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TOPICAL REVIEW
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Abstract
Heterostructures (HSs) based on two-dimensional transition metal dichalcogenides (TMDCs) are
highly intriguing materials because of the layers’ pronounced excitonic properties and their
nontrivial contributions to the HS. These HSs exhibit unique properties that are not observed in
either of the constituent components in isolation. Interlayer excitons (IEs), which are electron–hole
pairs separated across the HSs, play a central role in determining these HS properties and are of
interest both fundamentally and for device applications. In recent years, a major focus has been on
understanding and designing HSs composed of two or more TMDC materials. Less attention has
been paid to HSs composed of one TMDC layer and a layer of perovskite material. A central
challenge in the understanding of HS properties is that basic measurements such as optical
spectroscopic analysis can be misinterpreted due to the complexity of the charge transfer dynamics.
Addressing these aspects, this review presents an overview of the most common and insightful
optical spectroscopic techniques used to study TMDC/TMDC and TMDC/halide perovskite HSs.
Emphasis is placed on the interpretation of these measurements in terms of charge transfer and the
formation of IEs. Recent advances have started to uncover highly interesting phenomena, and with
improved understanding these HSs offer great potential for device applications such as
photodetectors and miniaturized optics.

1. Introduction

Two-dimensional (2D) semiconductors and their
heterostructures (HSs) are rapidly growing fields of
broad interest due to their interesting exciton phys-
ics and promising future device applications [1, 2].
These layered materials are strongly bound within
the atomic layers, but more weakly bound by Van
der Waals forces between layers. In recent years it
has become clear that monolayers of transition metal
dichalcogenides (TMDCs) exhibit interesting phys-
ics due to the combined effects of confinement and
reduction of dielectric screening. The latter results

in strongly bound excitons, with binding energies of
around 500meV in the monolayer materials [3–5],
causing the excitons to be observable at room temper-
ature. The TMDC monolayers typically have optical
bandgaps between 1 eV and 3 eV—spanning the near-
infrared and visible ranges of the electromagnetic
spectrum [3]. However, control over excitons is dif-
ficult due to their charge neutrality. Therefore, vari-
ous ways of influencing and enhancing excitonic
behaviour are currently under investigation. Among
these, HSs, formed by stacking different monolayer
TMDCs, attracted much interest due to their great
potential. Various material combinations allow for
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more control over the charge carriers in these HSs,
while still leveraging the interesting exciton proper-
ties of these materials. These properties mean that
2D TMDCs and their HSs have potential applications
in high-performance photodetectors and as compon-
ents of solar cells [6–12].

Interlayer excitons (IEs) are excitons whose
charges are spatially separated across the stacked lay-
ers of the HS; their observation has garnered justifi-
able interest within the community [13–16]. Despite
their importance for understanding the charge car-
rier and decay dynamics, interpretation of their
experimental signatures remains challenging due to
the already rich variety of other excitonic states in
these HSs.

In this review, we present a summary of the
most common optical spectroscopic tools applied
to identify the presence of excitons and their nature
in TMDC HSs. These techniques include steady-
state photoluminescence (PL) spectroscopy, time-
resolved PL (TRPL) spectroscopy, and ultrafast tran-
sient absorption (TA) spectroscopy. These key exper-
imental methods, supplemented with additional
measurements such as absorption and reflection
spectroscopy, Raman spectroscopy, transmission
electron microscopy (TEM) and electrical assess-
mentmethods, also discussed, can provide important
insights into the charge carrier and exciton states and
their dynamics within the HS. The synthesis methods
of TMDCs and their HSs are a vast topic on their
own, for which we refer readers to existing reviews
[17–25].

We consider two types of HSs, those composed of
purely TMDC layers (TMDC/TMDC) and those with
one TMDCmonolayer and a layer of semiconducting
perovskite materials (TMDC/PMs). We review the
experimental insights into the energy- and charge-
transfer processes that can occur in TMDC/TMDC
and TMDC/PM HSs and how these processes result
in the formation of IEs. Because of their complexity
and the diverse possibilities of interpretation, several
complementary techniques are needed to conclude
on the processes at play. Next to true TMDC/TMDC
HSs, we also include the investigation of Janusmono-
layers, for which the chalcogenide layers above and
below themetal plane are composed of different chal-
cogen atoms, and discuss the interpretation of their
experimental features.

For the most trustworthy interpretation of the
data, it is imperative to consider the different charge
carrier recombination pathways that may occur in
TMDC HSs and how these can affect the optical
properties of the materials. These pathways can arise
due to defects, vacancies and grain boundaries within
the material, leading to non-radiative recombina-
tion. Identifying and differentiating how these path-
ways might interact, or be confused with charge-
and energy-transfer processes is an important issue

that is discussed in the final section of this work.
Understanding these alternative mechanisms is cru-
cial for an accurate interpretation of the spectroscopic
results. The review is structured as follows: starting
with a general introduction to the physics of semicon-
ducting TMDCs in section 2, we provide a brief over-
view of the HS properties and experimental signa-
tures of excitons in TMDC/TMDC HSs in section 3.
We then discuss the recent work inmixed TMDC/PM
HSs in section 4, before discussing alternative pro-
cesses in section 5.

