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Abstract

In the last decade atomically thin 2D materials have emerged as a per-
fect platform for studying and tuning light-matter interaction and elec-
tronic properties in nanostructures. The optoelectronic properties in lay-
ered materials such as transition-metal-dichalcogenides (TMDs) are gov-
erned by excitons, Coulomb bound electron-hole pairs, even at room tem-
perature. The energy, wave function extension, spin and valley properties
of optically excited conduction electrons and valence holes are controllable
via multiple experimentally accessible knobs, such as lattice strain, vary-
ing atomic registries, dielectric engineering as well as electric and magnetic
fields. This results in a multitude of fascinating physical phenomena in
optics and transport linked to excitons with very specific properties, such
as bright and dark excitons, interlayer and charge transfer excitons as well
as hybrid and moiré excitons. In this book chapter we introduce general
optoelectronic properties of 2D materials and energy landscapes in TMD
monolayers as well as their vertical and lateral heterostructures, includ-
ing twisted TMD hetero- and homobilayer bilayers with moiré excitons
and lattice recombination effects. We review the recently gained insights
and open questions on exciton diffusion, strain- and field-induced exci-
ton drift. We discuss intriguing non-linear many-particle effects, such as
exciton halo formation, negative and anomalous diffusion, the surprising
anti-funneling of dark excitons.
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1 Introduction

Some school students can create great things with just a scotch tape and a
pencil. Some physicists can win a Nobel prize this way. In 2010, Andrey Geim
and Konstantin Novoselov received the Nobel Price of Physics for their work
on graphene, which is just graphite, the black material in our pencils, brought
down to its ultimate low thickness of only one atom [I} 2]. To do this, Geim and
Novoselov exfoliated graphite with an adhesive tape, repeating the procedure
until a monolayer flakes appeared. Being only one atom thick, graphene is the
ultimate two-dimensional (2D) material, the closest we can get in physics to the
concept of planes in mathematics. Importantly, the properties of 2D graphene
are drastically different compared to the bulk/3D graphite, with electrons be-
having similarly to photons exhibiting a linear dispersion relation (the relation
between energy and momentum of electrons) [3].

The success of graphene has triggered the search and discovery of many
other two-dimensional materials [4]. These originate from bulk layered mate-
rials, which are formed by atoms interacting strongly with other atoms in the
same plane (covalent bonds), while interacting very weakly with those belong-
ing to different layers via weak van der Waals interactions. It is the latter
property allowing for the exfoliation down to the monolayer — so don’t try this
at home, unless you know that your material is a layered one! Interestingly,
most of 2D monolayers share with graphene the hexagonal structure, because
this is mechanically more stable than other structures [5]. Despite these sim-
ilarities, different 2D materials show an extremely broad range of properties,
ranging from metals and semimetals (e.g. NbSes and graphene) to insulators
(e.g. hexagonal boron nitride (hBN)). Here, we focus on the specific class of 2D
semiconductors, hence showing a Fermi energy lying in the bandgap between
the conduction and the valence band. Such bandgap is in the range of the visible
light. Besides having revolutionized electronics - think about the silicon-valley
- semiconductors have remarkable optical properties. When light of suitable
wavelength shines on these materials, it excites an electron into the conduction
band. This leaves a lack of negative charge in the valence band which can be
interpreted as a positively charged quasi-particle called hole [0 [7, 8, ©]. Fol-
lowing the excitation, the electron can return to the valence band, a process
called electron-hole recombination. Such a process is of crucial relevance for
fundamental as well as application reasons, because it results in emission of
light with an energy dictated by the bandgap due to energy conservation. The
2D semiconductors are extremely interesting for their optics as well as transport
properties, which are the two focus areas of this chapter.

More specifically, we focus on transition metal dichalcogenides (TMDs),
which are 2D semiconductors formed by a layer of transition metal atoms (Mo or
W, cf. the blue spheres in Fig. a)) sandwiched between two layers of chalco-
gen atoms (S or Se, cf. gold spheres in Fig. a)). Similarly to graphene and
many other 2D materials, also TMD monolayers form a hexagonal lattice, with
transition-metal and chalcogen atoms alternating on the hexagon corners. These
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Figure 1: (a) Sketch of (a) TMD monolayers, (b) homobilayers as well as their (c)
twisted vertical heterostructures (HS), and (d) lateral heterostructures. Thanks
to their two-dimensional nature these materials host deeply-bound excitons with
binding energies of several hundreds of meV. In addition, new quasi-particles
appear in TMD bilayers including interlayer and hybrid excitons as well as
localized moiré excitons in twisted HS or charge-transfer excitons in lateral HS.

materials are relatively common in the bulk version, for example used as excel-
lent lubricant - also this property stems from the weak van der Waals interaction
between their layers [10]. Importantly, they are very stable in the exfoliated
version, hence making their experimental realization particularly affordable. In
addition they are very flexible and their 2D nature makes it particularly easy to
integrate them with different materials [I1], as these can be directly deposited
on top of them resulting in vertical heterostructures (HS), cf. Fig. [[{b), held
together by van der Waals bonding. This allows an additional control via stack-
ing and twisting the two layers, resulting in the formation of an in-plane moiré
potential [12], cf. Fig. c). Growing two different monolayers in plane results
in lateral heterostructures, where Coulomb-bound electrons and holes can be
separated along the interface, cf. Fig. [[[d) [13, 14]. While flexibility and inte-
grability are properties shared by almost all 2D materials, TMD-based nanoma-
terials show fascinating many-particle phenomena reflected by the remarkably
versatile exciton landscape [15] [16]. As it will be further addressed later, exci-
tons are bound pairs of a negatively charged electron with a positively-charged
hole (light blue and red in Fig. . These quasi-particles show remarkable prop-
erties in TMD-based nanomaterials, forming a landscape including bright and
dark states, spatially separated interlayer, hybrid and charge transfer excitons
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Figure 2: (a) Photoluminescence spectra in mono- (red) and bilayer MoSs
(green), showing a much more intense emission for the monolayer case as re-
flected by the obtained quantum yield as a function of sample thickness (inset).
(b-d) First-principle predictions of the single-particle dispersion in (b) bulk, (c)
bilayer and (d) monolayer MoSs, showing the transition from indirect to direct
semiconductors, cf. arrows between the energetically-favourable valence- and
conduction-band extreme. (e) Exciton energies in WSa on SiO5 revealed by re-
flectance measurements: All peaks below the bandgap (dashed line) correspond
to bound excitons, cf. sketch in the inset. Figs. (a), (b-d) and (e) adapted

respectively from Ref. [17], [I8] and [19].

as well as moire excitons (Fig. |1)) that will be discussed in the next section.

1.1 Excitons in layered semiconductors

Two identical lamps emit twice as much light as one. This does not apply
to TMD heterostructures: A bilayer of MoSs emits much less light than one
single monolayer [I7], cf. Fig. [2(a). This remarkable and counter-intuitive
observation originates in first place from their single-particle bandstructure.
This changes abruptly when reducing the thickness to the single-layer case [I8]
20], as shown in Fig. b—d) respectively for bulk, bilayer and monolayer MoSs.
The bulk and bilayer material are indirect semiconductors, i.e. the maximum of
the valence band is not vertically aligned with the minimum of the conduction
band, cf. arrows in Figs b,c). Electron and holes will occupy mostly these two
energetically favourable valleys. From here they can not recombine and emit
light because the light-matter interaction preserves both energy and momentum.
Since photons carry only a negligible momentum, only direct vertical transitions
are allowed. This momentum condition is fulfilled for the monolayer case, cf.
solid arrow in Fig. d), explaining the drastically different emission intensity
between bi- and monolayer MoS, in Fig. a). Besides the intensity, also the
energy position of resonances in optical spectra reveals a characteristic property
of each single TMDs, cf. Fig. e) for the case of WSy deposited on SiOs.
Interestingly, most of these peaks appear well below the single-particle bandgap,
hence can not originate from an electron-hole recombination. The resonance
rather stem from excitons. It is the remarkably versatile excitonic landscape



which makes TMD nanomaterials so unique, as we discuss in the following.

Positive and negative charges attract each other due to the Coulomb inter-
action: This triggers the formation of hydrogen atoms, where an electron is
Coulomb-bound to a proton, forming a set of orbitals with finite energies (1s,
2s, etc.). This general rule of physics applies to semiconductors as well: Here an
exciton is formed by a Coulomb-bound electron-hole pair. The energy of such
an exciton is given by the bandgap minus the binding energy, cf. sketch in Fig.
e). Similarly to the case of the hydrogen atom, also here multiple orbitals with
discrete energies are present, cf. dots in Fig. C). These states can hence be
interpreted as 1s, 2s, etc. exciton states, with additional orbitals analogous to
2p, 3p etc. being present, as revealed by infrared or second-harmonic-generation
studies [21] 22]. Higher quantum indices imply an increase of transition energy
via a decrease of the binding energy. The energy separation between the exciton
states in TMD monolayers however does not entirely follow the Rydberg series of
the hydrogen atom [I9], as shown respectively by dots and solid line in Fig. e).
This happens because in solid state excitons do not live in empty space, but
rather are formed in a material which hosts multiple atoms, and these dielectri-
cally screen the Coulomb interaction, leading to the Keldysh-Rytova potential
[23, 24] and a Rydberg series modified by the TMD polarizability [25].

On a qualitative level, excitons are a common feature of all semiconductors.
However, excitons in TMDs are unique for multiple reasons. Here, electrons
and holes are bound together in a stronger way than in bulk TMD materials
[26], in typical III-V [27], or II-VI quantum wells [28]. This is reflected by huge
binding energies of several hundreds of meV, cf. the energy difference between
bandgap and 1s state in Fig. e). These values are much larger than the
thermal energy of 25 meV at room temperature, hence excitons dominate the
response of TMDs even at room temperature. In real space this strong Coulomb
interaction implies that for 1s excitons the electron and hole are placed within
a few nanometers, the so-called Bohr radius [29]. This increases the chances of
electrons and holes being in the same position, which is an additional necessary
condition for an efficient light-matter interaction (together with the energy and
momentum conservation discussed above). As a consequence, 1s states are much
brighter than higher-order states [I9] [15], and can absorb up to 20% of light
[17, (18, [15].

Why is the Coulomb interaction so strong for TMD monolayers? Besides
benefiting from high single-particle effective masses [30], these materials show
huge excitonic binding energies thanks to their two-dimensional nature, leading
in principle to a four-fold increase compared to the bulk case [3T]. Neverthe-
less, the electrical field lines connecting the negatively charged electron and the
positively charged hole could lead to a dielectric screening [32], B3], B4] which
weakens the Coulomb interaction. As a consequence the binding energy de-
pends inversely and quadratically on the optical dielectric constant of the host
material [19], which for TMD is unfortunately particularly large [34 [33]. Never-
theless, the atomically thin nature of monolayers allows a reduced screening. In
bulk materials, the electrical lines remain within the system, Fig. a), resulting
in a efficient screening of Coulomb interactions. In contrast, in the monolayer
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Figure 3: Sketch of excitons in (a) bulk and (b) monolayer TMDs. In the first
case the field lines between electron and holes remain within the material, where
the atoms can dielectrically screen the Coulomb interaction, hence considerably
weakening it. In contrast in the monolayer case, the lines to a large extent
live outside of the monolayer, leading to a reduced screening. (c) Sketch of the
single-particle valleys in two crucial high-symmetry points of the Brillouin zone,
with bright as well as spin- and momentum-dark excitons.

case most of the field lines live outside of the monolayer, Fig. b), where the
dielectric constant is typically (much) smaller than in TMD materials. This
leads to a drastically reduced screening and results in stronger Coulomb in-
teractions and hence larger exciton binding energies. This applies particularly
well to free-standing TMD monolayers, as in this case the field lines will extend
to the vacuum, resulting in binding energies one order of magnitude larger for
free-standing monolayers [35] compared to the corresponding bulk [26]. More
involved is the case of TMDs on substrates: In this case the binding energy
depends strongly on the dielectric constant of the surrounding, allowing for
dielectric engineering of exciton properties [36].

Besides exhibiting huge binding energies, excitons in TMD monolayers form
a remarkable energy landscape with different excitonic species. This stems pri-
marily from their involved single-particle dispersion, which shows multiple in-
teresting high-symmetry points in the Brillouin zone (cf. Fig. d)) and tens
to hundreds meV spin-splitting in conduction and valence band, respectively,
due to the spin-orbit coupling [37, [38 B0]. The presence of several relevant
high-symmetry points can be traced back to the multi-atomic composition of
TMDs. The orbitals of different states are centered around different atoms,
e.g. transition metal or chalcogen atoms for respectively K and A states in the
conduction band [39]. As a consequence, we have a variety of different exciton
species including bright KK excitons with electrons and holes being located at
the K point. Additionally, momentum-dark or momentum-indirect KA can be
formed with Coulomb-bound electrons and holes being located at different val-
ley, cf. the blue oval in Fig. [|c). Here, the first (K) and the second letter
(A) indicate the valley of the hole and the electron, respectively. The excitonic
states form valleys in the center-of-mass momentum Q. From the transport
perspective, this momentum triggers the excitonic mobility, opening the way
to remarkable transport features discussed in Sec. From the optics per-



spective, excitons can directly recombine into light only when both energy and
momentum are conserved, hence only KK states with momentum @ = |Q] in
the light-cone interact directly with light. Nevertheless, momentum-dark ex-
citons can also become optically active via phonon-assisted mechanisms, when
their occupation is high enough to compensate for the much weaker efficiency of
higher-order phonon-assisted emission compared to the direct recombination of
bright excitons [40]. Here, a crucial distinction arises between molybdenum- and
tungsten-based TMD monolayers, as the energetically-lowest states are bright
KK and dark KK’ as well as KA excitons in Mo- and W-based materials, respec-
tively [411 [42]. This difference stems mostly from the single-particle dispersion:
While the energy position at K’ reflects the spin-splitting of the conduction
band at K point (see below), the energy at A point is much higher than the
one at the K point in Mo-based TMDs, compared to the W-based ones [30]. In
addition, thanks to larger effective masses the binding energies of dark valleys
are typically larger than those of bright excitons. In tungsten-based TMDs,
this results in dark excitons being energetically below the bright states, cf. the
sketch in Fig. [3](c).

The spin-splitting stems from the spin-orbit coupling and the broken sym-
metry displayed by TMD monolayers[30]. Interestingly, the spin-splitting is
very different for conduction and valence bands, being respectively of the order
of few tens and hundreds of meV at the K point. In optics, mainly the spin-
splitting at the valence band induces the energy separation between A and B
excitons, which constitute the two most intense peaks in absorption spectra and
observed also in early studies on bulk-like TMD [43]. In photoluminescence or
transport measurements, B excitons have only negligible effects, because they
are much less occupied than A excitons in view of their large energy separation.
In contrast, the small spin-split at the conduction band has a crucial impact,
in particular in tungsten-based materials. Here, the spin-dark states composed
by electron and hole with opposite spins have an energy smaller than the one
of bright KK states, cf. brown oval in Fig. [3|(c). Before exchange interaction
[44] [45] [42] these states are degenerate with the momentum-dark KK’ states [46]
and show a peculiar interaction with light. The bright excitons interact with
light propagating out-of-plane, as this can couple only with the orbital angular
momentum hence preserving the spin [37]. In contrast, these states composed by
electron and hole with opposite spin couple with photons propagating in-plane
[47, 48], hence requiring a finite aperture of the microscope to be detected. Such
an interaction is, however, considerably weaker and as a consequence we refer to
these states as spin-dark states. Nevertheless this emission can be detected via
a finite aperture of the microscope and at low temperatures, where compared
to the bright states their higher occupation somewhat compensates the smaller
exciton-light coupling [47], 48].

The excitonic landscape is further enriched in the presence of TMD het-
erostructures (HS), cf. Figs. [[{b-d). The vertical HS, also called van-der Waals
HS, are composed by monolayers stacked on top of each other (Fig. b)) While
homobilayers can be formed also directly by exfoliation of bulk materials, the
stacking of individually exfoliated monolayers opens the way to the formation



of hetero- or twisted bilayers (Fig. (c))7 as composed by two monolayers of
different composition or twisted one respect to each other. Even without twist-
ing, the stacking of different monolayers has a drastic impact on the excitonic
properties. First, electrons and holes from different layers can bound to form
interlayer excitons, cf. Fig. b), whose electrons and holes are spatially sepa-
rated in two different layers. These are particularly relevant in heterobilayers,
as these typically form type-II heterostructures. Here, due to a band-offset be-
tween the conduction and valence bands of different layers interlayer excitons
become the energetically lowest states. Second, electrons in one layer experi-
ence an electrostatic potential coming also from the atoms in the other layer,
resulting in a new contribution to the Hamiltonian, the so-called moiré poten-
tial. Third, the wavefunctions of states living in one layer can now overlap with
those of the other layer, resulting in a new tunneling contribution to the Hamil-
tonian. Such an interlayer hopping will be stronger for the states with orbitals
mostly around the chalcogen atoms, as these are closer to the other layer. At
the single-particle level, this induces drastic changes at the I' and A points in
the Brillouin zone, cf. Figs. (c,d), while the K point in the conduction band
is less affected because here the orbitals are mostly located at the central tran-
sition metal atoms [39]. At the exciton level this has even more remarkable
effects. First of all, it allows the formation of hybrid excitons, where either the
electron or the hole lives in a quantum superposition between the two layers, cf.
Fig. b). This leads to crucial variations of excitonic energies also in homobi-
layers, while in heterobilayers it crucially triggers the sub-picosecond formation
of interlayer excitons, which are formed via phonon-mediated scattering into
hybrid excitons after an optical excitation of intralayer states [49, 50]. In gen-
eral, the interlayer tunneling leads to an energetically larger separation between
bright and dark exciton states compared to the monolayer case [51], 35]. In
addition, more dark states become relevant, including e.g. T'K excitons [50] and
the recently-observed T'A states [35]. Interestingly, momentum-dark states are
crucial also for homobilayers based in molybdenum-based TMDs [50], contrary
to their monolayer counterpart [52] [53].

