassical expan-
sion of quantum gases into a vacuum, Theoretical and
Mathematical Physics 202, 399 (2020).

[88] L. C. Andreani and F. Bassani, Exchange interaction and
polariton effects in quantum-well excitons, Phys. Rev. B
41, 7536 (1990).

[89] S. V. Goupalov, E. L. Ivchenko, and A. V. Kavokin, Fine
structure of localized exciton levels in quantum wells,
JETP 86, 388 (1998).

[90] E. L. Ivchenko, Optical spectroscopy of semiconductor
nanostructures (Alpha Science, Harrow UK, 2005).

[91] M. M. Glazov, T. Amand, X. Marie, D. Lagarde,
L. Bouet, and B. Urbaszek, Exciton fine structure
and spin decoherence in monolayers of transition metal
dichalcogenides, Phys. Rev. B 89, 201302 (2014).

[92] H. Yu, G.-B. Liu, P. Gong, X. Xu, and W. Yao, Dirac
cones and Dirac saddle points of bright excitons in mono-
layer transition metal dichalcogenides, Nat Commun 5,
3876 (2014).

[93] M. M. Glazov, E. L. Ivchenko, G. Wang, T. Amand,
X. Marie, B. Urbaszek, and B. L. Liu, Spin and valley

https://doi.org/10.1103/PhysRevLett.123.067401
https://doi.org/10.1103/PhysRevLett.123.067401
https://doi.org/10.1103/PhysRevLett.131.116901
https://doi.org/https://doi.org/10.1002/adom.202202782
https://doi.org/https://doi.org/10.1002/adom.202202782
https://doi.org/10.1103/PhysRevX.7.021026
https://doi.org/10.1103/PhysRevLett.119.187402
https://doi.org/10.1103/PhysRevB.98.035302
https://doi.org/10.1103/PhysRevLett.124.166802
https://doi.org/10.1103/PhysRevLett.124.166802
https://doi.org/10.1063/5.0122633
https://doi.org/10.1063/5.0122633
https://doi.org/10.1103/PhysRevLett.127.076801
https://doi.org/10.1103/PhysRevLett.127.076801
https://doi.org/10.1021/acs.nanolett.2c03796
https://doi.org/10.1103/PhysRevLett.132.016202
https://doi.org/10.1103/PhysRevLett.132.016202
http://stacks.iop.org/2053-1583/3/i=3/a=035011
https://doi.org/10.1364/JOSAB.33.000C39
https://doi.org/10.1364/JOSAB.33.000C39
http://dx.doi.org/10.1038/ncomms14927
http://dx.doi.org/10.1038/ncomms14927
https://doi.org/10.1103/PhysRevX.8.031073
https://doi.org/10.1103/PhysRevX.8.031073
https://doi.org/10.1038/s41467-021-25499-2
https://doi.org/10.1103/PhysRevLett.120.207401
https://doi.org/10.1103/PhysRevB.100.241401
https://doi.org/10.1038/s41566-023-01198-w
https://doi.org/10.1103/PhysRevB.101.115430
https://doi.org/10.1021/acs.nanolett.9b02948
https://doi.org/10.1103/PhysRevB.100.045426
https://doi.org/10.1103/PhysRevB.100.045426
https://doi.org/10.1103/PhysRevLett.105.070401
https://doi.org/10.1134/S0040577920030125
https://doi.org/10.1134/S0040577920030125
https://doi.org/10.1103/PhysRevB.41.7536
https://doi.org/10.1103/PhysRevB.41.7536
https://doi.org/10.1103/physrevb.89.201302
http://dx.doi.org/10.1038/ncomms4876
http://dx.doi.org/10.1038/ncomms4876


9

dynamics of excitons in transition metal dichalcogenide
monolayers, physica status solidi (b) 252, 2349 (2015).

[94] V. M. Agranovich and M. D. Galanin, Electronic Ex-
citation Energy Transfer in Condensed Matter (North-
Holland Publishing Company, 1982).

[95] A. I. Prazdnichnykh, M. M. Glazov, L. Ren, C. Robert,
B. Urbaszek, and X. Marie, Control of the exciton valley
dynamics in atomically thin semiconductors by tailoring
the environment, Phys. Rev. B 103, 085302 (2021).

[96] C. Robert, M. A. Semina, F. Cadiz, M. Manca, E. Cour-

tade, T. Taniguchi, K. Watanabe, H. Cai, S. Tongay,
B. Lassagne, P. Renucci, T. Amand, X. Marie, M. M.
Glazov, and B. Urbaszek, Optical spectroscopy of excited
exciton states in MoS2 monolayers in van der Waals het-
erostructures, Phys. Rev. Materials 2, 011001 (2018).

[97] K. L. Koshelev, S. K. Sychev, Z. F. Sadrieva, A. A. Bog-
danov, and I. V. Iorsh, Strong coupling between excitons
in transition metal dichalcogenides and optical bound
states in the continuum, Phys. Rev. B 98, 161113 (2018).

https://doi.org/10.1002/pssb.201552211
https://doi.org/10.1103/PhysRevB.103.085302
https://doi.org/10.1103/PhysRevMaterials.2.011001
https://doi.org/10.1103/PhysRevB.98.161113

	Ultrafast exciton transport in van der Waals heterostructures
	Abstract
	Introduction
	Exciton propagation regimes
	Exciton and photon transport
	Conclusion
	References