2. TMDCmonolayers

TMDCs—with chemical formulaMX2, whereM is a
transitionmetal andX is a chalcogen atom—can vary
from insulators to conductors, depending on their
elemental composition and phase. Bulk TMDCs were
studied and extensively described decades ago, most
notably byWilson and Yoffe [26], but only came back
into focus in 2010 through the seminal work by Mak
et al [27], after Novoselov et al showed it is possible
to cleave graphite, and other layered crystals, down
to the monolayer with a micromechanical cleavage
method [28]. There are several reviews on TMDC
monolayers and their HSs, so only a brief classifica-
tion is given here. For further background, the reader
is referred to these earlier reviews [16, 17, 28–30].
The most common configurations for the semicon-
ducting TMDCs are the trigonal prismatic (2H) and
the octahedral (1T) phases. These phases differ by
the stacking order of the chalcogen on the transition
metal atom, as shown in figure 1(a). The 2H phase is
stacked in an X–M–X sequence, where the chalcogen
atoms are positioned along the same vertical coordin-
ate across differentX layers [31], while the 1T phase is
stacked in X–M–X′ sequence, with the two chalcogen
layers displaced from each other.

2.1. Electronic bandstructure
While graphene and the prototypical monolayer
TMDCs such as MoS2 and WSe2 have a similar
honeycomb crystal structure, their optoelectronic
properties are vastly different [17]. These properties
are determined by the specifics of their electronic
bandstructures, which differs significantly between
graphene and theTMDCs. The difference roots in two
fundamental properties: (i) The heavier transition
metals in TMDCs induce strong spin–orbit coupling
(SOC), and (ii) the specific two-atom system in the
MX2 (M: Mo, W, X: S, Se) structure breaks inversion
symmetry. These fundamental properties of TMDCs
result in the opening of a bandgap and the splitting of
the K and K′ valleys in the electronic bandstructure.
Furthermore, a direct-to-indirect bandgap transition
results upon stacking several TMDC layers due to
specific orbital contributions of the metal and chal-
cogen atoms, see figure 1(b). Specifically, there are
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Figure 1. (a) Schematic of a monolayer TMDC with trigonal prismatic, 2H (left), distorted octahedral, 1T (centre) and dimerized
1T’ (right) phases. Reproduced from [31], with permission from Springer Nature. (b) Representation of the electronic
bandstructure changes in MoS2 upon a change in thickness. Reprinted with permission from [44]. Copyright (2010) American
Chemical Society. (c) Various possible transitions in TMDCs, showing both optically allowed, and optically forbidden transitions.
Reproduced from [16]. CC BY 4.0. (d) Room-temperature photoluminescence spectra of mono- and bi-layer MoS2, showing the
drastic changes induced by layer thickness. Images were adapted from [16, 31, 44] and [27] for (a) to (d), respectively. Reprinted
with permission from [27], Copyright (2010) by the American Physical Society.

three valleys of interest in the electronic bandstruc-
ture of TMDCs: at theΓ, theK and theK′ point in the
Brillouin zone. Amajor distinction between theΓ and
the K-valleys is in the aforementioned relative con-
tributions of the metal and chalcogen orbitals, which
cause the direct-to-indirect bandgap crossover due
to the more out-of-plane p-orbital character of the
bands at the Γ andΛ points [32–34]. With increasing
number of layers, the states at the Γ point are strongly
affected, as shown in figure 1(b). As a result, the pro-
totypical MoS2, MoSe2, WS2 and WSe2 have room-
temperature bulk electronic bandgaps of 1.2, 1.1, 1.4
and 1.2 eV, respectively, while their respective mono-
layers have 2.5, 2.3, 2.6 and 2.2 eV [29, 35]. However,
the monolayer values are very sensitive to the meas-
urement geometry and generally, it is more difficult
to extract electronic band energies rather than optical
bandgap energies, which are related to the excitonic
states in these materials.

The distinction between K and K′ valleys is due
to the combined effect of SOC and broken inver-
sion symmetry, causing opposite spins of states in
these two valleys [33, 36]. Furthermore, the SOC
causes splitting of valence and conduction bands in
predominantly these K and K′ valleys, as shown in
figure 1(c) [31]. It was expected that these effects
cause perfect spin-valley polarization protected by
the above symmetry considerations [37]. However,
in practice, the electron–hole exchange interaction

causes rapid valley depolarization, even at cryo-
genic temperatures and in high-quality samples [38,
39]. This suggests that the realization of the often-
discussed spin-valleytronics, which aims to use the
spin- and valley-degrees of freedom next to the elec-
tric charge for solid-state applications, is not very
practical in TMDC monolayers. Quantitatively, the
energy offsets due to splittings of the valence bands
at the K points are predicted to be 148, 183, 426
and 456meV, respectively, for MoS2, MoSe2, WS2
and WSe2 monolayers, while those for the conduc-
tion bands are, respectively, 16, 35, 3 and 3meV [32,
40]. This spin-splitting can render the lowest ener-
getic transition between the valence and conduction
band at the K-points spin-forbidden, leading to dark
states [40]. The existence of these dark states has been
shown [41], and it turns out that molybdenum-based
dichalcogenides have a spin-allowed lowest trans-
ition. In contrast, the lowest transition for tungsten-
dichalcogenides is spin-forbidden. This affects the
optical properties to a great degree [42, 43].