So far we have introduced excitons which can be localized in their relative
motion, but not in their center-of-mass motion, i.e. Coulomb-bound electrons
and holes must be close to each other, but they can propagate freely as a quasi-
particle. The situation differs significantly in the presence of twisted or lateral
heterostructures, cf. Figs. c) and d). In the presence of a rigid twist,
a superlattice is formed in the heterostructure (Fig. a)). The electrostatic
interaction results in an energy potential within the plane, showing the smooth
formation of potential minima where excitons can be localized, cf. Fig. c).
The shape and periodicity of this moiré potential depend on the angle of the
rigid twist, cf. Eq. below. In particular, the spatial width of the potential
minima is crucial, as the localization is possible only for widths larger than the
excitonic Bohr radius [54]. As it will be further discussed below, the situation
becomes more involved with small twist angles (typically smaller than 1°). In
this case, the approximation of a rigid rotation is not valid anymore, because
atoms rearrange themselves resulting in a peculiar atomic reconstruction [55]



56, 57], cf. Fig. ff(b).

In lateral HS two different monolayers are grown directly one beside each
other and bind each other covalently at an interface, cf. Fig. [fd). The materials
at the two sides of the junction have different single-particle energies, resulting in
a type-1I lateral heterostructure qualitatively similar to the one of van der Waals
heterobilayers. As a consequence one expects the formation of charged-transfer
(CT) excitons, constituted by electron and hole living in different monolayer
materials forming the HS, in analogy to interlayer excitons in vertical HS, cf.
Figs. [[{b) and [[{d). However, while the first observations of interlayer excitons
in vertical heterostructures appeared already in 2015 [58], only very recently
they have been observed in lateral HS [I4] [59]. This is because of the required
high quality of the samples, which has recently improved leading to narrow
interfaces with a small residual alloying [60, 13} [6T), 62, 63] [64], 14] [59]. Recently
it has been shown microscopically how the shrinking of interface width toward
the Bohr radius opens up the way for new physics, in particular allowing the
stable formation of CT and their optical observation [I4]. These lateral HS also
hosts a remarkable transport both across [63] 65] and along the interface [59],
as it will be discussed in Sec. Bl

In this book chapter, we will address crucial features in both exciton optics
and transport in TMD nanomaterials including TMD monolayers as well as
bilayers, twisted van der Waals and lateral heterostructures. In Sec. [2] we will
focus on exciton optics in TMD bilayers, in particular addressing effects induced
by moiré potentials. In Sec. |3| we will discuss exciton transport, in particular
addressing what rules exciton diffusion and exciton drift and what impact dark
exciton states have.

2 Exciton optics

In the introduction, we have already mentioned the strong light-matter cou-
pling in TMDs as well as the drastic suppression of photoluminescence when
going from a TMD monolayer to bilayers. TMDs show a variety of intriguing
optical properties including specific valley- and spin-dependent optical selection
rules. In TMD homo- and heterobilayers, we find even richer optics phenomena
thanks to the formation of hybrid and interlayer excitons (cf. sketch in Fig.
b)) As briefly introduced in Fig. c), twisting one layer compared to the
other results in the formation of moiré potentials and associated moiré exci-
tons that can be, dependent on the twist angle, trapped resulting in a peculiar
polarization, energy, linewidth and even single-photon character of the emitted
light. The optical response of these materials can be tuned by external electric
and magnetic fields. In the following, we review these remarkable properties of
TMD-based vertical heterostructures.
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2.1 Moiré effects in relaxed and rigid superlattices

Fabricating van der Waals bilayers by stacking TMD monolayers of the same
or different composition offers a distinct physical system with novel function-
alities. Stacking, twisting, and electrically gating van der Waals bilayers open
up a unique avenue for systematically investigating the physics across a wide
spectrum from weak to strong correlations within many-body frameworks [66].
A relative, rigid rotation between the constituent monolayers creates a new ar-
tificial lattice with a much larger periodicity than that of the individual layers,
named moiré superlattice. The long-wavelength periodicity in real-space intro-
duces new electronic properties in reciprocal space, such as the formation of
flat electronic bands. These refer to regions in the electronic band structure
where the energy does not vary significantly with momentum. Here, electrons
are effectively trapped and exhibit enhanced electron-electron interactions, re-
sulting in correlated states, such as unconventional superconductivity [67] (i.e.
vanishing electrical resistance) and Mott insulator states [68]. A Mott insulator
is a material that is expected to behave like a metal according to conventional
band theory, however it exhibits insulating properties due to strong carrier-
carrier interactions. Additionally, phenomena such as exciton condensation,
where excitons transition into a coherent state at low temperatures, displaying
macroscopic quantum behavior [69], and the emergence of non-trivial phases of
matter, can occur due to the modified electronic band structure of the twisted
bilayer system. Consequently, the twist-angle, allowed by the weak van der
Waals interaction between the monolayers, is a decisive parameter in the study
of two-dimensional quantum materials and driving research into the emerging
field of twistronics.

TMD bilayers can consist of monolayers with either identical (matching lat-
tice constants) or different (varying lattice constants) compositions. The emer-
gence of two distinct scenarios upon twisting depends on the lattice mismatch
and the twist angle between the monolayers: (a) rigid moiré superlattice and
(b) lattice reconstruction [55, 506, 7] (Figure[4]). The distinction between a rigid
moiré superlattice and lattice reconstruction lies in the nature of the interlayer
interaction and the resulting structural behavior. In bilayers with a slight twist
angle (near to 0° or 60°), the superlattices can experience a significant struc-
tural reconstruction (atomic relaxation) to minimize the additional energy due
to the small misalignment [70} [7T], [72]. This atomic rearrangement modifies the
optoelectronic properties of the twisted bilayers, mainly due to interlayer hy-
bridization of electronic states, leading to the emergence of multiple flat bands
with distinct energy levels, as well as ferroelectricity (i.e., spontaneous elec-
tric polarization that can be switched by the application of an external electric
field) with domains of opposite out-of-plane polarities (Figure[4[b)). The precise
value of the twist angle at which reconstruction occurs is influenced by the lat-
tice mismatch and van der Waals interactions between the layers and it is larger
in homobilayers compared to heterobilayers. This value, known as the critical
angle, represents the upper limit of the twist angle where reconstruction occurs
and it is still under investigation for different TMD monolayer combinations.
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Figure 4: (a) Schematic illustration of a slightly twisted TMD homobilayer
showing the rigid moiré superlattice. Three distinct atomic registries are high-
lighted, with the superlattice unit cell depicted as a yellow diamond.(b) Lattice
reconstruction in a TMD homobilayer, featuring two domains: AB and BA.
These domains arise from a spatial translation of the top layer relative to the
bottom layer. In the AB domain, the top chalcogen atoms are positioned above
the bottom transition metal atom, while in the BA domain, the top transition
metal atom aligns directly above the bottom chalcogen atoms (vertical dashed
lines), resulting in an opposite ferroelectric polarity compared to the AB do-
main.

In contrast, in a rigid moiré superlattice the twist angle between two lattices
creates a periodic pattern resulting from a simple interference of the original
lattices while preventing significant reconstruction of the atomic arrangement
(Figure[df(a)). In this case, a new supercell emerges with a larger unit cell in real
space (yellow diamond in Figure [4{(a)) that creates a smaller, moiré-Brillouin
zone in reciprocal space. The name moiré suggests a large-scale interference
pattern that emerges upon superposition of two structures with similar period-
icities. The period of the moiré superlattice can be determined via [73] [74]:

(1+ Ap)ag
V20 4+ A)(1 —cos ) + A7’

(1)

’
ag—ag

where A; represents the lattice mismatch, calculated as , with af, and ag
being the lattice constant of the monolayer with the larger and smaller value,
respectively. In Figure a), two examples of moiré periodicity resulting from
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varying twist angles, 0, are plotted using Eq. neglecting atomic relaxation.
Here, the lattice constants for MoS,; and WSes are 0.319 nm and 0.331 nm,
respectively. Comparing a homobilayer MoSs/MoSs (black line, with identical
lattice constants, A;=0) to a heterobilayer MoSa/WSes (red line, with ~ 3.7%
lattice mismatch), a significant deviation in moiré periodicity is observed for
twist angles below 5°. Unlike heterobilayers, homobilayers at zero twist angles
have an infinite moiré periodicity, indicating the absence of a superlattice. Fig-
ures b,c) illustrate a schematic representation of the long-wavelength, periodic
moiré pattern formed by overlaying two monolayers with differing lattice con-
stants (MoSs and WSes). The moiré periodicity of MoS,/WSey decreases from
9 nm to 3 nm as twist angles vary from 0° (Figure [f|b)) to 5° (Figure [5{c)),
respectively. Consequently, combining TMD monolayers with varying lattice
constants [75] and twist angles enables precise control over moiré superlattice
periodicity. The resulting moiré supercell extension can be substantial, typically
ranging from a few to tens of nanometers.

Notably, there are two energetically favorable stacking orders that offer dis-
tinct physics in hexagonal bilayers, i.e. 0 and 60 degrees twist. In the case of
homobilayers, the stacking order of 0 degrees twist is named AB and for the 60
degrees, AA’. A side-view example of the AB stacking is shown in Figure [4b).
The interlayer distance in these two cases is very similar, on the order of 6.17
A. In contrast, for 0 and 60 degrees twisted heterobilayers the local symmetry
and interlayer distance periodically varies (because each high symmetry stacking
has a preferred interlayer distance) following the moiré period due to the lattice
constant difference between the constituent monolayers (Figure [5[b)). Various
terminologies have been employed in different studies to describe the stacking

(a) 20 ' ' ' (b) - £ MoS,/WSe, 0= 0° ,
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Figure 5: (a) Calculated moiré wavelength as a function of the twist angle,
using Eq. [1} for a homobilayer MoSy (black) and a heterobilayer MoSs/WSesy
(red). (b) Ilustration of the 9Inm moiré periodicity in a zero and (c) 5° twisted
MoS,/WSes heterobilayer, considering their lattice constants.
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Figure 6: Band gap energy landscape of a bilayer for parallel (R-type) atomic
registries. The potential difference between the highest and lowest energy is
approximately 100 meV for R-type stacking, while similar -but weaker- modu-
lation is expected for H-type stacking. The values are taken from Refs [79] 80].

orders of bilayers, leading to unnecessary confusion within the community. To
eliminate this confusion, the stacking arrangement in both homo- and heter-
obilayers is now commonly denoted as R-type for parallel (0°) and H-type for
anti-parallel (60°) configurations. The letters H and R represent hexagonal and
rhombohedral respectively, mirroring the bulk 2H and 3R stacking polytypes
[76]. It is noteworthy that H-type bilayers possess an inversion center, while
R-type bilayers do not, resulting in significant differences in their respective
nonlinear properties [77}, [7§].

Within the moiré supercell, three locations with a three-fold rotational sym-
metry are identified: R}, R;X, and R} (inset of Figure a)). Here, R}, denotes
R-type stacking with the y site (h, corresponding to the hexagonal center, X the
chalcogen atom, and M the metal atom) of the top layer aligning with the hexag-
onal center (h) of the bottom layer. Correspondingly, for anti-parallel stacking
orders the notations switch to H', HX, and HY (not shown in Figure a)).
These high-symmetry areas, often referred to as local atomic registries, play a
significant role in determining the local optoelectronic properties and optical
selection rules of the moiré superlattice. The interactions between neighboring
atoms within each atomic registry, together with the symmetry and periodic-
ity of the superlattice, lead to modifications in the electronic band structure
of the homo- or heterobilayer. The possibility of engineering such a superlat-
tice presents exciting opportunities for band gap engineering, the formation of
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moiré minibands in the Brillouin zone, and the realization of topological states
of matter. The moiré superlattice induces a periodic spatial variation in the
band gap, closely linked to the local atomic registry. Notably, the band gap
can undergo modulation with a potential depth of ~ 100 meV in R-stacking,
in contrast to a much weaker modulation of ~ 20 meV in H-stacking [81], [74].
Figure [f] illustrates an example of the lateral modulation of the band gap as a
function of direction across the three rotational symmetries of the superlattice
in R-stacking.

Now, we briefly introduce experimental methods to distinguish between H-
and R-stacking orders and to elucidate information on rigid and reconstructed
moiré superlattices in TMD bilayers.

2.1.1 Experimental techniques for investigating moiré superlattices

We categorize three distinct experimental techniques for examining moiré super-
lattices, each with its own advantages and drawbacks: scanning and transmis-
sion electron imaging, tip-based methods, and optical spectroscopy and imag-
ing. Traditionally, imaging methods used to experimentally investigate twisted,
rigid, and reconstructed moiré superlattices rely on the high spatial resolution of
electron imaging techniques [66], such as tunneling electron microscopy (TEM)
[72, B2], scanning tunneling electron microscopy (STEM) [83], and secondary
electron microscopy (SEM) [84]. While these methods offer powerful real-space
imaging with atomic resolution and they can easily offer imaging of nanometer-
scale moiré superlattices, they can also be destructive and impractical for certain
device geometries. Kelvin probe and piezo force microscopy (KFM and PFM)
also provide direct imaging of moiré superlattices and offer quantitative insights
into the surface potential of both reconstructed and rigid moiré configurations.
These techniques can also reveal opposing polarities within ferroelectric recon-
structed domains [85]. However, tip-based techniques require the tip to be
brought extremely close to the sample’s surface. Consequently, the top surface
must remain bare and not covered by an hBN layer. This lack of coverage limits
the sample’s protection from its environment. Non-destructive optical methods,
such as polarization-resolved microphotoluminescence (uPL), second harmonic
generation (SHG), and microRaman spectroscopy, are routinely used to extract
the twist angle in bilayers and investigate moiré superlattices, though their spa-
tial resolution is given by light diffraction limit (hundreds of nanometers) [86].

In the case of homobilayers, differential reflectivity experiments can distin-
guish between HZ and Rff stacking orders by measuring the energy difference
between A and B excitons [87]. The spatial resolution of optical techniques
can be enhanced by integrating optical spectroscopy /imaging methods with the
near-field enhancement provided by a metallic tip, such as tip-enhanced PL and
Raman spectroscopy. Furthermore, recent advances in scanning near-field opti-
cal microscopy methods (SNOM) [88] provide information based on light scat-
tering phase and dynamics of quasiparticles such as phonon polaritons (coupling
between phonons and photons) and plasmon polaritons (coupling between col-
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lective oscillations of electrons and photons) in the moiré domains, with spatial
resolution limited only by the tip radius (approximately 10 nm), comparable to
the moiré supercell. In optical spectroscopy, it is important to emphasize that,
with its ability to probe the electronic and vibrational properties of materials, it
offers a non-invasive and highly sensitive approach to characterizing the micro-
scopic details of these structures. By utilizing advanced optical techniques, such
as ultra-low and high frequency Raman spectroscopy, as well as low-temperature
photoluminescence spectroscopy, it is possible to distinguish subtle variations in
lattice configurations and explore the manifestation of moiré patterns. In addi-
tion, TMD monolayers can serve as efficient sensors to optically probe correlated
states of adjacent rigid moiré structures [89] or as optical probes for ferroelec-
tricity in the underlying reconstructed structure. The doping density and type
that is induced in the monolayer by the underlying ferroelectric structure can
be controlled by adjusting the position of the monolayer semiconductor in re-
lation to the ferroelectric interface. For example, recent results highlight the
potential of the ferroelectric hBN/WSes van der Waals stacking as a promising
optoelectronic structure [90].

In the context of rigid moiré structures, the periodic potential induces exci-
ton localization, which can be investigated through low-temperature, polarization-
resolved photoluminescence spectroscopy. This allows to record the emergence
of spectrally-sharp emission from excitons trapped in the moiré potential, ex-
hibiting anti-bunching photon emission statistics [0I]. This analysis follows
specific optical selection rules based on the corresponding atomic registry [81].
The alignment and twist angle of the layered structure can be systematically
monitored before, during, and after fabrication of bilayer superlattices, using
polarization-resolved second harmonic generation [92]. For the lattice recon-
struction, resonant second-harmonic generation spectroscopy recently served as
a non-destructive method to characterize the lattice structure of small-angle
twisted bilayer samples. [93]. Notably, ultra-low and high-frequency Raman
spectroscopy identifies the relative intensity ratio of various signature lattice
vibrations [94]. This approach, applied as a function of twist angles, reduces
the stacking order and rotation uncertainty and provides valuable insights into
the nature of the moiré superlattice, distinguishing between relaxed and rigid
configurations.

2.2 Interlayer excitons

In this section, we focus on Coulomb-bound electron-hole pairs in TMD bilay-
ers, known as interlayer excitons, where the constituent electron and hole can
be located in different layers, separated by the van der Waals gap. These in-
terlayer excitons have garnered significant scientific interest due to their unique
and tunable properties for applications in optoelectronics and quantum optics
[05]. Interlayer excitons in TMD bilayers significantly enhance the capabili-
ties initially offered by interlayer excitons in III-V coupled quantum wells [96].
The advantages of TMDs include their remarkably thin layers (less than 1 nm),
which can be assembled with sharp interfaces and transferred to any photonic
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Figure 7: Formation of interlayer excitons in (a) heterobilayers and (b) hy-
bridized interlayer excitons in homobilayers. In heterobilayers, electrons and
holes are confined to different layers. Radiative recombination involves spin and
momentum conserving transitions between the bottom conduction band of the
upper layer and the top valence band of the bottom layer (indicated by black
arrow). In H} homobilayers, the electron is localized in one of the two layers,
while the hole is delocalized over both layers due to mixing with B-excitons.
This hybridization arises from spin-conserving hole tunneling processes that in-
volve the lower and upper valence bands of different layers. This unique process
in this stacking order results in the formation of two symmetric hybridized inter-
layer excitons with opposite out-of-plane dipole moments. The states involved
in the formation of each hybridized exciton are depicted in black and orange
colors. For clarity, the K valley of the top layer and the K’ valley of the bottom

layer are presented separately in momentum space.

circuit. The substantial binding energies of interlayer excitons in TMDs, typ-
ically around 150 meV, compared to just a few meV for interlayer excitons in
ITI-V systems, allows their observation even at room temperature. Further-
more, the ability to control the interlayer distance by adding thin hBN layers
at the heterobilayer interface, along with twist angle degree of freedom between
the two layers, enables new functionalities for controlling the absorption, emis-
sion, transport, and localization of interlayer excitons. We distinguish between
two types of interlayer excitons: those that form in heterobilayers and those
that form in homobilayers. However, we will only discuss direct transitions in
momentum space. Therefore, for TMD heterobilayers (Figurd7j(a)) and homo-
bilayers (Figurd7|(b)), only transitions between conduction and valence bands
at the K-points of the Brillouin zone will be introduced.
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2.2.1 Hybrid interlayer excitons in homobilayers

Vertical stacking of monolayers forming bilayers, allows the formations of in-
terlayer and hybrid excitons, Figure b). Hybrid excitons are crucial in the
dynamics, where they provide a key intermediate step between the formation of
intra- and interlayer excitons in both hetero- and homobilayers [49] [07] 50]. In
addition, their degree of hybridization and resulting spatial dipole can be elec-
trically tuned, providing a crucial transport control which will be discussed in
Figure|16[[98]. Momentum-dark interlayer and hybrid excitons can have particu-
larly low energy, resulting in emission of photoluminescence via phonon-assisted
mechanisms [51} [35]. We emphasize that there are striking differences in absorp-
tion and emission energy and strength when comparing interlayer excitons in
heterobilayers and hybridized interlayer excitons in homobilayers. Considering
the hybridized interlayer exciton shown in Figurd7|(b) (black lines) post-DFT
calculations predict for MoSs bilayers an unusually high oscillator strength on
the order of 20% compared to the corresponding intralayer exciton transition
[99, 100]. This is surprising for an interlayer exciton state where usually the
reduced wavefunction overlap between the spatially separated electron and hole
results in low oscillator strengths. Optical spectroscopy experiments verify the
prediction, showing a transition with high oscillator strength in reflectivity spec-
tra of MoSy bilayers (similar to MoSey bilayers) that persists even at room
temperature (Figure a)).The primary contributions to this transition arise
from states corresponding to the spin-down bottom valence band of the top
layer, partially hybridized with the spin down upper valence band of the bot-
tom layer, along with a well-localized electron at the second lowest conduction
band states of the top layer. The symmetric counterpart of this hybridized ex-
citon, where the localized electron resides in the bottom layer, is illustrated by
yellow dashed lines in Figure b). This symmetric arrangement of two degen-
erate hybridized excitons is not feasible in heterobilayers, where the electron
and hole are distinctly localized in separate layers. The remarkable oscillator
strength observed for this spatially indirect transition in MoS; bilayers arises
from its strong mixing with intralayer B-exciton states. It is important to note
that the symmetry of the first valence bands in K is mainly characterized by
dg2_,2 and dgy orbitals, mixed with p, , orbitals of the chalcogen atom, while
the first conduction bands are composed of d,2 orbitals around the metal atom,
hence resulting in a negligible overlap with the analogous orbitals from the other
layer. As a result, hybridization (or interlayer hopping) of holes in the valence
bands is possible, but remains forbidden for electrons in the conduction bands.
The stacking order symmetry of the homobilayer also influences the formation
of hybridized excitons, primarily occurring in the H} stacking order, as can been
seen in Figure b,c) where the interlayer exciton absorption is visible for H-
type but not R-type stacking [I00] [T0I]. Therefore, the ability to engineer the
formation of hybridized excitons via the twist angle and stacking order presents
an exciting opportunity for producing photonic structures using homobilayers,
as recently showcased using large-scale chemical vapor deposition MoS; samples

(see Figure [§|(b,c)) [87].

18



Temperature
—4K
— 80K
—— 160K

200K

240K
— 280K
71— 300K

7 1E 18 20 oq 22 18 19 20 21 22
Energy (eV) Energy (eV)

1st derivative of AR/R

MoS, IE

T=4K

Figure 8: (a) Temperature dependent reflectivity experiments of H! MoSy ho-
mobilayers. Hybridized interlayer excitons have sufficient oscillator strength and
binding energy, making them detectable even at room temperature. (b) Optical
microscope images of as-grown R (left) and H? MoS, homobilayers (right) on sil-
icon oxide/silicon substrate.(c) Twist angle-dependent reflectivity experiments
demonstrating that interlayer hopping of holes for the formation of hybridized
excitons (highlighted in green color) is allowed in H!! MoS; homobilayers but not
in R-stacking order (i.e., zero twist angle). Figs. (a) and (b), (c) are adapted
from Refs. [100] and [87], respectively.

We emphasize that homobilayers are indirect gap semiconductors with the
lowest energy transitions involving states away from the K-points of the Bril-
louin zone (e.g. A conduction band and I' valence band [51 B5]). Consequently,
hybridized interlayer excitons in homobilayers are not strong light emitters,
however recent reports demonstrate light emission from these exotic complexes
[1021[35]. Notably, the interlayer coupling for hole states is also influenced by the
the magnitude of the spin-orbit splitting. As the spin-orbit splitting increases,
the probability of hole tunneling decreases. This is because a larger energy
barrier must be overcome for holes to hybridize between the two monolayers.
Bilayer MoS, [100, [87] and MoSe; [103] [I01] offer advantageous conditions for
observing interlayer excitons, as the interlayer coupling of valence bands is al-
lowed and the spin-orbit splitting is smaller (=180 and ~200 meV, respectively)
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Figure 9: (a) PL at T = 4.2 K from hBN-encapsulated MoSe; monolayer (or-
ange), WSey monolayer (blue), and MoSes/WSes heterostructure (brown). In-
tralayer exciton emission is observed from the MoSe; and WSes monolayers.
Interlayer exciton emission (IX1 and IX2) appears at lower energies compared
to the intralayer resonances in the heterostructure. (b) Band alignment between
2D semiconductor monolayers as calculated in Ref. [I05]. The arrow indicates
the wavelength of the optical gap for various materials ranging from visible to
near-infrared. (c) Intensity of the interlayer exciton emission in MoSes/WSey
as a function of the twist angle. For twist angles away from lattice alignment
(0 or 60 degrees), the interlayer exciton intensity drops dramatically due to mo-
mentum mismatch between the K valleys involved. Figs. (a), (b) and (c) are

adapted respectively from Refs. [86] [106], [86l [105] and [T07].

compared to MoTey, WSes, and WSs. By measuring the energy splitting be-
tween A and B excitons in bilayers, it is possible to experimentally measure the
interlayer hopping term, ¢ , linked to the interlayer interaction strength, in very
good agreement with predictions based on k-p models of bilayers [104]. Later,
we will explore how hybridized excitons can be widely tuned in the presence of
electric and magnetic fields.

2.2.2 Interlayer excitons in heterobilayers

Combining monolayers of different composition, such as MoSe; and WSes, can
favor the formation of excitonic states where the electron and hole are spatially
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separated in adjacent monolayers, due to the different band-edge energies. This
spatial separation results from the type-1I (staggered) band alignment com-
monly found in TMD heterobilayers, where the conduction and valence band
edges reside in different layers (Figure[f(a)). They exhibit differences compared
to hybridized interlayer excitons in homobilayers. Their transition energy lies
below the intralayer excitons in both layers, resulting in strong light emission
in PL, also due to the direct gap nature of aligned heterobilayers (Figure @(a)).
Typical calculated valence and conduction band energy values and relative band
alignment between different TMD monolayers are presented in Figure[9[b) [105].
The spatial separation of charge carriers results in a reduced overlap between
the electron and hole wavefunctions that impacts the physical properties of in-
terlayer exciton, such as their lifetime, dipole moment and transport, as we
will see in the transport section. Additionally, factors such as the strength of
interlayer coupling, dielectric screening, and spin-orbit splitting can influence
the formation and properties of interlayer excitons in TMD heterobilayers. The
weak interfacial van der Waals forces in heterobilayers allow for the stacking of
constituent layers with lattice mismatch, a crucial aspect for transitions at the
K-points. Here, the conduction and valence band edges at the Brillouin zone
corners of different TMD monolayers are displaced in momentum space due to
lattice mismatch and twist angle (see also Figure [L1fc)). For instance, twist-
ing monolayers in a heterobilayer significantly impacts the radiative strength
of interlayer excitons due to the introduced momentum mismatch between the
K bands (Figure [Jfc)). However, for small twist angles, momentum conserva-
tion enabled by the moiré Brillouin zone overcomes the momentum mismatch
caused by the twist [I08]. It is important to highlight that for interlayer ex-
citons involving transitions at the I-point (the center of the Brillouin zone),
as observed in InSe-based heterostructures, no dependence on twist angle is
anticipated, thereby avoiding any momentum mismatch [I09]. However, sig-
nificant hole tunneling at this point could result in an efficient twist-induced
dehybridization [I10].

2.2.3 Optical selection rules

Beyond conservation of energy, momentum and electron-hole overlapping in
real-space, there are fundamental rules that dictate the allowed and forbidden
optical transitions in semiconductors. They are known as optical selection rules
and they are associated with the transition dipole moment and the specific sym-
metry of the states involved in the transition. The transition dipole moment
(or optical transition dipole) differs from the permanent electric dipole, which
arises from the electron-hole spatial separation in bilayers and can be measured
in experiments using out-of-plane electric fields (see Stark effect [I11]) or laser
power dependent experiments [I4]. Optical selection rules play a crucial role
in spectroscopic analyses and studies of electronic band structures and quan-
tify the strength of interaction between light and matter. Knowing the wave
functions of initial and final states, one can evaluate the dipole matrix element,
a term that describes the strength of the interaction, linked to the transition
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dipole moment. Consequently, it is possible to determine the probability of a
transition and whether it is dipole allowed or forbidden for a given polarization
of light. The primary interaction stems from the electric dipole moment, where
the electric field of light interacts with the electric charge distribution of mat-
ter. Typically, the electric dipole approximation is employed to describe this
interaction, assuming that the light wavelength (and hence the amplitude of the
electric field) does not vary significantly over the spatial distribution of carri-
ers. This interaction dominates in most optical processes and forms the basis
for many optical selection rules. Additionally, magnetic interactions may also
play a role, particularly when considering the interaction between the electronic
magnetic moment with the oscillating magnetic field of light. Beyond the dipole
interaction, higher-order interactions such as quadrupole and octupole moments
become relevant, however they are orders of magnitude weaker for the systems
that we describe here. In the following, we discuss the coupling between light
polarization and interlayer optical transitions at the K valleys.

Before delving into TMD bilayers, we emphasize that the crystal symmetry
together with the orbital character of the bands and spin-orbit interaction are
responsible for the optical selection rules in TMD monolayers. Interband tran-
sitions at the K* in monolayers are chiral due to the Bloch functions of valence
and conduction bands, each possessing different orbital magnetic quantum num-
bers. This chirality is linked to the threefold rotational symmetry, Cs [I12] and
broken inversion symmetry of monolayers [I13]. Considering transitions between
valence and conduction bands at K and K’, the angular momentum components
must change as Am = +1. Thus, the optical transition matrix element gives
right (o%) and left (0~) handed polarized light coupling with K and K’ val-
leys, respectively, resulting in a valley-selective circular dichroism [I14]. Similar
symmetry arguments can be applied in TMD bilayers. For natural H-stacked
Mo-based homobilayers, circular dichroism should vanish for K, K’ transitions
due to restoration of inversion symmetry [I15]. Applying out-of-plane electric
fields in H-stacked natural Mo-based homobilayers [116] or introducing a twist
angle [I17], can break inversion symmetry and result in a net circular dichroism.
Interestingly, experiments using polarization-resolved photoluminescence in the
presence of vertical electric fields have recently reported hybridized interlayer
excitons in natural MoSs homobilayers demonstrating near 100% negative circu-
lar polarization [102]. For W-based, naturally stacked H homobilayers, despite
the restoration of inversion symmetry, an extra degree of freedom exists: the
layer polarization. The large spin-orbit splitting can suppress interlayer hop-
ping of electrons and holes, localizing the carriers in either the upper or lower
layer depending on the valley and spin state. This can result in a spin optical
selection rule with circularly polarized exciton emission in homobilayers WSes
[118] 119] and WS, [120] due to the spin-layer locking effect [104].

For TMD heterobilayers, out-of-plane mirror symmetry is always broken
partly due to the difference in the lattice constant between the top and bot-
tom layer. However, this also applies in lattice-matched heterobilayers either
prepared by chemical vapor deposition (CVD) [121] or thermally-induced recon-
structed heterostructures [122] where the two monolayers may have the same
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Band gap energy

Figure 10: (a)Schematic representation of a heterobilayer’s band structure near
the corners of the Brillouin zone. For R-type bilayers, interlayer transitions
occur between K (K’) conduction band of the top layer (black color) with K
(K’) valence band of the bottom layer (grey color). In contrast, for H-type
bilayers, interlayer transitions occur between K (K’) conduction band of the top
layer (black color) with K’ (K) valence band of the bottom layer (grey color).
Spin-conserved (singlet) and spin-flipped (triplet) transitions are indicated by
black arrows. Note that the spin order of the lower energy conduction band can
be also opposite, depending on the specific combination of TMD monolayers.
(b) Optical selection rules for singlet and triplet transitions, indicating light
polarization for every high-symmetry atomic registry in R and H type bilayers.
An example of the band gap modulation is shown with red and blue color for R
and H stacking orders, respectively, to emphasize on the expected variation of
the exciton emission energies at each atomic registry. Green color corresponds
to ot polarization, yellow color corresponds to o~ polarization and grey color
corresponds to out-of-plane (z) polarization.

lattice constant but they differ in composition. The broken mirror symmetry
in TMD heterobilayers has important consequences in the coupling between in-
plane or out-of-plane polarized light with singlet (spin-conserving) and triplet
(spin-flip) interlayer transitions (see Figure [L0fa)). Specifically, the transition
dipole moment is calculated to be comparable between singlet and triple inter-
layer excitons [123] and can be experimentally evaluated by polarization-resolved
optical spectroscopy. The local optical selection rules for interlayer excitons in
the moiré potential are governed by the Cs operator (symmetry operation that
represents a rotation of 120° about a threefold symmetry axis) for each atomic
registry and the corresponding participation of orbitals, around a common ro-
tation center of the two layers (Figure [I0|b)) [123].

In Figure b), the spatial modulation of the band gap in a moiré heter-
obilayer is illustrated together with the light polarization emission expected in
each atomic registry with three-fold symmetry. It is evident that the transition
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dipole moment can be either in-plane (¢, o~ polarization) or out-of-plane (z
polarization) with a spatial variation that depends on the location of the in-
terlayer exciton. Identifying the polarization and emission energy of interlayer
excitons through low-temperature photoluminescence spectroscopy -where the
linewidths are sufficiently sharp for spectral separation- can provide crucial in-
sights into their physical origin within the moiré superlattice. A significant
challenge lies in spatially distinguishing light emissions originating from differ-
ent atomic registries, primarily due to the diffraction limit, (several hundreds of
nanometers) which averages signals over thousands of moiré supercells. Local
interface disorder due to strain and impurities can result into inhomogeneous
broadening, thus limiting the spectral identification of interlayer excitons with
different local origin. We emphasize that recent reports determine transition
dipole moments of interlayer excitons to be 99% in-plane, using low temperature
back focal plane imaging [124]. Numerous studies claim emission of multiple,
broad interlayer excitons with opposite circular polarization, attributed either
to ground and excited states [I125], momentum indirect transitions separated
by spin-orbit coupling [126] or spin-singlet and triplet excitons [127]. Despite
the predicted significant oscillator strength of z-polarized interlayer excitons,
their negligible contribution in the optical spectra remains unclear. In future
experiments, tip-enhanced, low temperature PL spectroscopy with a spatial res-
olution of ~ 20nm (similar to the size of the moiré unit cell) can probably enable
the detection of z-polarized interlayer excitons at specific areas of the superlat-
tice [128]. Moiré-trapped interlayer excitons with sharp emission and uniform
polarization degrees will be discussed below.