2.2. Excitons
Another important aspect of the transition from bulk
to monolayer is the dielectric screening of electric
charges by the material. This screening is drastic-
ally reduced from bulk to monolayer, resulting in
more strongly bound states of electrons and holes,
called excitons [45, 46]. While these bound states also
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exist in the bulk, their binding energy is enhanced in
monolayers, where it can significantly affect the ener-
getics of the electronic bandstructure. In this case,
a simple band model of free carriers is not applic-
able any more, and ultimately, many of the opto-
electronic properties of TMDCs become dominated
by the properties of excitons [27]. Experimentally,
this manifests as sharp resonances in the optical
spectra. At the same time, the symmetry consider-
ations causing the spin-split states still apply. As a
result, TMDCs display excitons at the valence and
conduction band spin-split states, termed A and B
excitons, respectively, for the lower and higher energy
states of the direct (K→ K) bandgap transition [26].
These A and B excitons represent the bright states.
Besides these bright states, there might be spin-
dark exciton states with energies above or below
the bright states, depending on the exchange- and
spin–orbit interactions [40]. Moreover, momentum-
indirect transitions (Γ→ Λ, K→ Λ) in the band-
structure contribute additional bound states, but
optical transitions to these states have much lower
oscillator strengths due to the momentum mismatch
[16], so they are much less frequently observed.
An overview of the possible transitions is given in
figure 1(c).

Because of the high exciton binding energies,
excited states of the excitons can be experiment-
ally observed. As the excitons are composed of
a positively-charged hole and a negatively-charged
electron similar to a hydrogen-like atom, their excited
states are commonly modelled by a simple Rydberg-
like formula. The excited exciton states are then
labelled 1s, 2s, 2p, etcetera, following hydrogenic
atoms, and they can contribute to the optical spectra.
These states lie between the 1s excitonic ground state
and the continuum band, where the energy difference
between these two extremes is called the exciton bind-
ing energy. Due to selection rules, however, only the s
states can be optically excited or probed in the absence
of any external fields [47, 48]. Excitingly, recent work
suggests that TMDC monolayers show signs of band
topology, whichwould alter the optical selection rules
[49]. Mapping out the excited-state energies is one of
the common ways of deducing exciton binding ener-
gies, as these energies asymptotically approach the
continuum band [50].

Finally, in the presence of extra free charges or
other excitons, exciton complexes such as trions or bi-
excitons can form resulting in extra observable states.
These extra free charges can occur due to defects, dop-
ing or high excitation fluences [51–54], resulting in
binding energies in these complexes on the order of
10s of meV, much lower than those of the excitons,
yet in some cases high enough to be observed at room
temperature. Besides these common excitonic states,
many more states can show up in the optical spectra,
such as bulk-specific excitons [55], phonon replicas

[56, 57], polaritons [58], and defect emission [59],
among others. Many of the mentioned phenomena
have by now been established in the prototypical Mo-
and W-based TMDCs; yet, even in these materials,
the richness of the excitonic states makes it difficult
to uniquely assign them to spectroscopic features. For
the less established TMDCs, compositional changes,
such as in the group IV TMDCs (M: Hf, Zr; X: S, Se),
alter the bandstructure [60]. Furthermore, reduced
crystal symmetries might cause additional degrees of
freedom to appear, such as horizontal linear optical
polarization in the case of group VII ReX2 (X: S,
Se) compounds [61]. Especially in these less-studied
materials, there is still much to discover regarding the
nature of their excitonic properties.

2.3. Recombination processes
While there are many excitonic states present, typic-
ally only one of them, the lowest allowed transition, is
observed in PL spectra at room temperature, see for
example figure 1(d). Nevertheless, there are numer-
ous radiative and non-radiative recombination path-
ways in TMDC monolayers that can affect the aver-
age decay rate (figure 2). The dominant pathways
can vary depending on the temperature, density and
type of defect states present, as well as the applied
power density [62]. Under low excitation intensit-
ies, exciton–phonon scattering and radiative coupling
are the dominant recombination processes. Under
higher excitation intensity, exciton–exciton scattering
also becomes prominent. One common way of char-
acterising material quality is through PL quantum
yield (PLQY) measurements, where low PLQY val-
ues indicate that non-radiative dominate over radi-
ative decay channels. Attaining high PLQY in these
materials remains a challenge, as a significant fraction
of excitons typically recombines non-radiatively via
intrinsic trap states, mostly due to chalcogen vacan-
cies [63–66]. This limits the PLQY to an order of 1%
(0.1% in MoS2, 6% in WS2) and radically minim-
ises the feasible optoelectronic applications of TMDC
monolayers [67]. On the other hand, the combined
effects of confinement and reduced screening tend
to increase light absorption at the exciton lines and
enhance the PLQY in monolayers compared to the
bulk [16, 27, 44, 68]. Consequently, these 2D mater-
ials are strong candidates for applications in next-
generation optoelectronic devices [69–72].

Depending on the application inmind, quantum-
yield limitations might be overcome by stacking
a TMDC monolayer with a material with high
quantum efficiency—for example, a perovskite semi-
conductor. TMDC monolayers can also be stacked
with other TMDC monolayers, which can alter
the overall excitonic properties of the materials.
Naturally, the abundance of phenomena already
present in monolayers provides a very versatile plat-
form for material tunability once these monolayers
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Figure 2. Radiative and non-radiative recombination pathways in monolayer TMDCs. Here, exciton, trion and biexciton decays
can all be radiative and are associated with their own spectral characteristics. The other processes are scattering processes that
change occupations of excitonic states, which might be monitored under the right experimental conditions with transient
absorption spectroscopy, for example. Reproduced with permission from [62].

are combined intoHSs. For example, the valley polar-
ization, which is lifted in monolayers due to the
electron–hole exchange interaction, can bemore pro-
tected in HSs due to small wavefunction overlap
for the IE [73–75]. Before using these sophisticated
effects in applications, however, much work remains
to be done to elucidate the structure–property rela-
tions of HSs. In the following sections, we briefly
touch on the very rich field of TMDC–TMDC HSs
before going more deeply into recent results of
mixed HSs.