2.2.4 Localization of interlayer excitons for quantum optics

TMD heterostructures offer a versatile approach to creating quantum light
sources by exploiting moiré trapping potentials for excitons. These potentials, as
discussed in previous chapters, are periodic in space and can reach depths from
several tens to a hundred meV, depending on the composition and stacking or-
der of the monolayers. Within these potentials, excitons can become effectively
localized, forming uniform arrays of quantum (single photon) emitters and un-
locking new opportunities for quantum material design (Figure [L1{a)). For an
effective exciton localization, it is necessary that the Bohr radius (~1 nm) is
smaller than the moiré period (see Eq. [1)) [64]. Through the strategic stacking
of different atomic layers, it is possible to engineer novel quantum phenom-
ena with unprecedented precision, leveraging various tuning parameters such as
twist angle, interlayer spacing, strain, and external electric and magnetic fields.
Many studies have observed multiple sharp lines in photoluminescence experi-
ments with the energy separation between the peaks and the polarization of the
emission to be dependent on the twist angle [129, [125] [130]. Typical linewidths
of these sharp lines are on the order of 100 peV, similar to quantum emitters in
WSes monolayers [131], 132].

Moiré-trapped interlayer excitons exhibit strong circular polarization in pho-
toluminescence experiments with values exceeding 70% at low temperatures,
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while the sign of the polarization is reversed between H and R stacking order (see
Figure b)) In contrast to quantum emitters in monolayers, moiré-trapped
interlayer excitons show negligible linear polarization emission. The similar cir-
cular polarization emission between the emitters shown in Figure b) suggest
a common interlayer atomic registry with a threefold rotational symmetry, Cs.
Experimental signatures of interlayer exciton localization can be obtained by
laser power dependent photoluminescence experiments, where at very low pow-
ers (order of pW) saturation of emission intensity is observed (Figure [L1fc)
[91]). Depending on the depth of the moiré potential and the emission rate of
interlayer excitons, the power curve saturates because higher excitation leads to
a delocalization of moiré excitonic states [I33]. Remarkably, interlayer excitons
can also exhibit dipolar interactions, leading to optical nonlinearities when a
multitude is confined within a harmonic trapping potential [I34] 135]. Another
method to create periodic arrays of quantum emitters based on interlayer exci-
tons involves transferring TMD heterostructures onto nanopatterned substrates
containing sharp (/100 nm) nanopillars on their surface. This process intro-
duces point-like strain perturbations, which locally modify the band gap and
effectively trap excitonic species [136], 132 137, 138, [139].

However, until recently, there was no unambiguous demonstration of quan-
tum light emission from moiré-confined interlayer excitons. Previous reports
only offered signatures and indirect evidence of quantum emission (such as
sharp linewidths and early power dependent saturation intensities), mainly due
to weak emission intensities. Notably, second-order correlation function g(?(0)
experiments with optimized collection efficiency in MoSes/WSes heterostruc-
tures revealed photon antibunching and provided direct evidence of the quan-
tum nature of moiré interlayer excitons (Figure [[1{d)) [91]. The topic is still
under intense investigation to understand the microscopic origin of the numerous
quantum emitters and determine their association with the local atomic registry.
Signatures of moiré intralayer excitons (electrons and holes residing within the
same layer) in heterostructures have also been reported in absorption experi-
ments, affected by the periodic moiré potential [I40]. Intralayer excitons can
also hybridize with interlayer excitons under the premise that the conduction
or valence bands are delocalized over both layers, enhancing the impact of the
moiré potential on the optical properties of the heterostructure [I41].

2.2.5 Interlayer exciton lifetime

Spatially indirect excitons and their prolonged lifetimes have been a subject
of active research since the 1980s following the discovery of double quantum
well systems [142], [T43]. There are similarities between indirect excitons in dou-
ble quantum wells and those in TMD heterostructures, such as a static dipole
moment and the reduced overlap of electron-hole wavefunctions, resulting in
extended lifetimes. However, interlayer excitons in TMD heterostructures offer
significant advantages that make them appealing for fundamental studies and
potential optoelectronic applications. These advantages include stronger bind-
ing energies that surpass thermal dissociation, a small Bohr radius (=~ 1 nm),

25



0O
~

(a) single photons

)
W
N
N

LY

¥
\s
W
W

ah

N

W
N
o

At
W
R
W

!

\
W
\

X
Y

4y
N
W
4y
\

W
W
AN
!‘\
S\

W
N
W

Z 0001 001 04 1
trapped exciton Excitation power (uW)

W
N
LY

\
23

Integrated PL int. (kcps) —

o*excitation 0= 51" 200
150 { / \ |
7]
= .4 N 2
: o
b 100 ‘ / q:)
= 1 - J
5 { ” 100 ©
£ o
: =
T 50 [ 3 15 8
0.0 0
-40 -20 0 20 40

0 —T—
1.392 1.395 1.398 1.401 1.320 1.325 1.330 1.335
Energy (eV) Energy (eV)

Delay (ns)

Figure 11: (a) Illustration of a twisted heterostructure showing a moiré super-
lattice, where excitons can be trapped at local periodic potentials and create
arrays of single photon emitters. (b) Helicity-resolved photoluminescence spec-
tra of moiré-trapped interlayer excitons of heterobilayers close to H-stacking
(left) and R-stacking (right). Insets show the precise twist angle and red (blue)
spectra correspond to ot (07) light emission. (c) Power dependent photolu-
minescence integrated intensity of a single emitter (taken from reference [91]).
(d) Second-order photon correlation statistics of a single emitter showing anti-
bunching photon statistics with a g(?(0) value of 0.28 + 0.03 (also taken from
reference [91]). Figs. (b) and (c,d) adapted respectively from Ref. [129] and

[o1].

tunable optical selection rules and additional degrees of freedom to engineer
lifetimes. Consequently, exotic phenomena such as excitonic condensation at
elevated temperatures and superfluidity are anticipated with interlayer excitons
in TMD heterostructures [144].

Now we examine in more detail the radiative lifetime of interlayer exci-
tons. The spatial separation between the electron and hole has important con-
sequences in the decay rate of interlayer excitons but also in their valley depo-
larization rate compared to intralayer excitons in monolayers (Figure[12(a)). In
previous sections we have seen the optical transition dipole moment dictating
the optical selection rules in a semiconductor. This type of dipole moment char-
acterizes the coupling between excitons and photons, given by the off-diagonal
matrix element in an optical transition, (0|7 X) (here, fi is the dipole operator,
|0) is the vacuum and |X) is the exciton) [I08]. The strength of the exciton-
photon coupling is named oscillator strength and is proportional to | (0[] X) |?.
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Figure 12: (a) Illustration of a TMD heterostructure showing intralayer exci-
tons (IAX), where the electron and hole wavefunctions strongly overlap. For
interlayer excitons (IEX), the overlap of the electron and hole wavefunction is
reduced due to the spatial separation of the carriers. This can be further en-
gineered by introducing additional hBN spacers between the constituent mono-
layers and further increase the distance between the electron and hole (right).
Here, d; < ds. (b) Time-resolved photoluminescence showing the long lifetimes
(order of nanoseconds) of interlayer excitons, measured at T = 4.5 K (data taken
from Ref [145]). This is much longer compared to IAX in monolayers, exhibiting
picosecond lifetimes at the similar temperatures. (c) Schematic representation
of the relative twist between the two Brillouin zones (red from top monolayer
and blue from bottom monolayer) in the reciprocal space, introducing a finite
momentum, Qrgx, in the center of mass momentum of IEXs. (d) Twist angle
dependent IEX lifetimes showing longer decay time for larger twist angles. (e)
Exciton decay time for different twist angles in twisted homobilayers due to
varying interlayer hybridization. Figs. (b), (c,d) and (e) adapted respectively

from Ref. [145], [146] and [147].

Calculations that consider the spatial separation between electrons and holes
[148], [80, 149, 150], estimate that the oscillator strength (linked to the transition
dipole moment) for interlayer excitons is orders of magnitude smaller compared
to intralayer excitons. Consequently, this results in much longer lifetimes for
interlayer excitons, as confirmed experimentally by several groups (an early ex-
ample is shown in Figure (b) [145]). For comparison, typical lifetimes for
intralayer excitons at T = 4 K are on the order of one to a few picoseconds,
whereas interlayer excitons extend into the nanosecond regime, even microsec-
onds [I51], 152 136]. Other reports claim that the intrinsic interlayer exciton
lifetime is not on the order of nanoseconds but hundreds of picoseconds, opening
the discussion for the role of the relaxation pathway before radiative recombina-
tion [I53]. Besides the radiative lifetime, interlayer excitons exhibit long valley
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polarization lifetimes because their reduced oscillator strength is strongly linked
to the exchange interaction, €, responsible for the valley depolarization [154].
Indeed, many recent reports demonstrate ultralong (tens of microseconds) val-
ley lifetimes, rendering interlayer excitons as potential candidates for low-energy
dissipation valleytronic devices. [155] [I56]. Note also that the decay time is af-
fected by the presence of dark states [41], with crucial impact on transport [63]
(as we will see later), as well as by non-radiative mechanisms such as trapping
in defects.

New degrees of freedom, such as the twist angle and the incorporation of ul-
trathin hBN spacers between the monolayers in van der Waals heterostructures,
offer additional control over the lifetime of interlayer excitons. In Figure (a),
a schematic comparison between two heterostructures with different interlayer
distances is shown. Introducing additional hBN layers between the two TMD
monolayers, further reduces the spatial overlap between the electron-hole wave-
functions, offering the capability to engineer and further increase the lifetime of
interlayer excitons [I57]. Remarkably, the interlayer exciton lifetime drastically
changes as a function of the twist angle (Figurd12|d)) [146]. Comparing sam-
ples between 1° and 3.5° twist angles, one order of magnitude longer lifetimes
have been reported with increasing twist angle. This effect is attributed to an
additional momentum mismatch (Qrgx, Figurdl?[(c)) that impacts the center
of mass of the interlayer exciton, prolonging radiative recombination (Figure
12/(d)). In the case of twisted homobilayers and hybridized excitons the lifetime
is strongly impacted by changes in the hybridized wavefunctions in real space
as a function of the twist angle [I47](Figure [12{e)). We note that also optical
cavities have been examined as tools to control the lifetime of interlayer excitons
reaching tunability over two orders of magnitude due to the Purcell effect [I58].

2.2.6 Tuning of interlayer excitons by electric fields

Besides the optical transition dipole moment, interlayer excitons also possess
another type of dipole. It is named static electric dipole moment, (X|i|X),
and represents the diagonal matrix element of the dipole operator i for an
exciton state, X [108]. Aligned along the out-of-plane direction (£), this static
dipole is proportional to the layer separation pointing from the negative charge
to the positive one and its magnitude can be engineered by adding additional
hBN spacers between the two monolayers [I57] (see interlayer excitons with
and without spacer in Figure [12(a)). Importantly, the static dipole moment
can introduce energy shifts in the interlayer exciton state by applying vertical
electric fields (—E - (X || X), Stark effect), a notable distinction compared to
intralayer excitons that show negligible static dipole moments.

An illustration of a device to apply vertical electric fields using van der
Waals materials is shown in Figure [13[(a) [I11I]. Two graphene (or few layered
graphene) flakes are used as a top and bottom electrodes (blue color) and the
active material (here with red color, a homobilayer MoSs but it can be replaced
by any heterostructure) is separated from the graphene electrodes by a dielectric
material, typically hBN (green color). Applying a voltage between the top and
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Figure 13: (a) Illustration of a device designed to apply vertical electric fields
in a van der Waals stack. Blue parts correspond to the few-layered graphene
electrodes, green parts to dielectric hBN, while the TMD is presented with red
color. (b) Map of photoluminescence emission showing a linear energy shift of
the interlayer excitons as a function of the applied electric field. (c¢) Colour
map of the absorption spectra as a function of the electric field Fz applied
perpendicular to the stack, showing a clear Stark splitting of the two interlayer
excitons. Figs. (a,c) and (b) adapted respectively from Ref. [I11] and [106].

bottom electrodes generates an electric field that shifts the energy levels of the
interlayer exciton by AE = —pu, - F,, where F, is the applied electric field in the
Z direction and p, is the static dipole moment. The direction of the electric field
can be conveniently controlled by switching the sign of the potential difference
between the top and bottom electrode. Consequently, the static dipole moment
can be experimentally measured by recording the interlayer exciton’s energy
shift as a function of the applied field. Moiré-trapped interlayer exciton-based
quantum emitters in heterostructures, exhibit shifts on the order of 40 meV [91],
while broader singlet and triplet interlayer excitons show strong, linear energy
shifts that exceed 100 meV [I06] (see Figure [I3(b)). The measured electric
dipole moments of interlayer excitons typically fall within the range of 0.5 nm-q,
with g representing the elementary charge, where 0.5 nm is roughly the interlayer
distance of bilayers. The large tunability in the emission energy of interlayer
exciton energy, combined with their extended lifetimes, has sparked considerable
interest in developing excitonic transistors. These devices aim to control exciton
transport through engineering of an electrostatic potential landscape [159].

In contrast to heterobilayers, homobilayers accommodate two degenerate,
hybridized interlayer exciton species with opposing electric dipole moments,
along with strong oscillator strengths. Consequently, when subjected to Zz-
electric fields, absorption spectra reveal a distinct separation between the in-
terlayer exciton species [IT1] [160] (compare Figures [I3|(b) with [I3{c)). The
magnitude of the Stark shift and the electric dipole moment values resemble
those of interlayer excitons in heterostructures. Similar observations in the
presence of electric fields have been reported for interlayer excitons that are
both spatially and momentum indirect [I61, [08]. The intriguing interaction
and mixing between intralayer with interlayer exciton states has also been re-
vealed by tuning their energies close to resonance using external electric fields
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[162] (for instance, see the avoided crossing between B-excitons and interlayer
exciton, IEs, in Figure [13|c)).

2.2.7 Tuning of interlayer excitons by magnetic fields

Magneto-optical experiments are routinely used to measure the effective inter-
layer exciton Landé g-factor. Similar to the electron g-factor, the effective Landé
g-factor quantifies the response of an interlayer exciton to an external magnetic
field. The effective Landé g-factor is determined through the measurement of
the Zeeman energy splitting of an exciton, AF = g-up- B, where up represents
the electron’s Bohr magneton and B denotes the applied external magnetic field
that breaks the time inversion symmetry [163]. AE corresponds to the Zeeman
splitting between right (o) and left (0~) circularly-polarized light components.
For instance, bright excitons in TMD monolayers yield effective Landé g-factor
values of g &~ —4. In general, semi-phenomenological models are employed to
describe the exciton’s g-factor. These models typically incorporate three main
contributions: spin, valley, and orbital terms, which are added to determine the
g-factor value [164] (see FiguredI4|(a,b)). Common optical methods employed for
measuring the Landé g-factor of interlayer excitons in heterobilayers [129] and
homobilayers [165] include magneto-photoluminescence/absorption techniques
where ot and o~ components are measured in the presence of out-of-plane
magnetic fields.

It has been reported that the interlayer exciton g-factors differ between R-
stacking (= 7 for triplet, ~ —8 for singlet [106, [74]) and H-stacking (~ 15 for
triplet, &~ 10 for singlet [166] [74]) depending on the local atomic registry where
the interlayer exciton is localized and contributions from spin, valley, and orbital
terms (see Figures[I4|a,b)). It should be noted that strain can impact the local
symmetry and create local potentials, thus affecting the value of the g-factor
[167]. Therefore, a uniform distribution of g-factors suggests that the structure
is well retained over the exciton wavefunction [129]. Consequently, the inter-
layer exciton g-factor can assess the stacking order and effectively distinguish
between singlet and triplet states. In homobilayers, a clear distinction between
intra- and interlayer exciton transitions can be observed in magneto-optical ex-
periments, where polarization-resolved differential reflectivity contrast reveals
g-factors with opposite signs and amplitudes, approximately —4 for intralayer
states and approximately 8 for interlayer ones [165] (see Figure [14)c) [111]).
Notably, hybridized interlayer exciton states in homobilayers offer a strong ma-
nipulation of the exciton g-factor over a broad range, from —4 to +14, via
mixing with intralayer states by simultaneously applying electric and magnetic
fields [168].