3. Heterostructures

2D TMDC monolayers can be stacked on top of
each other, bound by Van der Waals interactions to
form either homostructures—where the layers are
composed of the same material, or HSs—where the
TMDCmonolayers aremade up of differentmaterials
[76, 77]. The HSs can be fabricated using a variety
of techniques, the most common of which include
mechanical exfoliation by either a wet or dry trans-
fer process, followed by contact transfer and chem-
ical vapour deposition (CVD). Microscope images of
HSs fabricated by mechanical exfoliation are shown
in figure 3 [28, 78]. As the HSs are bound by Van
der Waals forces and do not involve atom-specific
bonding, there is a myriad of possible combinations
of Van der Waals HSs. For this reason, interest in
HSs has been continuously rising over the past years.
Between 2012 and 2022, for example, there have been
on average 860 additional works published compared
to the previous year [79]. These works include the
fabrication of 2D TMDC/TMDC HSs, along with
2D TMDCs that are stacked with entirely different

materials into HSs, such as 2D perovskite microplates
and 0D perovskite quantum dots (QDs), as we will
discuss later.

The potential for stacking different materials,
without a strong necessity of lattice matching, prom-
ises highly tunable HSs with properties that can be
vastly different from any of the constituents. An
important ingredient in understanding HSs is their
band alignment, which results from the respect-
ive energies of the electronic bands of the two
materials, and determines whether charge or energy
transfer occurs between them, as discussed below.
Furthermore, some HS properties result from the
formation of defect states, which can lead to sub-
strate effects on interlayer interactions, for example
[81–83]. Finally, an intriguing aspect of HSs is the
formation of IEs, formed as a result of charge transfer
across the twomaterials. These IEs differ significantly
from excitons in single monolayers, as the constitu-
ent charges of IEs are separated, located in the oppos-
ing layers. Furthermore, besides having the freedom
of stacking different compounds, it turns out that the
angle under which the two, ormore, layers are stacked
affects the optoelectronic properties of the HSs to a
great degree. These stacking-angle dependent systems
are called Moiré HSs, and they will be discussed in
more detail below. In any case, due to the specific
band alignments, the stacked HS can be thought of as
an entirely new material compared to the individual
constituents and hence opens an entirely new field in
optoelectronics.

3.1. Band alignments
The relative energy levels of the electronic bands of
the stacked materials give rise to characteristic band
alignment, which determines much of the properties

5
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Figure 3. Optical microscope images of two heterostructures. Both heterostructures were fabricated using mechanical exfoliation
of the individual materials and subsequent stamping. (a) A heterostructure of the two semiconductors MoSe2 and WSe2.
Reproduced from [14], with permission from Springer Nature. (b) A heterostructure of MoS2 and the insulator hBN, [80] John
Wiley & Sons. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 4. (a) The three types of heterostructures. Solid lines indicate the energies of bands for material A (blue) and material B
(green), with dashed lines added merely as a guide to the eye. Depending on the relative energies of the bands, type I, II and III
can be distinguished. (b) Band energies of common TMDCs (blue) and lead-based perovskite materials (green). The band
energies of the TMDCs are calculated using the G0W0 method [87], with solid boxes indicating molybdenum compounds and
transparent boxes indicating tungsten compounds. The perovskite materials have the chemical formula APbX3, where solid boxes
show perovskites with the A= Cs cation [88], and transparent boxes show band energies with A=methyl ammonium (MA)
compound [89], and X is a halide (Cl, Br, I) as indicated.

of the HS. One can distinguish three types of align-
ments, as summarised in figure 4(a): in a type I
alignment, the valence band maximum (VBM) and
conduction band minimum (CBM) of material A
are sandwiched by the valence and conduction band
extrema of material B. In this case, both electrons and
holes tend to diffuse into the material with the smal-
ler bandgap, and thus energy transfer can occur from
material B to A. In a type II alignment, the bands
are staggered, meaning that both the VBM and the
CBM of one material lie above those of the other
material. This favours charge separation at the inter-
face of the two materials, where electrons and holes
experience opposite driving forces, and thus get trans-
ferred into opposite layers. This alignment is the one

required for photodiodes or solar cells to separate
photo-generated charges. A rare case is the type III
HS where the energies of both valence and conduc-
tion band extrema of one material lie above the CBM
of the other, creating a so-called broken gap. Because
electrons and holes now experience a large potential
barrier at the interface, charge transport is essentially
only possible due to tunnelling, and thus this type
of band alignment can be used to create tunnelling
junctions [84–86].