3 Excitonic Transport

In previous sections we have discussed the remarkable excitonic landscape of
TMD nanomaterials, which exhibit deeply-bound bright and dark excitons in-
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Figure 14: Up: schematic showing the contributions to the interlayer exciton
Zeeman shift from the electron spin (Ag, black), valley (A,, green) and atomic
orbital (A,, orange) for heterobilayers with twist angles of (a) 0° and (b) and
60°. Down: experimentally extracted interlayer exciton g-factors for twist an-
gles of (a) 0° and (b) and 60°. (c) Polarization-resolved absorption spectra of
homobilayer MoSs at zero magnetic field (top) and B = 9 T (bottom). The
orange and blue curves correspond to o~ and o polarization. Intra- and in-
terlayer excitons show opposite Zeeman shifts. Figs. (a,b) and (c) adapted
respectively from Ref. [129] and [111].

cluding spatially separated interlayer, hybrid and charge-transfer excitons in
vertical and lateral TMD heterostructures. So far, we have mostly focused on
exciton optics in these two-dimensional materials. Now we move our atten-
tion to exciton transport, which is particularly important for optoelectronics
applications.

All our electronic devices basically rely on electrons moving from one part
to another. TMDs are characterized by excitons, which, luckily, also can move.
The Coulomb interaction forces the bound electrons and holes to stay close to
each other on a nanometer scale (corresponding to the exciton Bohr radius),
but leaves free their center-of-mass position. This allows excitons to propagate
through the crystal. The movement is driven by their center-of-mass momen-
tum and slowed down by scattering mechanisms, cf. Fig. a). Still on average
excitons move away from the excitation spot where they were generated, result-
ing in an exciton diffusion which will be discussed in detail in Sec. Here
we will distinguish between conventional and transient diffusion, quantifying its
speed via the diffusion coefficient and exploring which controlling mechanisms
can speed up or slow down the diffusion (e.g. temperature, exciton density,
strain, etc.).

On the other hand, we can say that speed is nothing without control: Be-
sides being fast, optoelectronics applications require excitons to drift in a given
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Figure 15: Sketch of (a) exciton diffusion and (b) directional exciton drift. The
diffusion is triggered by the excitonic center-of-mass momentum and partially
counter-acted by scattering processes with phonons or other excitons. On aver-
age excitons move away from the excitation spot, resulting in a spatial broad-
ening of the excited spatial profile. (b) Similarly to electronics, the directional
drift of excitons can be obtained by in-plane potentials, whose origin has to go
beyond regular electrostatic potential considering the neutral nature of excitons.
Fig. (a) and portions of (b) adapted from Ref. [169]

direction, cf. Fig. b). In electronics, this can be easily obtained via elec-
tronic potentials. However, excitons are charge neutral and hence can not be
directly controlled with electric fields. In Sec. we will review other ef-
ficient ways of controlling the excitonic drift. We will, in particular, discuss
exciton funneling induced by inhomogeneous lattice strain profiles and explore
additional opportunities offered by lateral TMD heterostructures via internal
in-plane potentials. Despite the neutral nature of excitons we will show that
even an electric control of exciton propagation is possible. We will microscop-
ically investigate different mechanisms of exciton transport in TMD materials
including strategies to tune and control the transport behavior.

3.1 Excitonic Diffusion

A drop of wine spilled on a table starts expanding in the table cloth. Similarly,
in two-dimensional semiconductors a confined optical excitation forms excitons,
which subsequently spread in plane. As previously discussed, in TMD nanoma-
terials the excitonic landscape is particularly rich, including bright and dark ex-
citons (cf. Fig. [3{c)), the corresponding charged excitons/trions [L70, (71} [172]
and even extending to interlayer, hybrid, moiré and charge-transfer excitons in
heterostructures. cf. Fig. The competition and interaction of such a multi-
tude of species results in a remarkable excitonic transport, presenting multiple
behaviors and controlling mechanisms, as we will explore in more details in the
following.

How can transport be accessed experimentally? First, a spatially-inhomogeneous
distribution is optically excited via a confined laser, most often via diffraction
limited spots of several hundreds of nanometers [T74) [173] 175, 176} 177, 178,
179] 180}, 181l O8] but also via near-field techniques producing spots of tens of
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Figure 16: (a) Space- and time-resolved photoluminescence after confined pulsed
excitation of a free-standing WS monolayer at room temperature at room tem-
perature and maximum exciton density of approximately 2x10% cm~2: Normal-
izing the intensity at each time step, it appears a spatial spreading with time
quantified by the profile squared width w? (b). This increases linearly with time
and the slope is proportional to the diffusion coefficient D. (c,d) Space-resolved
time-integrated PL on the MoSe; and the WSes side of a hBN-encapsulated
lateral MoSes-WSes heterostructure at (¢) 4 K and (d) 300 K. The different
behaviour reflects the material-dependent variation of recombination time with
temperature. Figures (a,b) and (c,d) adapted from [I73] and [63], respectively.

nanometers [63]. Second, the spatiotemporal dynamics can be observed via mul-
tiple experimental techniques, including in particular photoluminescence (PL)
174, (173, (182, [183, (175, 184, 178, 53, 53, 180, [63, [98] and pump-probe tech-
niques [185] [I8T], (59, [I86]. These techniques track the excitonic spatial profile
respectively by counting the number of photons emitted and by studying the
absorption of a probe (typically resonant to the A-exciton peak, see Sec.
coming after an initial pulse. Figure a) shows a typical space- and time-
resolved energy-integrated PL in WSs monolayers taken along one direction
and normalized at each time step [I73]. The spatial profile preserves its po-
sition while getting broader: This is a qualitative fingerprint of what we call
diffusion. We now want to be more quantitative and define the speed of diffu-
sion, which will allow us to identify its different regimes and control strategies,

as further discussed in Secs. [3.1.1] [3.1.2] and [3.1.3]

3.1.1 Conventional exciton Diffusion

Since the diffusion implies a spatial broadening, it is naturally quantified by
the evolution with time ¢ of the profile area w?(t). For the more generic case,
this quantity can be defined via the spatial variance of the excitonic spatial

density N(R,t) as w?(t) = <||R - <R>||2>, where for a generic function f(R)
we introduced its average value (f(R)) = [dRf(R)N(R,t)/n(t), with n(t) =
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J dRN(R,t) being the total exciton population. For the typical case of quasi-
Gaussian profiles the width w can be directly extrapolated from the full-width
half maximum FWHM via w =FWHM/(2+/log 2) and it appears in the exponent
of the Gaussian via N(R) « Exp[—||R — Ry||* /w?], with Ry = (R) being the
position where N is maximum.

In the case of a free-standing WS monolayer at room temperature and
weak excitation this area increases linearly in time, cf. Fig. b). This is a
common behaviour [I87, [I88] and is called conventional diffusion, which takes
place typically in the low-density regimes once excitons have reached a local
quasi-equilibrium distribution in energy. The crucial figure of merit for the
diffusion is the slope 4D of the w?(t) curve, with D being the diffusion coefficient
in cm? /s. This quantity provides the speed of the diffusion, and its investigation
is crucial to understand the efficiency of exciton transport.

Conventional diffusion is driven by the gradient of the exciton density N(R,t),
as excitons tend to occupy the whole space uniformly — the same applies to the
spilled wine. This can be described by Fick’s law

&N(R,t) = DAN(R,t) | 2)

where the Laplacian AN (R, t) indicates the important role of the density profile,
which drives the diffusion proportionally to the diffusion coefficient D. For an
initial Gaussian-type density N(R,t = 0) = Ny exp [-|R|?/(2w?)], the solution
of Eq. is a Gaussian profile with the area w?(t) = wg +4Dt, hence increasing
linearly with time as shown in Fig. b). The value of D can be measured
a posteriori from the observed profile, while a priori it can be microscopically
predicted with the Wigner transport equation [I89 [190]. While allowing also
the description of transient non-equilibrium effects beyond the conventional dif-
fusion (cf. Sec. , the Wigner equation approaches the Fick’s law in
the limit of local equilibrium, hence with Wigner distribution proportional to
the thermalized Boltzmann distributions [I89, 190]. In this way the diffusion
constant for 2D excitons can be predicted as D = 7kgT /M, with T, M and 7
being temperature, mass and scattering time of excitons (approximated to be
independent of the excitonic momentum or valley). This simple equation tells
us that the diffusion coefficient is slower for more effective scattering, as the
latter counteracts the exciton propagation, cf. Fig. a). For a fixed 7 the
diffusion coefficient becomes higher for larger temperature or smaller masses,
because in both cases states with higher group velocities are present.

The spatial broadening, in fact, results from the co-existence of excitonic
components having different group velocities, hence propagating with different
speed. A counter-example is provided by electron transport in metallic car-
bon nanotubes, where only two group velocities are present (differing only by
their direction along the nanotube): This results in a dispersionless propaga-
tion of two copies of the original peaks when the so-called backward scattering
is switched off, in particular by excitations with energy smaller than half the
one of the associated phonons [191],[192]. In contrast the conventional electronic
diffusion is observed in graphene, because here the whole continuum of direc-
tions is possible. Nevertheless huge diffusion coefficients of 200-400 cm? /s are
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present, also thanks to the high (modulus of) the group velocity [193]. Inter-
estingly, in TMDs linear bands with huge group velocities have been predicted
via exchange potential for excitons [194] [195], leading to interesting transport
phenomena, in particular under uniaxial strain [I96]. In a nutshell, excitons
in TMD nanomaterials typically show conventional diffusion, whose speed can
be at first approximation predicted from lattice characteristics. Nevertheless,
this simple picture can be extended and controlled in multiple ways, as we will
discuss in the following.

Note that besides the diffusion coeflicient, a second crucial figure of merit is
the diffusion length I = \/D7gec, which provides the average distance travelled
by excitons before decaying with the time constant 7ge.. This length can be
extrapolated also from time-integrated measurements, which are dominated by
the conventional diffusion when the decay times are longer than the duration
of transient diffusion, cf. Sec. [3.1.2] The decay processes can be non-radiative
(for example via trapping in defects) or radiative, the latter being induced by
bright excitons, while dark excitons act as an optically-inactive reservoir. Since
Mo- and W-based monolayers have a different dark exciton occupations, 7qec is
strongly material-dependent, including an opposite behaviour with increasing
temperature in the two classes of materials [41]. This results in diffused profiles
larger in WSey compared to MoSes at cryogenic temperatures, Fig. ¢), while
the opposite takes place at 300 K, Fig. d). Here the measurements are taken
at the two sides of a hBN-encapsulated lateral TMD heterostructures, where
the two monolayers are integrated in the same plane. Compared to the one
of excitons, a reduced oscillation strength leads to longer diffusion length for
trions [I74], interlayer excitons [182] and electrons, which can decay only via
recombining with free holes (e.g. from positive doping) or via non-radiative
trapping in defects, allowing the propagation of valley coherence for more than
10 pm [197].

3.1.2 Transient low-density exciton diffusion

So far we have only discussed the conventional diffusion and claimed it appears
after the exciton thermalization is over. In order to prove such a claim as well
as to explore different regimes we now explore non-equilibrium processes where
excitons are not yet thermalized, hence where the the energy distribution differs
from the equilibrium (Boltzmann) one. The easiest way to do this is by decreas-
ing the temperature, which crucially impacts the duration of the thermalization
by altering the efficiency of exciton-phonon scattering [41], 198, [190]. Upon ex-
citation, only the bright coherent excitons are directly excited (yellow in Fig.
(a)). In a second phase, a coherent-to-incoherent transfer occupies the states
out of the light cone, in particular the momentum-dark valleys (cf. blue cloud
in Fig. c)) [41, 198]. This mechanisms is driven by phonons, resulting in a
delayed occupation of the dark valleys observed, for example, in time-resolved
angle-resolved photoemission spectroscopy (ARPES) [199] 200, 49] or with in-
frared spectroscopies [20I]. The emitted phonons have energies smaller than
the energy difference between bright and dark excitons (green arrow in Fig.
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(a)). As a consequence, hot dark excitons are initially formed. With respect
to their valley energy minimum these hot excitons have an excess energy, which
will be subsequently lost by interaction with phonons. At room temperature,
this energy thermalization takes place on a timescale of tens/few hundreds of
femtoseconds 411, [190]. In contrast, the timescale extends to 10 ps in W-based
materials at cryogenic temperatures, reflecting the drastically smaller efficiency
of scattering processes with intravalley acoustic phonons, which decreases lin-
early with temperature [52, 202] (cf. the linewidth in Fig. [I§(b)). Recently
this loss of excess energy and thermalization have been directly observed via
time-resolved phonon-sidebands in PL spectra [203], which appear below the
A exciton resonance in W-based monolayers at cryogenic temperatures. Their
origin is phonon-assisted scattering from dark excitons into a virtual state in
the light cone followed by their radiative recombination [40]. As a consequence,
these sidebands provide direct information about the dark states, as shown in
Fig. b,c) after resonant excitation of hBN-encapsulated WSe; monolayer
[203], while the sidebands are absent in Mo-based monolayers due to the neg-
ligible role and occupation of dark excitons [40l 203]. A peak red-shifting by
more than 10 meV toward the final energy P{;, is observed- in an excellent
agreement between theoretical predictions and experimental measurements, re-
spectively Fig. b) and (c). This peak is induced by KK’ excitons and its
red-shift directly tracks their loss of excess energy during the thermalization
process. In addition, a transient higher-energy peak P{f is also predicted and
observed. While other phonon-sidebands or charged biexcitons at higher den-
sities could also emit in similar energies [204] 205], here P§5; is predicted from
KA excitons. Interestingly it would be absent at equilibrium, because KA exci-
tons have negligible occupation compared to the energetically-lowest KK’ states.
Nevertheless this feature is visible in a transient phase thanks to a bottleneck
retarding the thermalization from KA towards KK’ states [203].

Hot excitons have a larger group velocity, hence they propagate faster (red
and blue arrows in Fig. [[7(a)). Their transient occupation results in a transient
speed-up of the diffusion. This can be observed in Fig. d—e), where we inves-
tigate again hBN-encapsulated WSes at cryogenic temperature and resonant ex-
citation as in Fig. b—c), but now with confined excitation and space-resolving
the PL. The spatial profile of the energy-integrated phonon sidebands shows an
increase of w? differing importantly from the linear increase of the conventional
diffusion, cf. Fig. b). In contrast, the gedanken experiment of a thermalized
exciton distribution would recover a slower and conventional diffusion, as shown
by the dashed purple line in Fig. (d), showing a weak and linear increase of
the PL area. This difference between solid and dashed line indicates qualita-
tively that the transient diffusion is much faster. To address this quantitatively,
we introduce a time-dependent effective diffusion coefficient D(t), also called
diffusivity. This is obtained from the derivative of w?(t) as D(t) = idw:t(t),
clearly recovering the regular diffusion coefficient D for the conventional diffu-
sion (where w?(t) = 4Dt). In the first 10 ps a transient diffusion coefficient of
up to 50 cm? /s has been measured, a value 10 times larger than the regular one
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Figure 17: (a) Sketch of the direct excitation of KK excitons and the resulting
formation of hot dark excitons via emission of phonons (green arrow). Before
losing their excess energy dark excitons propagate fast due to their large group
velocities. (b,c) Time-and energy-resolved cryogenic phonon-sidebands PL as
predicted (b) and measured (c) in hBN-encapsulated WSe,. The transient red-
shift towards P{5;, (curved arrow) indicates the thermalization of hot KK’ ex-
citons. (d-g) Diffusion of (d,e) energy-integrated and (f,g) energy-resolved cryo-
genic phonon sidebands in WSes. A transient fast spatial broadening is observed
with good theory-experiment agreement (d,e), while a small spatial shrinking
is predicted at P3> (f) or at the bright exciton peak (h) in hBN-encapsulated
WS,. Here an abrupt spatial broadening appears delayed by the time required
to absorb a phonon and scatter from dark to bright excitons (=10 ps). Figs.
(a,d-g), (b,c) and (h) adapted respectively from Refs. [206] 203], [190].
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displayed after thermalization [206]. This speed-up by one order of magnitude
is of great potential importance for technological applications.

An even more involved exciton transport is predicted when further including
the energy resolution, as shown in Fig. f,g) again for hBN-encapsulated WSes
monolayer [206]. The spatial profile of the signal at the higher-energy peak P3°
shows a surprising behaviour, Fig. f): After ten picoseconds it shrinks,
rather than expanding — this unfortunately does not apply to spilled wine. The
just-introduced time-dependent effective diffusion coefficient becomes negative,
D(t) < 0, hence providing the so-called negative diffusion [I90]. This remarkable
shrinking of the profile typically stems from the competition between multiple
species with different transient mobility [190] 206, 207, 208]. Here it is due to
the competition between hot KK’- and cold KA-excitons, the former being more
mobile than the latter thanks to their high excess energy. In the first 10 ps these
states have similar energies, hence emitting both around P}°, cf. Figs. b—c):
In this transient phase the spatial profile of P}° is particularly broad thanks
to the signal emitted by KK’ states, which have diffused more efficiently than
the KA ones in view of their excess energy. Similarly to Fig. b-c)7 also with
localized excitation after 10 ps the KK’ excitons stop emitting at P5°, resulting
in its apparent negative diffusion because the signal becomes dominated by the
cold KA states, which are spatially narrower than hot KK’ excitons because
less mobile. Such a negative diffusion is hence apparent, as it does not directly
involve a motion toward the excitation spot (as predicted in ZnSe [209]).