The band alignment is generally calculated by
density functional theory (DFT) or by the single-
shot perturbative G0W0 approximation to determ-
ine the work functions [87]. The G0W0 is also
referred to as the dynamically screened interaction;

6
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Figure 5. (a) Band alignment and formation of an interlayer exciton in a MoSe2/WSe2 heterostructure. (b) Photoluminescence
spectra , taken at 20 K, of the WSe2 and MoSe2 monolayers and their heterobilayer. The peak at 1.35 eV was attributed to the
interlayer exciton emission. Reproduced from [14], with permission from Springer Nature.

in this approximation, the multi-body electron–
electron interactions are captured in a quantity called
the electron self-energy and are calculated as a
product of Green’s function (G) with the screened
interaction (W) [90–92].

Experimental methods such as microbeam scan-
ning tunnelling microscopy (STM), high-resolution
x-ray photoelectron spectroscopy (XPS), ultraviolet-
visible (UV–VIS) spectroscopy and angle-resolved
photoemission spectroscopy can then be used to
extract the valence band and conduction band offsets
and the electronic band gap of the material [93–95].

From the obtained energy values, the band
alignment of the HS can be determined [96, 97].
Figure 4(b) shows an overview of band ener-
gies for the most common TMDCs, calculated
using the G0W0 method [87], and PMs, obtained
through experimental [88], and DFT techniques
[89].

3.2. Interlayer excitons in TMDC/TMDC
heterostructures
TMDC HSs were first reported by Fang and co-
workers in 2014, who fabricated a WSe2/MoS2
structure [13] by mechanical exfoliation and sub-
sequent stacking of the exfoliated monolayers on
top of each other. This technique is now com-
mon throughout the literature and allows for con-
venient identification of the separate monolayers,
and the HS region where they overlap, using tech-
niques like room-temperature optical microscopy,
Raman spectroscopy, TEM and photoemission elec-
tron microscopy. With absorption measurements,
the authors showed that the HS region exhibited an

absorption profile that is roughly a linear combin-
ation of the individual monolayers. Contrastingly,
the PL measurements showed quenching of the main
exciton peaks of both materials and an additional
lower-energy peak. These results suggested that the
extra PL peak is not due to a shift of the main
exciton lines, but rather due to the HS. The authors
attributed this peak to the relaxation of electron–hole
pairs bound across the interface; they showed that
the PL signal of this feature decreases as hexagonal
boron nitride (hBN) layers are introduced between
the WSe2 and MoS2 layers, supporting the idea that
this PL feature originates from interface-separated
bound charges. The interfacial electron–hole pairs
from this interpretation came to be called IEs and res-
ult fromHSs of a type II alignment. Subsequent work
on a MoSe2/WSe2 HS similarly identified a lower-
lying PL peak, see figure 5, and found that this state
is long-lived, with a lifetime of 1.8 ns [14], much
longer than the typical PL lifetimes of excitons and
trions, which are on the order of 10 ps for TMDC
monolayers [98]. Such slow radiative recombination
has also been observed in MoS2/MoSe2 HSs [99],
indicating that the increased average lifetime meas-
ured for TMDC/TMDC HSs is a general property of
IEs in group-VI TMDCs. Since then, similar PL sig-
natures have been observed in several other works
[100–103], and the measurements were expanded to
temperature-dependent PL [102]. In addition, elec-
trostatic gating was introduced to tune the energy
of the IE, as shown in figure 6. The vertically sep-
arated charges across the stacked layers are associ-
ated with an electric dipole moment along the out-
of-plane direction, which can be modulated by an
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Figure 6. (a) PL spectra indicating the formation of interlayer exciton in a MoS2/WSe2 based on the quenching of the intralayer
exciton emission. (b) Variation in the PL emission band of the interlayer exciton in the same HS as a function of temperature. (c)
A gated device was fabricated in order to apply an out-of-plane electric field to the HS. (d) PL spectra of the interlayer exciton as a
function of the applied voltage to the gated device. Reprinted with permission from [102], Copyright (2019) by the American
Physical Society.

electric field induced by an electrostatic gate. Such
a static dipole moment is not expected from defect
states, thus the observation of electrical modulation
of the PL feature provides important support to the
existence of IEs [102].

Crucial theoretical insight came from studies on
a MoS2/WSe2 HS, where PL spectroscopy was com-
bined with DFT calculations to show that the lower-
energy IE feature in the PL spectra could be explained
by a Γ→ K transition, showing that the exciton
is not just characterized by a lower spatial overlap
of the charges due to the layer separation, but its
recombination also involves a momentum-indirect
transition [104]. Similarly, another study attributed
spectroscopic features of TMDCHSs to momentum-
indirect transitions [105], although a MoSe2/WSe2
HS was suggested to have interlayer features com-
prised of both direct and indirect transitions [106].
Such momentum-indirect transitions are consist-
ent with the direct-to-indirect transition in bilayer
homostructures as the orbital character of TMDCs
at the Γ and Λ points have significant out-of-plane
character [32–34]. These points in the electronic
bandstructures of the HSs are sensitive to both inter-
layer distance and interlayer stacking angles and can

thus be altered by stacking. These features support
the observations of predominantly momentum-
indirect IEs and are consistent with their long PL
lifetimes [74].