Finally, Fig. h) shows the predicted spatiotemporal dynamics at the A
exciton in WS, monolayers at cryogenic temperatures. While its experimental
detection is made difficult by the weaker occupation of the bright exciton states
in W-based materials (due to the competition of dark states), it shows a pecu-
liar behaviour, with an abrupt spatial broadening at about 10 ps followed by a
negative diffusion, which is the spatial shrinking lasting up to 50 ps. The spa-
tial broadening is induced by the fast propagation of hot dark excitons, which
scatter back into KK valley via absorption of intervalley phonons. At cryogenic
temperatures this scattering is a less efficient mechanism, hence a delay of 10
ps is required for its activation. The following spatial shrinking stems from the
thermalization of KK excitons with all dark states including both hot and cold
states. Here again as in Fig. f) the apparent negative diffusion stems from
the competition between different exciton species. A qualitatively similar spa-
tial shrinking has been observed in different material classes and under different
conditions [210} 207, 208]. While addressing the physical mechanisms behind
each of them goes beyond the scope of this chapter, we stress that often the neg-
ative diffusion results from the competition between slower- and faster-diffusing
exciton species.

The results discussed so far refer to timescales longer than the time of each
scattering event (of about 1 ps for typical cryogenic scattering rates of the
order of 1 meV, while being much faster at high temperatures). At shorter
timescales, each exciton propagates according to its center-of-mass momentum.
The resulting momentum integrated profile shows a squared width expanding
quadratically with time [211, 212], the typical signature of ballistic transport
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[211]. Interestingly, a long-lasting ballistic-like quadratic increase of w? with
time has been reported as triggered by macroscopic inhomogeneities [213], such
as dielectric or strain-induced bubbles [214], [215], while nanobubbles provide an
involved transport and dynamics [216] 217] via the locality of the carrier cap-
ture [218] 219]. The ballistic regime shows a fast spreading, as excitons are free
to propagate without being slowed down by scattering with phonons. An even
faster spatial broadening on a 100 fs timescale has been predicted for electrons
[212] 220]. The key for this are excited profiles reaching the quantum limit, in
the sense of a product of the uncertainty in momentum and real space close to
the Planck constant A, as obtainable via near-field techniques [63, 65]. Inter-
estingly, this fast spatial broadening is promoted by scattering with phonons,
rather than being slowed-down by it as for the conventional diffusion. This hap-
pens because quantum effects make this scattering spatially non-local: Besides
leading to a change in momentum, in this quantum limit the scattering can lead
to a change in position [212]. This is contrary to the case of regular diffusion,
where the scattering is local, hence preserving the spatial position as described
by the Boltzmann collision term withing the Wigner transport equation [189).
Nevertheless when a broader laser excitation or the evolution brings the product
of the uncertainties well beyond £, one enters the semiclassical limit, formally
written as i — 0: Here it was shown that the non-local scattering superoperator
becomes the local Boltzmann one [212].

In a nutshell, the transient exciton transport occurring initially after the
optical excitation is faster than the conventional diffusion thanks to the large
excess energy and the interplay between bright and dark excitons, in particular
in tungsten-based monolayers. This speed-up of diffusion comes however with
the drawback of its short duration. Luckily, TMD-based nanomaterials allow
for other tuning knobs to speed-up the diffusion even at longer timescales, as it
will be discussed in the following section.

3.1.3 Controlling exciton diffusion

Technological applications constantly strive for higher speeds. A fast transport
is crucial for optoelectronic devices. To this purpose we need to control the
many-particle mechanisms behind the exciton propagation to be able to reach
larger diffusion coefficients or even to go beyond the conventional diffusion,
similarly to Sec. but potentially extending the temporal range. Here we
present several experimentally accessible knobs to control exciton transport.

3.1.3.1 Temperature control

Temperature modifies the exciton transport in many different ways. To see
this we go back again to the conventional diffusion, which can be discussed
by the time-independent diffusion coefficient D = 7kgT /M, cf. Eq. and
Sec. [3:11] Besides its explicit linear dependence on the temperature T', also
the scattering time 7 has a crucial dependence on temperature. This can be
explored by investigating the exciton linewidth in a MoSs monolayer (Figs.

39



e S e T T T T T T
s 40'(a) MoS, = _ @WSe, o [D kT mzt] || @
E PL A ] z230 2 r
£ | 7 ’ E o o .
320 Y L L O =
$o A~ T [TgarLTTereee T=30K _ wse, dark
= 2 (J :
O e :t_:) 20 semi-classical expectation " o © WSe, bright (X,)
D, =25 cm?
Tomperature () ... g = 2.5 cm?/s hBN-encapsulated
g 2/0) MoS, £ 10
2 ol §p) g o o measured
g 6 ' a
5 4 Reflectivity 0 . A A L . .
B T 0 10 20 30 40 50 0 50 100 150 200 250 300
Temperature (K) Temperature (K) Temperature (K)

Figure 18: (a,b) Temperature dependent linewidth in hBN-encapsulated MoS,
extracted from (a) PL and (b) reflectance measurements, showing a linear in-
crease induced by scattering with intravalley acoustic phonons before the onset
at higher temperatures of scattering via absorption of optical phonons with fi-
nite energy. (c) Temperature-dependent diffusion coeflicient measured in hBN-
encapsulated WSesy (red-line), where due to quantum effects the diffusion slows
down for increasing temperatures, contrary to the semiclassical expectation
(blue line). (d) Predicted temperature-dependent diffusion in hBN-encapsulated
WSes; and MoSes, showing a decrease at moderate temperature T' 2 50 K in-
duced by thermal activation of intervalley scattering via phonon absorption.
Figs. (a,b) and (c,d) adapted respectively from Ref. [52] and [221].

18{(a-b)), which is determined by the temperature-dependent phonon-mediated
scattering rate of bright excitons plus temperature-independent radiative re-
combination (and eventually residual inhomogeneous broadening). At small
temperatures the linewidth linear increases with T° due to the scattering with
intravalley acoustic phonons, whose efficiency increases linearly with temper-
ature in all valleys, Figs. a—b). This implies a linear decrease of 7 with
temperature, suggesting that the product 77 and hence the expected diffusion
coefficient D are temperature-independent, cf. the blue line in Fig. [18(c). Nev-
ertheless, the direct experimental measurement of D behaves very differently,
showing a clear decrease for increasing temperatures, where D goes from about
2 cm?/s at 10 K to about 0.5 cm?/s at 50 K (cf. the red line in Fig. c)).
This decrease is induced by non-classical effects, namely a quantum interference
inducing an effective exciton localization [222] [221]. Note that besides the de-
creasing/constant behaviour of D with increasing temperature (cf. respectively
red and blue in Fig. c)), an increase of D with T' is expected in presence of
a co-existence of localized and extended states: Here temperature can promote
the escape from trapped states [223], in qualitative agreement with the obser-
vation in twisted WSy-WSey [I85] and WSo-hBN-WSes heterostuctures [224].
Here the twist angle and the resulting moire potential can induce an excitonic
localization [225], cf. Figs. c) and @ Such a localization crucially depends
on the twist angle [225], cf. Eq. resulting in an angle-dependent exciton
transport, cf. Ref. [226].

Further increasing the temperature toward several tens of Kelvin a second
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drop of the diffusion coeflicient can appear, cf. Fig. d). This is induced by the
opening of intervalley scattering via its thermal activation, as these mechanisms
require the absorption of phonons of given energies of 12-15 meV [221],227]. This
drop is particularly evident in WSes (solid line), as here the temperature opens
the efficient scattering channel between KK’ and KA excitons. Note that the
exact temperature at which this drops takes place is affected by small variations
of the energy separation between these two valleys [221], in turn induced for
example by disorder or strain [228] 229]. A more moderate decrease is observed
in MoSes due to the activation of the less efficient scattering from KK to KK’
excitons (dashed lines).

Finally, we emphasize that in some sense the temperature even affects the
excitonic mass M having direct impact on the diffusion coefficient. TMD ma-
terials show a remarkable excitonic landscape, with multiple excitonic valleys
having different but yet comparable energies. While the mass of each valley is
independent of temperature, a variation of thermal energy can vary the relative
weight of different states. In thermalized WS, on typical substrate, for exam-
ple, the most occupied excitonic valley is KA at room temperature while KK’ at
cryogenic temperatures, reflecting the competition between lower energy of KK’
and the higher 3-fold degeneracy of KA excitons. Similarly, high temperatures
can allow a higher amount of unbound electron-hole pairs in comparison to the
bound excitons, as it will be discussed in Fig. a). This already indicates how
transport is affected by the competition of different species. This can be fur-
ther triggered by high laser powers, which can promote the occupation of states
with very high energy [I73] 83| [I81] or even induce a Mott transition, where
the excitons dissociate into electron-hole plasma [230] 23T]. In next section we
discuss how strong excitations affect the transport.

3.1.3.2 Density control

The power of the laser dictates which excitonic densities are excited. Increas-
ing the density, non-linear transport phenomena become important. These are
induced by Coulomb interaction effects scaling quadratically with the exciton
density. These effects are negligible at low pump fluence (cf. Eq. ) but not
under high excitation power. Different nonlinear transport mechanisms have
been observed in TMD monolayers as well as in their vertical and lateral het-
erostructures, as we discuss in the following.

Figure|19(a) shows the PL spectrum measured in a strong-excitation regime
of a WSy monolayer on a SiOy substrate [I73]. A qualitatively different diffu-
sion behaviour is found compared to the conventional diffusion at low excitations
(Fig. a)). Two spatially-separated PL peaks splits appear: These propagate
away from the excitation spot (Fig. a)), forming in the whole 2D plane a
spatial ring (often denoted as a halo, see inset) with a radius increasing with
time [I73]. Before the formation of this halo at approximately a2 500 ps, the pro-
file in Fig. [19(a) is much more extended than in Fig. |16(a), indicating a faster
transport. The halos can be triggered by phonon wind and drag [233] and/or be
traced back to the efficient process of Auger recombination, a Coulomb mech-
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Figure 19: (a) Space- and time-resolved photoluminescence in WSy on a SiOq
substrate under a high laser fluence exhibiting the appearance of halos. (b,c)
Diffused profiles in twisted vertical MoSes-WSes heterostructure (HS) revealed
in a pump-probe experiment after excitation below (b) and above the Mott tran-
sition (c). The latter shows a much larger broadening due to Fermi pressure and
Coulomb repulsion. (d) Anomalous diffusion in a WSey homobilayer triggered
by dipole-dipole repulsion of interlayer excitons (e), contrary to other non-linear
mechanisms which slow down the diffusion. (f) Sketch of a lateral MoSes-WSesy
heterostructure and the demonstration via photoluminescence of charge-transfer
(CT) excitons (g,h), contrary to what predicted with larger widths (orange in
(g)) or exciting away of the junction (thin in (h)). (i) Sketch of lateral WSes-
WSi.165€0.84 heterostructure and (1) non-linear anomalous diffusion along the
interface (e). Figs. (a), (b,c), (d,e), (g,h) and (i,]) adapted respectively from

Refs. [I73], [181], [232], [14] and [59].

anism where 1s excitons spontaneously recombine and their energy promotes
another 1s exciton into a high-energy state [I83]. Once this hot exciton relaxes
down to lower energies, it emits a vast amount of phonons. This results in an
off-equilibrium phonon distribution which can drive the halos via a large local
gradient in the excitonic temperature and the associated Seebeck effect [I83].
The Auger mechanisms strongly depends on the substrate, in particular being
much smaller under hBN-encapsulation. This results in a suppression of halos
in hBN-encapsulated WSy [234] or WSe, [184], while observed only for trions
in hBN-encapsulated MoSez[170].

Further increasing the excitation density, new phenomena can appear. A
surprisingly fast propagation was observed in MoSs under high excitation, with
the pulse area expanding by 4x10—4 c¢cm? in the first ps [235] (corresponding to
a diffusion coefficient D ~ 10° ¢cm?/s, which is 5-7 orders of magnitude larger
than in Figs. . This has been attributed to a collective exciton fluid
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behaviour [235] and observed only for a low doping. At densities in the range
of 2 103em ™1, the Mott transition is reached, where excitons break and build
and electron-hole plasma [231], as observed in both TMD mono- [230} 236] and
bilayers [237), 208]. In van der Waals (vdW) heterostructures the diffused profile
below the Mott transition is much smaller than the one above it, as revealed
by pump-probe measurements and shown respectively Fig. b) and C).
This reflects a more efficient diffusion of an electron-hole plasma induced by
Fermi pressure and Coulomb repulsion, as the high density of electrons leads
to a Fermi-Dirac distribution with a high fermionic temperature [I8I]. The
competition between transient phases with high and low mobility above and
below the Mott transition can also give rise to a negative diffusion [208].

Even remaining below the Mott transition, vertical heterostructures show a
peculiar non-linear transport at increasing exciton densities. These heterostruc-
tures in fact host interlayer excitons, which are composed by electrons and holes
in different layers, cf. Fig. (b) This electron-hole separation forms a spa-
tial dipole of about 6 A, corresponding to their interlayer separation, or even
more if enhanced e.g. by adding hBN spacers between the two TMD layers
[238, 239 232], as in Figs. d,e). At high exciton density, dipolar excitons
are close enough to repel each other via dipole-dipole interaction. In optics
this has been observed via a blueshift of the excitonic peak for increasing laser
power [185]240] 241]. Such a blueshift becomes particularly important in trans-
port: Here localized densities induce a spatially-dependent blueshift, which in
turn acts as a potential pushing the excitons away of the excitation spot. This
leads to the behaviour in Fig. d), where the increase of the squared width
clearly deviates from the linear behaviour of the conventional exciton diffusion
on a nanosecond timescale [232]. Importantly, in view of the fluency-dependent
dipole-dipole repulsion, the diffusion is faster for higher excitation densities, in
full agreement with experiments [242] [I85]. Besides the repulsive dipole-dipole
interaction, which enhances the exciton propagation, there are also attractive
contributions of Coulomb exchange and bandgap renormalizations [232], 243]
which counteract partially the dipolar repulsion, cf. red and purple line in Fig.
19(e). Nevertheless the diffusion becomes overall faster than without any non-
linear effects, cf. purple and blue in Fig. (e), because the magnitude of the
dipole-dipole repulsion is stronger than the attractive interactions [232].

Particularly large dipoles can be obtained in lateral TMD heterostructures
(Fig. [19(f)). These structures are composed by two different TMD monolayers
grown one beside each other and covalently bound together [244] 245 246, 247
176]. At the interface they form a type-II heterostructure, hence potentially
allowing the formation of charge-transfer excitons, with Coulomb-bound elec-
trons and hole separated from each other at two different sides of the junction
[248] 14l [59], cf. the sketch in Fig. f). These CT excitons have only recently
been observed in lateral MoSes-WSes [14] and WSeo-WS; 16Seg. 84 heterostruc-
tures [59]. The microscopic study of these quasi-particles revealed the crucial
role played by the interface width, which only when comparable to the exciton
Bohr radius allows the formation of stable CT excitons and their optical obser-
vation [I4]. Larger junction widths in fact lead to a reduction of occupation,
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binding energy and oscillator strengths of CT excitons [I4]. To the purpose of
optical observation it is hence crucial to have samples with a reduced amount of
alloying at the interface, as allowed by the recent developments in CVD growth
techniques [246], [247] [T4], [63], [13], 249]. The appearance of CT excitons is demon-
strated in Fig. g), where the spectrally-resolved PL after excitation at the
interface is shown for junction widths of 2.4 and 12 nm. Only in the first case,
a new peak appears almost 90 meV below the A exciton from MoSes (purple
box). This prediction is in full agreement with the experimental observation,
showing a peak at similar energies - in contrast to the case when exciting away
of the interface (Fig. [[9(h)). Besides the interface width, the microscopic study
revealed the importance of an environment with a large dielectric screening, as
it is the case for the hBN encapsulation shown in Fig. g,h). In contrast,
free-standing samples would not allow the observation of CT excitons due to a
reduced energy separation between the monolayer and CT exciton, resulting in
the weak occupation of the latter [14].