Detailed studies on the formation and decay kin-
etics of excitons in TMDC/TMDCHSs were first per-
formed by Hong and co-workers [107]. They used
pump-probe spectroscopy on the femtosecond time
scale along with PL measurements to study the ultra-
fast dynamics of charge transfer across the inter-
face, inspired by previous studies, which demon-
strated ultra-fast charge transfer kinetics in organic
heterostructures that were also bound together by
Van der Waals forces [108, 109]. Hong’s work
focused on MoS2/WS2 layers that exhibit a type II
band alignment. Low-temperature (77K) and room-
temperature PL measurements showed strong emis-
sion intensities in the separated monolayers, but PL
quenching in the combined HS, indicating possible
charge transfer. When resonantly pumping at the
energy of theMoS2 A exciton and probing the absorp-
tion of the HS, the authors found a pump-induced
decrease of absorption in bothmaterials, even though
the A and B exciton lines of WS2 had energies far
above the pump energy. This pump-induced decrease
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of absorption is indicative of charge transfer since
the generated charge carriers after transfer occupy
states which reduce the absorption. Confirming that
the TA signal resurges in isolated WS2 then con-
solidated the interpretation of charge transfer from
MoS2 to WS2. Additionally, by varying the delay
time of the probe, the authors determined that holes
from the MoS2 layer had migrated into the WS2
layer within 50 fs after irradiation by the pump.
These kinetics were observed both at 77 K and at
room temperature. Other works, such as that of
Ceballos and co-workers, yielded similar results for
a MoS2/MoSe2 heterobilayer [110]. These examples
indicate how optical methods can provide insight
into charge transfer processes in the TMDC/TMDC
heterobilayers [107, 110, 111].

IEs typically recombine at a much slower rate
than intralayer excitons as a result of the reduction
in the spatial overlap of their wavefunctions [112–
114]. The average IE lifetime spans from the order of
50 ps to 1.5 ns, depending on the stacking nature of
the layers and the nature of exciton recombination
[115]. Hence, recombination lifetimes can be pro-
longed not only by varying the stacking order but
also by measuring at lower temperatures, measuring
with a different twist angle, increasing spatial separa-
tion of the monolayers and synthesising the HS with
a different technique [116, 117]. Furthermore, differ-
ences in the photoluminescence spectra and kinetics
between TMDC HSs and their monolayers can also
be ascribed to surface defect states and other radiat-
ive trap states [63, 113, 118–120]. Therefore, single-
experiment characterisation, using PL or TRPL alone,
is generally insufficient to conclude on the formation
of IEs. An additional powerful technique is cathodo-
luminescence (CL), inwhich electrons are used to loc-
ally excite charge carriers to obtain insight into their
local radiative decays, achieving superior spatial res-
olution in photoemission mapping. While this tech-
nique has been applied to IEs to identify and isolate
them from intralayer excitons [121, 122], compre-
hensive work including both steady-state and time-
resolved CL is limited, but could provide further
insights on the nature of IEs.

3.3. Moiré excitons
One of the critical tuning parameters in stacked
TMDC HSs is the relative angle of orientation
between two layers. This twisting angle plays a pivotal
role in shaping the electronic properties of the res-
ulting structure. For example, in bilayer graphene,
the stacked material undergoes a transformative shift
into a superconducting state at a highly specific twist-
ing angle, commonly termed the ‘magic angle’ [123].
The intricate electronic effects induced by the twisting
angle create a Moiré pattern—a superlattice formed
by the periodic interference between the two lay-
ers. Under a specific stacking angle, this leads to the

emergence of a flat electronic band, intensifying elec-
tron correlations and facilitating superconductivity in
the specific case of bilayer graphene [124, 125]. In
TMDCHSs, several works have explored the effects of
variable stacking orientation and twisted layers. This
exploration has revealed a new class of quasiparticles
known as Moiré excitons [126–128]. The Moiré
excitons can be interlayer or intralayer in nature.
These twist-induced excitonic states exhibit enhanced
binding energies and, provided that the Bohr radius
of the Moiré exciton is smaller than the Moiré pat-
tern itself, long-range spatial periodicity—properties
which are distinct from excitons found in individual
TMDC layers [129]. In addition to their formation,
the precise behaviour of the Moiré excitons is signi-
ficantly affected by the difference in the twist angle
between the TMDC bilayers [130, 131]. For example,
with an increasing twist, regions of constructive inter-
ference in the Moiré pattern become more local-
ised, which in turn affects the spatial distribution
of the excitons themselves. Furthermore, changes in
the electronic band structure due to variations in the
Moiré pattern will directly impact the absorption and
emission characteristics of the Moiré excitons—an
increase in twist angle will lead to shifts in the optical
signatures associated with Moiré excitons [132, 133].

We note that PL and TRPL are not the only optical
techniques applied to study the precise properties of
IEs. Reflection spectroscopy has been used as an addi-
tional assessment tool to provide further insight into
the excitonic nature. As an example, optical spec-
tra, measured at 10 K, were employed to study the
twist-angle dependent properties of the IE in the
WSe2/WS2 TMDC HS under different angles of ori-
entation, after the presence of an IE peak was estab-
lished from PL [126]. The authors showed that a
near-zero twist angle contributes to a much stronger
enhancement of the interlayer excitonic peak than a
larger angle. This is attributed to the Moiré pattern
at the near-zero twist angle generating distinct Moiré
exciton states, which are then visible in the reflect-
ance spectra. Notably, the reflectance spectra were
directly compared to the PL excitation (PLE) spec-
tra, and found to yield the same excitonic features.
With properties such as the ones discussed above,
Moiré excitons in TMDC heterobilayers have expans-
ive potential applications in the fields of ‘twistron-
ics’ (utilising the twist-dependent electronic prop-
erties of the system), nano-photonics and quantum
information [134, 135].

3.4. Janus layers
Over the past few years, alloying has emerged as a
powerful technique to tune the structure and opto-
electronic properties of TMDCs. In this fabrication
technique, layers of MyM ′

1−yX2 or MX2yX
′
2(1−y) are

synthesised by varying the composition (y) of the
metal (M/M ′) or chalcogen (X/X ′) atoms [136–138].
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By controlling the alloying composition in each indi-
vidual layer, fundamental properties such as bandgap
and effective mass can be effectively modified [136,
139, 140]. Both theoretical and experimental studies
have shown composition-dependent bandgaps in the
TMDC alloys and the obtained results have opened
possibilities of bandgap engineering [136, 141–143].
Since the alloyed layers can be used for stacking, this
further expands the space of HS possibilities for the
TMDCs.

Interesting examples of alloyed layers are Janus
monolayers, where the controlled mixing of chal-
cogen atoms leads to bottom and top chalcogen
planes of different composition. This results in an
out-of-plane dipole, as for the layered HSs [144].
However, due to the complete absence of any real
stacking, there is no possibility of momentum mis-
match, and the optical transitions tend to be at ener-
gies in between those of the pure compounds [145].
One study fabricated WSSe/MoSSe and WSe2/WSSe
HSs by a combination of plasma-induced vacancy
formation coupled with a CVD process [145]. The
PL spectra of the HSs clearly showed that the HSs
exhibit PL from both layers, yet no clear conclu-
sions were drawn on charge transfer effects. Another
study on stacking Janus monolayers investigated the
effects of the built-in field from the different chalco-
gen planes on charge transfer rates in a WSSe/WS2
HS and found that the Janus-induced electric field
can function as an additional potential barrier, pro-
hibiting charge transfer, even when the type II band
alignment suggests its possibility [146]. This makes
the charge transfer rate directional and dependent
on the stacking sequence. A further alloying possib-
ility is the alloying of the metallic component, fol-
lowed by HS formation, creating layers with different
metallic constituents. This has been explored briefly
in early work where HS alloys were directly grown by
CVD [147]. While the HS composition was indeed
verified through Raman and PL techniques, however,
no clear analyses were performed on charge transfer,
leaving it as an interesting future research direction.
These examples show that, already within the TMDC
family, there is a lot of design space for fabricating
HSs with diverse functionality. This design space can
be further expanded by stacking TMDC monolayers
with completely different compounds. This direction
will be discussed in the following section, focusing on
TMDC/perovskite HSs.

4. TMDC-perovskite heterostructures

The performance of 2D TMDC/TMDC HSs in opto-
electronic devices is limited by low light absorption,
related to their single atomic layers, which is partic-
ularly undesirable for photovoltaic applications. One
way to improve the overall absorbance is to replace
one of the TMDC layers with a strongly absorbing

material. This strategy has been demonstrated for
organic materials, carbon nanotubes and QDs [148–
152]. As the potential number of candidate materials
for forming HSs with TMDCs is huge, in this review
we focus specifically on HSs of TMDCs with halide
PMs. Perovskites can effectively enhance absorbance,
even though the absorption coefficient of a mono-
layer of a typical perovskite is roughly the same as that
of a TMDC monolayer [153]: nevertheless, as their
carrier transport is very efficient, thick perovskite lay-
ers can be used for the absorption, absorbing suffi-
cient amount of light to create charge carriers, which
can then migrate to the HS interface. In the follow-
ing, we will first review the most basic properties of
perovskite structures, before we go into more detail
about perovskite/TMDC HSs.

4.1. Perovskite
We will primarily focus on HSs consisting of the con-
ventional perovskite with the ABX3 crystal structure,
wherein A corresponds to a small cation, such as
Cs+ ormethylammonium(MA+),B corresponds to a
large cation, such as Pb2+ and Sn2+, and X is a halide
anion or some mix of halide anions. Much has been
written on the chemical and optoelectronic properties
of these perovskites and we refer the reader to some
in-depth reviews [154–158]. Briefly, semiconduct-
ing inorganic CsPbX3 materials, where X is a halide
atom, have been known to crystallise in the perovskite
structure since the 1950s, [159], and the prototypical
organic–inorganic compound of methyl-ammonium
lead halide (MAPbX3) was subsequently described in
the 1970s [160]. Differences in A-site cations (MA
versus Cs) not only result in structural differences
and relative differences in stability (CsPbBr3, which
is the more stable of the two, is typically found in
the orthorhombic phase at room temperature, while
MAPbBr3 is found in the cubic phase) but also res-
ults in optical and optoelectronic changes in the
material—for example, the band gap of MAPbBr3
tends to be lower than CsPbBr3 [161, 162]. Going
from bulk to confined systems, the 2D-layered, Pb-
based, perovskites were first synthesised in the 1980s
[163], and basic optical properties were described in
the early 1990s [164]. Themainmotivation for study-
ing these layered crystals was that they act as natural
quantumwell systems, due to the Van derWaals inter-
actions between the layers, as opposed to the heavily
designedGaAs-basedwells. Subsequently, perovskites
experienced a resurgence as high-efficiency emitters
due to the landmark paper by Kovalenko’s group on
the synthesis of CsPbX3 nanocrystals in 2015 [165].
Clearly, TMDCs and PMs overlap in the motivation
for studying systems with strong excitonic behaviour,
and it is no surprise that after these low-dimensional
systems were shown to be stable in practice, the
field quickly moved to combine these two classes of
semiconductors.
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What makes the PMs interesting candidates for
HSs with TMDCs, is, next to their bandgap tunab-
ility by composition, the fact that carrier transport in
the perovskites has been shown to be effective enough
for the migration of charges to the HS interface even
if the perovskite layer is 200 nm thick [166, 167].
This might be in part due to a process called photon
recycling in PM that effectively enhances carrier dif-
fusion lengths by repeated absorption and emission
events [168]. The thickness of these perovskite lay-
ers can be increased without significantly changing
the electronic bandstructure, while for TMDCs clear
changes in bandstructure and excitonic properties
occur with increased thickness. Therefore, the addi-
tion of a perovskite layer might enhance flexibility
and tunability in HS properties without sacrificing
potentially desired TMDC monolayer properties. In
the following, we discuss multiple dimensionalities
of perovskites, from bulk to nanocrystals. This is an
important distinction as nanocrystals, for example,
are typically capped with stabilising ligands [165],
which can potentially affect the HS interface. Thus,
we will specify the perovskite dimensionality for each
discussed work.