CT excitons are technologically interesting as they exhibit dipoles of sev-
eral nanometers [248) [T4] [59], which are one order of magnitude larger than in
vertical heterostructures. The reason is that here the electron-hole separation
is not affected by any geometrical restriction, contrary to the case of vertical
heterostructures, where it is limited by the distance between layers, although
partially increasable via insertion of hBN spacers [238] 239, 232]. The large
dipoles make CT excitons highly interesting to study. First, they lead to a
non-linear blue-shift of CT excitons [I4]. Second, they can be the reason for
the recently reported anomalous diffusion along the interface of a WSy 16Seq.54
lateral heterostructure, Fig. i), as shown in Fig. [19(1). Here the profile
variance along the interface is shown, with a non linear increase with time
becoming more effective at larger densities. This is similar to the anomalous
diffusion observed in vertical heterostructures [232] O8], Fig. d)7 suggesting
an efficient repulsion of excitons trapped at the interface. Note that effective
non-linear speed-up of the excitonic diffusion were also observed in coupled
quantum wells building one-dimensional channels via engineering of the envi-
ronment [250]. This makes use of a gate field, which can also allow gate-induced
homojunctions [251) 252] 253] potentially resulting in bound excitons for p-i-n
junctions confined to few tens of nanometers [254]. In a nut-shell, these results
indicate that lateral heterostructures can lead to an interesting transport along
the interface, in addition to the remarkable transport across the interface which
will be further discussed in Sec. [3.2.4]

3.1.3.3 Cavity control

Due to their remarkably strong light-matter interaction TMD nanomaterials
are suitable for reaching the strong-coupling regime in optical cavities (Fig.
20[(a)). This confines photons around the 2D material, hence increasing the
exciton-photon interaction beyond the exciton and the cavity decay rate. Here,
new quasi-particles are formed, namely the exciton polaritons, which are hybrid
particles combining properties of excitons and photons. They are observable
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Figure 20: Sketch of the integration of a TMD nanomaterial within a planar
cavity, resulting in a localization of the photon modes around the monolayer (yel-
low cloud), hence increasing the coupling with excitons. (b,c) Angle/momentum
resolved PL from a WS monolayer embedded in a cavity and collected from
spatial positions approximately 7 pm and 14 pm at the right of the excitation
spot. The signal preserves its excitation energy and has contributions only from
positive momenta, reflecting a ballistic propagation toward the collection spot
located at the right. (d) Diffusion coefficients in MoSe; as a function of temper-
ature and Rabi splitting, which reflects the cavity-induced photon confinement.
The diffusion is 2-3 orders of magnitudes larger than without the cavity. Figs.
(a-c) and (d) adapted from Ref. [255] and [256].

via an avoided crossing between the exciton and photon dispersion giving rise
to a Rabi splitting, cf. the dashed lines in Fig. b). Optical studies allow
to resolve the energy of polaritons as well as their in-plane momentum, which
is determined by the propagation direction of the absorbed/emitted photons
out of the cavity. The interaction between (the photonic part of) polaritons
and out-of-the-cavity photons in fact preserves the momentum, whose ratio
between inplane and out-of-plane component determines the direction at which
the photon propagate out of the cavity.

Exciton polaritons combine the high mobility of photons with the control
offered by excitons via scattering with phonons. The huge group velocity al-
lows important ballistic propagation, as shown in Fig. b,c), where the PL
collected respectively 7 and 14 pm away of the excitation spot is shown. This
shows a distribution centered in the excitation energy and in positive momenta,
reflecting that the detection spot is located in real space at the right side of the
excited regions (while measurements at the left side show only negative momenta
[255]). While the diffusion is characterized by an isotropic distribution centered
at low-energies [190], the strong anisotropy of this PL indicates that a large
fraction of polaritons can propagate ballistically for tens of micrometer accord-
ing to their energy and momentum direction. A qualitatively similar behaviour
has been predicted for bright excitons at cryogenic temperatures without strong
coupling, however limited to few picosecond and few hundreds of nanometers
due to the considerably smaller group velocities [I90].

On the other hand, the scattering of polaritons with phonons can be observed
in optical spectroscopy measurements, with the absorption showing step-like in-
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creases in linewidth as well as in intensity when new scattering channels are
opened [257], 258]. Crucial for the increase in absorption intensity is the critical
coupling [259], allowing maximum absorption when the phonon-induced polari-
ton decay matches the cavity decay induced by the mirror quality. The polariton
optics is particularly affected by the scattering with dark excitons, which are
crucial for circumventing a polariton relaxation bottleneck [260] while the scat-
tering of lower polaritons with intravalley acoustic modes is suppressed [256],
contrary to the case of regular excitons [202] (cf. Fig. [L8(a)). The suppression
of scattering with intravalley acoustic modes together with the huge polariton
group velocities leads to diffusion coefficients 2-3 orders of magnitudes larger
than for excitons, cf. Fig. d). The faster polariton diffusion, already ob-
served in other materials [261], 262], and the important ballistic propagation
make TMD-based exciton polaritons particularly interesting for transport pur-
poses. In a nutshell, the strong interaction with photons can significantly speed
up the excitonic transport and even allow propagations for tens of micrometers.

3.1.3.4 Gating control

Excitons dominate the response of TMD materials due to their huge binding
energies. This however does not mean that one can forget about charges carriers,
in particular when discussing about transport. They have typically a higher
mobility [227] and a slower decay time, potentially resulting in faster diffusion
[29] and longer diffusion length [197]. However, tackling their contribution to
transport is often complicated, as generally interconnected with the excitonic
transport — in contrast to what happens in optics, where continuum, trions and
excitonic result in spectral features well separated in energy. Here we discuss
the effects on transport induced by electron-hole continuum as well as charge
doping and how this can be controlled by dielectric engineering and gating.

Optical excitations create electron-hole pairs, both bound as excitons or
unbound in the continuum above the bandgap according to the laser energy.
Once formed, these pairs relax down in energy toward the equilibrium [198],
which results in a large fraction of pairs being 1s excitons thanks to their low
energy. Nevertheless, the unbound electron-hole pairs have larger density of
states than the bound excitons (forming respectively a four and two-dimensional
space). At room temperature and/or with small binding energies this can lead
to a finite amount of unbound electron-hole pairs, in turn having a drastic
impact on transport. In the low-density regime the conventional diffusion of
WSs shows a 10-fold speed-up under hBN-encapsulation compared to the case of
deposition on SiOs-air [234], Fig. [21)(a), or the free-standing one [I73]. This has
been attributed to the higher dielectric screening induced by hBN-encapsulation,
which results in lower binding energies and hence in a much larger fraction of
electron-hole plasma compared to the SiOs-air or freestanding surroundings.
This eventually results in the increased diffusion via the higher mobilities of
electron and holes [234].

Besides showing intrinsic doping, in TMD monolayers the amount of free
charges can be extrinsically controlled by means of gating via metallic contacts
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Figure 21: (a) Density-dependent room-temperature diffusion coefficient in WS,
monolayer: In the low-density regime (yellow) a 10-fold speed-up of the diffusion
is observed under hBN-encapsulation (red) via contribution of the continuum.
(b) Doping-dependent diffusion coefficient in hBN-encapsulated WSe, at 5 K,
showing a non-monotonic behaviour induced by the transition from exciton-
to trion-dominated diffusion (sketch). (¢) Temperature-dependent trionic diffu-
sion in hBN-encapsulated MoSes, showing at low temperatures a high-density
speed-up due to occupation of higher-energy states in the trionic Fermi-Dirac
distribution. (d) Time-resolved squared width of the trionic profile in hBN-
encapsulated MoSe; at 4K, with a negative diffusion (red area) indicating the
competition between different species. Fig. (a), (b), (¢) and (d) adapted re-

spectively from Ref. [234], [I71], [I72] and [207].

[204]. This results in a non-trivial and non-monotonic variation of the diffusion
coefficient, as shown in Fig. b) exploring hBN-encapsulated WSe, at cryo-
genic temperatures, where the electron-hole plasma plays no role. A general
decrease of diffusion coefficient with higher doping is induced by an increased
scattering with free charges (as revealed by the linewidth [I71]). This is inter-
rupted at a doping of approximately 10''cm? by a transition from exciton- to
trion/polaron-dominated system (sketch), resulting in the non-monotonic be-
haviour of diffusion with doping [171]), Fig. R1|(b).

We now proceed discussing more directly the diffusion of trions. First we
consider the regular conventional diffusion, whose predictions are shown in Fig.
21)(c) for MoSe; as a function of temperature [I72]. Here the energetically-lowest
trion states are composed by electron and holes all living in K or K’ valley,
leading to results almost independent of the charge sign (here negative, with
two electrons and a hole forming the trion). In the low-density limit (purple)
the diffusion becomes faster with increasing temperatures due to the smaller
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scattering of high-energy state [172]. When increasing the density of trions a
drastic speed-up of diffusion appears, up to a factor of four at low temperatures
(cf. red and purple in Fig. ¢)). This happens because trions behaves as
fermions, hence increasing their density leads to state-filling in particular at low
T, resulting in the occupation of states with higher energy and hence larger
mobility in the Fermi-Dirac distribution.

The diffusion of trions becomes even more interesting looking at its transient
behaviour, Fig. [2I[d), which clearly shows a spatial shrinking of the profile
width appearing between approximately 5 and 35 ps (red area). This remarkable
negative diffusion indicates the competition between different species, cf. Fig.
In contrast, a trivial linear increase of w? is observed for the spin-dark trions
[207]. In addition this mechanism can be controlled by gating [207], similarly
to Fig. b) but now affecting the transient diffusion. In a nutshell, all these
results show how the free charges provide an additional turning knob to control
the exciton and trion transport in TMD monolayers.

3.1.3.5 Strain control

Finally, we discuss a mechanism able to control exciton diffusion but also to
induce a directional exciton funneling, hence building a bridge between this and
next section. The mechanism is based on strain engineering, which provides
a powerful and valley-dependent tool to control excitons and their transport
[228, 263, 53, (177, [35]. Strain is a lattice deformation obtained for example via
a substrate bending, electrostatic forces, piezoelectric or patterned substrates
[228, [175] 178, 264, 180} 179, B5]. While allowed by the flexibility of TMD
nanomaterials, which can sustain up to 10% strain, these lattice deformations
crucially affect the optoelectronic properties of TMDs. The strain affects both
phonon and exciton energies. The former can be revealed by Raman spec-
troscopy, which allow an accurate read-out of strain despite minor variations
of phonon energies in the range of 0.1-0.4 meV/% uniaxial strain [265]. In
contrast, the strain-induced variations of excitonic energies are macroscopic,
of the order of 100 meV /% biaxial strain (50 meV /% uniaxial strain), leading
to a drastic impact on the optical and transport response of TMDs. This is
shown in the strain-dependent absorption spectra in Fig. (a), with the A
peak red-shifting by approximately 50 meV /% uniaxial strain [228]. This re-
flects the gauge factor of bright excitons, in strong contrast with the blue-shift
of momentum-dark KA excitons, cf. Fig. b). This stems from the strain-
dependent single-particle energies, with the K and A valley in the conduction
band red-shifting with a respectively larger and smaller gauge factor than the
K point in the valence band[266]. This results in strain-induced modifications
of the single-particle bandgap [267, 268, 269, 263, 270, 271] which dominate
the excitonic gauge factor, with small residual effects from the variations of
the binding energies, smaller than 10 meV/% biaxial strain for KK excitons in
free-standing WSy [35]. The excitonic energies vary quasi-linearly with typical
strain as large as 3% biaxial [269], while deviations from a linear gauge factor
can appear at larger lattice deformations [272]. Such co-existence and competi-
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Figure 22: (a) Room-temperature absorption spectra of WSey for varying uni-
axial strain, which induces a red-shift of the A-exciton peak. (b) Strain-induced
variation of the energy of bright KK and dark KA excitons, showing an oppo-
site red- and blue-shift. (c¢) Room-temperature diffusion constant in WS, as a
function of uniaxial strain, showing a 3-fold increase with an excellent theory-
experiment agreement. This is induced by the suppression of interlayer scatter-
ing between the dark KK’ and KA valleys when these become non-degenerate
thanks to the tensile strain sketched in (d). Fig. (a), (b) and (c,d) adapted

from Ref. [228], [T77] and [53].

tion of valleys behaving differently with strain allows for a remarkable control
of exciton transport. Here we discuss the impact of strain on exciton diffusion,
whereas in Sec. [3.2.1] we discuss its impact on exciton funneling.

The conventional diffusion is drastically enhanced by strain in tungsten-
based materials [53, 273]. In WS, the diffusion coefficient increases by a factor
of 3 upon application of 1% of uniaxial strain, as shown in Fig. (c) - in
an excellent theory-experiment agreement [53]. This happens because in this
material the diffusion is dominated by two dark exciton valleys, KA and KK’,
which are quasi-degenerate in unstrained WS, but behave very differently with
strain, sketch in Fig. d). While KA blue-shifts, KK’ red-shifts with a similar
gauge factor as KK (cf. energy separation between spin-dark and bright exci-
tons varying by 6.4 meV /% uniaxial strain [274]). As a result, strain brings KA
and KK’ out of resonance (Fig. [22(d)), hence suppressing the otherwise very
effective intervalley scattering between these two valleys (responsible also for
the drop of diffusion in WSe, of Fig. d)) This phonon bottleneck results in
a considerable speed-up of the diffusion via a decrease of the phonon-mediated
scattering with the most populated excitons. Such a strain-induced bottleneck
involves only dark excitons, while the scattering of the bright excitons is not
affected in this strain range (although in general the linewidth and its asym-
metric shape can be affected by strain [275]): This shows how transport allows
the observation of physical mechanisms linked to states which are not directly
optically active.

More recently the valley-dependent gauge factors have allowed to fingerprint
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Figure 23: Cryogenic photoluminescence spectra in freestanding WSes (b) and
energy position of its peaks (b) as a function of strain.The peak Xk, appearing
at fixed energy and in a given strain range is induced by the hybridization
between KK and KA excitons, which takes place always at the same energy
and only for central strain larger than approximately 0.35% (c¢). Larger central
strains implies an hybridization happening away from the membrane center (d):
When this spatial separation becomes larger than the diffused profile, peak Xk
disappears. Fig. adapted from Ref. [35].

the excitons behind the cryogenic photoluminescence [35], Figs. a). Such
spectra show a multitude of peaks in both WSy, and WSe,, Figs. a), whose
energy change with strain, cf. Fig. b) for WSes. Most of the peaks redshifts
with gauge factors of approximately 110 meV/%, blue lines in Figs. 23|a-b):
These are emitted by quasiparticles related to KK excitons, including trions and
phonon replicas. However, two very different peaks appear, peak D? induced
by defect [276] (green) and peak Xk induced by the hybridization between the
bright excitons with the dark KA ones. Such a peak shows a peculiar behaviour,
with a constant energy and its presence observable only in a finite range of strain
between 0.3 and 0.7 %. The reason stems from the hybridization, which takes
place only when KA and KK excitons are almost resonant. In view of the
slightly inhomogeneous strain, the energy profile of KK and KA excitons are
weakly space-dependent. The electrostatic potential can change the height of
the strain profile while changing its shape [35]. A minimum height of the strain
profile is required for the hybridization, Fig. ¢), while too large heights would
push such crossing point too far away from the membrane center, where the laser
spot is positioned. When the diffused excitonic spatial density is narrower in
space than the distance between crossing point and the center of the membrane,
no hybridization can take place, resulting in the given range of strain allowing
the observation of Xka. In addition to these features, in WSy a new peak with
a moderate redshift of only 60 meV/% is observed [35]. This is induced by
T'A excitons, as microscopically predicted from their redshift [35] and allowed
in freestanding WSy due to a small energy separation from the bright excitons,
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contrary to the case of WSey; and of supported/encapsulated WSy. Finally,
peaks from KK, KA and T'A have also been directly observed in homobilayer
WSes and assessed via their strain-induced energy shifts [35]. In addition, peaks
emitted from intralayer KA excitons have been observed in sequentially-stacked
vertical heterostructures, interestingly emitted only from the top layer likely
due to compressive strain associated with the stacking procedure [277]. In a
nutshell, these results provide finally the direct visualization of the remarkable
interplay between different excitons in W-based nanomaterials.

So far, the cases of spatially homogeneous lattice deformation or excitations
at the maximum of a weakly inhomogeneous strain profile have been considered,
respectively Fig. and The situation becomes even more interesting com-
bining localized strain (as obtainable via patterned substrates, tips, electrostatic
potentials of surface acoustic waves, etc) with excitation away of its maximum,
where the bright excitons have minimum energy. Can excitons drift toward
these points? This question is treated in the next section, where we focus on
directional exciton transport, i.e. exciton drift and how it can be achieved.

3.2 Exciton drift

The principle of minimum energy states that the energy of physical systems
decreases toward its minimum value. This general rule applies to transport as
well. Charge carriers move toward spatial regions, where the external potential
is minimum. This can be expressed by extending Fick’s law of Eq. [2] to a
drift-diffusion equation

dN(X,t) = VD(R) - VN(R,t) + V(u(R)N(R,)VV (R, 1)) .  (3)

The first term describes the regular diffusion discussed already in the last sec-
tion, but now with a space-dependent diffusion coefficient D describing also the
case of localized strain profiles s = s(R). The second term of Eq. describes
the drift driven by an external potential V' (R, t) and proportional to the mobil-
ity p, which can be typically written via the Einstein relation y = D/kpT with
potential modification from traps [278]. In electronics, the external potential
is the electrostatic one induced by metallic contacts. Unfortunately, the same
mechanism can not be applied to excitons due to their neutral character. Nev-
ertheless, different mechanisms exist to bypass this limitations, as we proceed
discussing in the following.

3.2.1 Strain-induced funneling

In Sec. we learned how strain drastically modifies the exciton energies.
For homogeneous lattice deformation, this impacts transport via a 3-fold faster
diffusion upon application of 1% uniaxial strain (Fig. [22(c)). Now we consider
localized strain profiles, which can be obtained via patterned substrates [279]
280, 281, [I7T7] or spontaneously via formation of bubbles[2T5 214, 216] and
wrinkles[282].
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Figure 24: (a) Sketch of a spatially-localized strain profile and its impact on
funneling and anti-funneling of respectively bright and dark excitons. (b,c) Ob-
servation of funneling toward high-strain regions in WSe; (b) and MoSez(c). (d)
Time- and space-resolved photoluminescence (center) along one direction after
exciting WSy in points with inhomogeneous strain (top). The anti-funneling
toward low-strain regions is observed and induced by dark excitons (low). Figs.
(a,c,d) and (b) adapted from Ref. [I77] and [I75].

Considering the gauge factors of Fig. b), local strain results in space-
dependent exciton energies, which in turn act as a potential for these excitons.
Bright excitons have their energy minimum in regions with high strain, Fig.
24{(a), driving the exciton toward these regions in a regular so-called funneling.
This was observed first in the wrinkles of bilayer MoSs [282] and then in mono-
layers [175] [264] 178, [I77], as shown in Fig. b—c) for WSes and MoSe,. Here
the time- and space-resolved PL reveals the drift of a localized exciton profile
toward spatial regions with high strain, where the energy of bright excitons is
lower.

More recently, the opposite scenario of anti-funneling has been observed,
defined as a motion toward low-strain regions as observed in WSy, cf. Fig.
(d). Here a high-strain profile (top panel) has been investigated varying the
laser position. The resulting space- and time-resolved PL taken along a direction
shows anti-funneling toward low-strain regions, central panel. The effectiveness
of this anti-funneling decreases with time, with the central position drifting by
200 nm in the first 300 ps (dark red in central panel). In addition, varying the
laser positions reveals a stronger and faster anti-funneling exciting in regions
where the strain profile is steeper, with drifts in the first nanosecond ranging
from few tens to 300 nanometers as in Fig. 24(d) [177].

Similarly to the case of strain-induced increase of the diffusion coefficient,
the reason behind the anti-funneling lies again in the competition between dif-
ferent valleys. To show this, Fig. (d) provides the microscopically predicted
evolution of the KA excitons. Interestingly, this shows a behaviour very sim-
ilar to the experimental one. First of all, the KA density anti-funnels toward
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low strain regions, exactly as the PL signal in experiments. This happens be-
cause at high strain the energy of KA states is maximum, hence these excitons
drift toward low strain regions, despite the competition of the phonon-driven
intervalley thermalization from KA to KK and KK’ excitons. In full analogy
with the experiments, the antifunneling of KA is predicted to be initially faster
before saturating after few hundreds of picosecond. This is mainly due to the
strain-dependent diffusion coefficients of Sec. and Fig. c). While
anti-funneling the excitons reach regions with lower strain, where the diffusion
coefficient is smaller [I77]. The theory-agreement experiment remain also vary-
ing the laser position, further indicating that the KA excitons are the reason
for the experimentally-observed anti-funneling. This is further confirmed by the
analogous experiment in MoSes, Fig. (c) Here regular funneling toward high-
strain regions is observed, because in this material KA excitons play a negligible
role as they are higher in energy compared to the bright states. Interestingly,
in MoSes funneling of 1 pm in the first nanosecond has been observed [177].
The KA excitons can also drive the transport toward dielectric inhomo-
geneities, in particular in TMD bilayers [2T3], as will be discussed in Sec. m
together with other dielectric controls. Besides bright and KA excitons, other
species may be involved in the directional funneling. The funneling of spin-
dark excitons has been observed via tip-enhanced measurements [I79], while the
conversion of excitons into trions could also affect the transport [I78]. Strain
profiles can also be changed dynamically via electrostatic potentials [276], tips
[283L 1778, 179, [180] and surface acoustic waves, which have allowed a controllable
drift of excitons in particular in TMD bilayers [284]. These studies exemplify
how exciton transport in TMD-based devices can be engineered with strain.

3.2.2 Dielectric control

The remarkable funneling and anti-funneling discussed in Sec. relies on
strain via its property of modifying the excitonic energies in TMD monolayers.
Other mechanisms can change the excitonic energies, in particular the so-called
dielectric control, obtained by varying the dielectric constants of the surround-
ings of the TMD crystal. Although this control present both quantitative and
qualitative differences compared to strain, see Fig. a), it can also lead to
drift and antifunneling, as we discuss in the following and show in Fig. b—d).

Fig. [25(a) show how key energies depend on the dielectric constant, here
changed experimentally by depositing a monolayer WSs on a varying amount of
graphene layers on top of SiOs (sketch). The results show the direct measure-
ments of the energy of 1s and 2s excitons (blue) as well as the direct bandgap
estimated from the measured energy separation A5 between 1s and 2s states
(red). Increasing the number of graphene layers all the energies decrease but sat-
urating to negligible variations for a high number of layer: Contrary to the case
of strain, the energies vary non-linearly with dielectric surrounding [285] [288],
compare Fig. b) and Fig. (a). A second qualitative difference comes from
comparing the magnitude of the shift of three species of electron-hole pairs:
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Figure 25: (a) Relevant energies as a function of number of graphene layers
between a WSy monolayer and the SiO, substrate (sketch): Both the measured
1s and 2s excitons (blue) and the bandgap estimated from their separation Ajs
(red) show a non-linear decrease with graphite thickness. (b) Rectification of
electric current in a MoSs monolayer on a dielectric lateral heterostructure:
The onset potential of 90 meV (vertical line) reflects the conduction band off-
set. (c) Space- and time-resolved pump-probe measurements after non-resonant
excitation of a WSe; monolayer in a dielectric lateral heterostructure, showing
a drift/funneling toward the side with lower dielectric constant. (d,e) Two-
dimensional excitonic distribution at 0 and 5 ns measured by stroboSCAT pump-
probe microscopy, revealing a drift toward the dielectric nanobubbles, the latter
observed also in AFM (f) and distinguished from the strain nanobubbles via
lack of redshift in phototoluminescence. Figs. (a), (b), (c¢) and (d) adapted

from Ref. [285], [280], [287] and [213].

While strain affects in similar way all the excitonic states from 1s and 2s to the
continuum, the dielectric control becomes more efficient for decreasing binding
energies. This happens because the binding energies are drastically affected
by the dielectric surrounding via the Coulomb screening [19] [15] [16], whereas
they are almost independent of strain (except for tiny variations induced by the
residual variation of the effective mass on strain [269, [35]). As a result, in the
dielectric control there is the competition of two mechanisms: Increasing the
dielectric constant both the bandgap and the binding energies decrease, leading
respectively to a red- and blueshift of the energy of 1s excitons. This leads to a
partial cancellation, leading to a key quantitative difference between strain and
dielectric control when applied to 1s excitons: While the first can easily modify
the 1s energy by (more than) 100 meV [228] [35], the second can typically induce
variations of few tens of meV (becoming several tens of meV when starting from
free-standing samples). This competition and cancellation become weaker for
smaller binding energies: As a result, the dielectric control of the single-particle
bandgap is more effective than the excitonic one. As a consequence, we expect
a particularly interesting dielectric control of transport involving free charges,
as we proceed discussing.

First, in Fig. b) the dielectric control of pure electron transport is shown.
Here a so-called dielectric-defined lateral heterostructure is considered, with a
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bare MoSs monolayer deposited of a substrate composed of Cytop and hBN at
the left and right side of the sample (sketch). A drastic increase of the elec-
tronic current across the dielectric lateral heterostructure is obtained increasing
the in-plane bias V¢, above the value of 90 meV (vertical line). This value is
correlated to the electronic band offset between the two sides of the monolayer
as induced by the two different substrates. More recently, a similar dielectric
lateral heterostructure has been obtained depositing a WSes on a homogeneous
SiOg substrate, and then capping only half of it with HfOs. A pump-probe
measurement reveals a drift toward the side with higher dielectric constant of
several tens of nm in the first 5 ps [287], Fig. ¢). Here the pump is strongly
non-resonant, hence a large component of free charges is still expected to be
present before the phonon-driven energy relaxation toward 1s excitons [198]:
This could contribute to the very effective drift.

Finally, in Fig. 25{(d,e) the excitonic distribution after localized non-resonant
excitation of a homobilayer WSe;-hBN heterostructure is shown at two different
instants of 0 and 5 ns. Such a distribution is measured via stroboscopic scatter-
ing microscopy (stroboSCAT'), a pump-probe technique hence allowing to track
excitons independently of their bright/dark nature. The initially localized but
isotropic distribution of Fig. d) quickly spreads in a very anisotropic dis-
tribution, Figs. e), in particular localizing in the vicinity of the so-called
dielectric nanobubbles, arrows in Fig. (e,f). These are found via parallel
AFM measurement, Fig. f), and induced by a separation between WSeqy
and hBN. Contrary to the strain nanobubbles, the dielectric ones do not show
redshift of the bright-exciton peak, cf. Fig. but can nevertheless alter the
dark-exciton energy, as deduced from the increase of lifetime measured in cor-
respondence of these impurities. This results in the trapping of these states
[213], Fig. [25(e), which dominate the response of the homobilayer WSe; [35].
In a nutshell, these results indicate how the dielectric control can trigger direc-
tional transport, potentially showing interplay between free carriers and bound
excitons.

3.2.3 Electric control of drift

Excitons are neutral, hence they cannot be influenced by using electric fields
in a strainghtforward way, contrary to the case of regular electronics. Never-
theless, TMD-based nanomaterials host a rich landscape of quasi-particles. In
particular, trions and interlayer excitons exhibiting a dipole can be influenced
by electrical fields.

Trions are charged, hence allowing an electrical control. This is shown in
Fig. a,b)7 which shows the normalized PL after localized excitation of WSy
in the presence of a bias of respectively Vyias = —60V and Vias = 60V applied
to two electrodes separated by 6.7um, predicted to result in inplane electric
fields of approximately 4 V/um [289]. The field drives the trion propagation
of about 74 nm/ns toward left or right according to the polarity (a,b), while
leading to no drift in the absence of a field [289]. While this drift is smaller
than the one found via strain control (with funneling and anti-funneling in the
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Figure 26: (a,b) Space- and time-resolved photoluminescence in WSs with an
in-plane electric field pointing left and right, showing a drift according to the
field direction. (c) Space-resolved PL after excitation of a MoSy-WSey verti-
cal heterostructures, showing a drift of 3 pm with respect to the laser position
thanks to the presence of multiple metallic contacts creating a space-dependent
gate field. (c) Sketch of intralayer, interlayer and hybridized excitons in a ho-
mobilayer WSes inserted in two metallic contacts: These create an electric field
able to promote the interlayer component of hybrid excitons. This results in
an electric control of anomalous diffusion (e) via an effective dipole depending
on the field (sketch). Figs. (a,b), (c) and (d,e) adapted respectively from Ref.

[289], [152] and [98].

first ns of more than respectively 1pm and 300 nm in MoSe; and WSez [177]), it
indicates a technologically important way to electrically control the directional
transport. Note that comparable in-plane electric fields of the order of few V/u
could give rise to the dissociation of 1s exciton via tunneling ionization [290],
also potentially affecting the transport in the presence of bias potentials.

In Sec. [2:2.6] we discussed how out-of-plane electric fields E, couple directly
with the dipole d of excitons, resulting in an electrostatic potential V = —F,d
inducing a shift of the emission energy [291] 292] 293, 294]. Tt follows that
an inhomogeneous potential V(R) would be present, if such electric field V' =
—E,(R) is localized via small electrodes. This results in an electrical control
of the drift as shown in Fig. [26{c). Here a gate-induced negative electrostatic
potential allowed the directional collection of of photoluminescence 3um away
of the emission spot. Crucial for this purpose is varying this potential along the
plane, as obtained via multiple metallic contacts connected to different gates.
In addition the mechanism makes use of the long lifetimes of interlayer excitons
to obtain this long-range micrometric transport, cf. Sec. 2.2.5

This remarkable electric control does not require high-density excitations,
although out-of-plane electric fields can trigger also intriguing non-linear trans-
port. This happens in particular thanks to the hybrid excitons and their quan-
tum mechanical components. The hybrid excitons are Coulomb-bound electron-
hole pairs, where either the electron or the hole is located in both layers to a
certain percentage thanks to an efficient interlayer tunneling. Hybrid excitons
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Figure 27: (a) Raster scanning of a lateral MoSes-WSey heterostructure at room
temperature. According to the position of the laser, the photoluminescence re-
covers the typical MoSes or WSes spectrum. (b) Sketch of a near-field raster
scanning and (c) space-resolved photoluminescence intensity, indicating respec-
tively in blue and red the regions with emission in the MoSe; and WSey spectral
range, respectively. A more quantitative analysis cutting along the dashed line
(d) reveals how the MoSes spectrum dominates even when the tip is placed 200
nm into the WSes(d). This happens due to unidirectional transport, leading
WSe; excitons to drift toward the MoSes before recombining into light. Figs.
(a) and (b-d) adapted from Ref. [176] and [63].

are hence partially inter- and partially intralayer excitons. An out-of-plane
electric field obtainable by gating increases the interlayer component of hybrid
excitons, Fig. d)7 hence inducing a larger effective dipole, cf. sketch in Fig.
e). This in turn leads to a speed-up of the nonlinear diffusion, which as
shown in e) is anomalous. Such a behaviour is again triggered by dipole-
dipole repulsion as in Fig. but here controlling the dipole electrically. This
electrical control of diffusion has great technological implications, in particular
given that also the exciton drift can be controlled electrically, Fig. c).

3.2.4 Directional transport in lateral heterostructures

In Sec. it has been shown how the lateral heterostructure can provide
interesting transport along the interface [59] making use of the presence of CT
excitons allowed by narrow interface [14] with small residual alloying. Lateral
TMD heterostructures provide also one of the most natural ways to apply exter-
nal potentials in TMD-based 2D materials. Here, the two materials lying at the
two sides of the interface have different excitonic energies. While conceptually
similar to the dielectric lateral heterostructure (cf. Fig. R5|(b,c)), here the ex-
citonic offset can be one order of magnitude higher and reaching few hundreds
of meV [63], 59} 176l 295]. Such excitonic offset can be directly shown by raster
scanning the sample with a localized laser and then spectrally-resolving the PL
[176] 63]. As shown in Fig. [27|(a), a change in the laser position implies a change
in shape and energy position of the resulting PL peak. An additional low-energy
peak due to charge-transfer excitons can be observed [14], 59], in particular for

o7



low temperatures and crucially for sharp interfaces and high dielectric constants
[14], cf. Fig. d). The naive interpretation of the raster scanning is that the
PL reflects the intrinsic excitonic energies of the spatial points directly excited
by the laser. Such an interpretation, however, can be further enriched by the
inclusion of transport.

This is shown by a more recent near-field raster scanning of a lateral MoSes-
WSes heterostructure, cf. Fig. b). Qualitatively the signal far away of the
interface at its left and right side is still dominated by the MoSe; and WSes,
respectively (Fig. ¢)). On a more quantitative level a peculiar behaviour is
found close to the interface, as shown in Fig. d) scanning along the dashed
line of Fig. (c) Only moving the tip deep into the WSes side a finite WSes
peak appears, whereas exciting at the interface only the MoSes optical feature
is present. The MoSes peak is still visible even when exciting 400 nm into the
WSe; side, a length one order of magnitude larger than the dimension of the
tip. This happens because before recombining, excitons excited in the WSe,
have time to reach the spatial points where their energy is minimal, which
means the MoSe; side (with an offset of about 90 meV). Such an excitonic
diode-like unidirectional transport is triggered by the offset in the excitonic
energies, similarly to what has been observed in other lateral heterostructures
[63, 65, 295, B9, 64]. This shows the remarkable opportunities provided by
lateral heterostructures for transport, which could be additionally enriched by
the role of charge-transfer excitons, cf. Fig.

4 Conclusions

In last decade atomically thin 2D materials have attracted much attention in
research and their vast technological potential has been realized. In this chap-
ter, we have in particular focused on one prominent material class, namely
transition metal dichalcogenides (TMD). They exhibit tightly bound excitons
with much larger binding energies than in typical III-V or II-VI quantum wells,
hence dominating the their response independently of the temperature. In addi-
tion, the excitonic landscape shows a remarkable coexistence of states, ranging
from bright and dark excitons in TMD monolayers to the spatially separated
interlayer, hybrid, moiré and charge-transfer excitons in TMD heterostructures.
In this chapter we have focused on exciton transport and optics phenomena.
The versatile exciton landscape results in an intriguing propagation behaviour
including diffusion and drift effects and how they can be controlled via temper-
ature, gating, varying excitation conditions, strain and dielectrics engineering,
integration into cavities etc. Furthermore, twisted TMD homo- and hetero-
bilayers can exhibit deep moire potentials confining excitons and resulting in
quantum emission of light. Here, atomic reconstruction effects play also a major
role at low twist angles considerably changing the properties of these materials.
Overall, this book chapter gives an overview on the still ongoing research on the
fascinating exciton physics in atomically thin nanomaterials.
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