4.2. Band alignment engineering
The first reports of TMDC/PM HSs date from 2016,
where MAPbI3 thin films (10s–100s nm thick) were
used as the perovskite layer [169–172]. While MoS2
had been used before as a hole-transport layer in
organic solar cells, [173], in the TMDC/perovskite
HS, it was used for the first time as an active
absorbing layer, next to the perovskite layer. To tune
the charge and energy transfer between the per-
ovskite and TMDC, modulation of the band align-
ment between these two materials is essential. In this
context, the work by Peng and co-workers is par-
ticularly interesting, who analysed charge transfer
processes in a MoS2/MAPbI3 perovskite HS, where
the MAPbI3 was 30 nm thick [171]. They experi-
mentally analysed the excitonic states using pump-
probe spectroscopy in a similar manner to what
has been described in section 3.2. The work repor-
ted that the band edge alignment can be tuned by
defect engineering: the type I heterojunction could
be converted to a type II heterojunction using oxygen
plasma treatment of MoS2. As a result of the band-
alignment engineering, competitive charge transfer
and energy transfermechanisms could be varied. This
work demonstrated highly efficient charge transfer
in which 83% of the holes generated in the per-
ovskite were transferred to the MoS2, on a times-
cale of 300 fs after photoexcitation. The fact that
defects can play a strong role in the performance of
thesemixedHSs was explicitly investigated in another
work, in which defects were passivated in a CVD-
grown WSe2 monolayer through laser-induced oxid-
ation. The photo-responsitivities of the resulting HS

with a bulk-like film of MAPbI3 device with the
treated monolayer were higher than the device with
the untreated monolayer [172]. The more diverse
band alignments in these mixed HSs are a main
advantage over the typical TMDC/TMDCHSs, which
generally form type II band alignments, as shown in
figure 4. However, as the previous works show, the
role of TMDC defects can not be neglected in the
characterisation of the HSs.

In the following years, more works on the device
performance of these HSs were published (see [176–
181], for a selection, with various perovskite com-
positions and morphologies). While most of these
works rely on the electronic charge- or energy trans-
fer, it is worth pointing out at least one study that
used the excellent emissive properties of a 37 nm thick
layer of CsPbBr3 nanocrystals and subsequent radi-
ative energy transfer to effectively boost the absorp-
tion of the underlyingMoS2 layers [182]. Other works
also went more deeply into the processes under-
lying the energy and charge transfer in the HSs.
In this regard, the work from Bauer et al focused
on a 100 nm thick film of MAPbI3 perovskites but
with WS2 as the TMDC in the HS [174]. Akin to
TMDC/TMDC HS analysis, they used microscopic
ultra-fast pump-probe transient spectroscopy meas-
urements combinedwith room-temperature PL spec-
troscopy, to determine the kinetics within the HS.
This work presented a somewhat unusual finding:
despite a type I band alignment, for which energy
transfer and hence PL emission would be expected
(figure 7(a)), the PL contributions from the indi-
vidual constituents were quenched (figure 7(b)). As
the PL was quenched in both materials, the authors
concluded that energy transfer was not the dom-
inant transfer mechanism. Rather, the strong bind-
ing energy of the excitons in the TMDCs and the
small energy difference between the VBMs of the two
materials limited the transfer of holes to the per-
ovskites. While the holes from the B-exciton band
could still transfer, the effective hole transfer rate was
smaller than the electron transfer rate, for which both
A-exciton band and B-exciton band electrons could
contribute in the transfer from the TMDC to the per-
ovskite. This resulted in an HS dominated by charge,
not energy, transfer. This suggests that the peculiar
spin–orbit physics of TMDCs has far-reaching effects
for their functionality in HSs, opening up sophistic-
ated ways ofmanipulating charge transfer by compar-
ing A-exciton and B-exciton dissociation rates.

Extending these band alignment considera-
tions further, a HS of monolayer MoS2 and 40 nm
thick CsPbBr3 nanosheets, with a type II alignment
was reported [176], while another work showed
a type I alignment between CsPbBr3 nanowires
and monolayer MoS2 [183]. Similarly, a WS2
monolayer/CsPbBr3 180 nm thick microplate HS
exhibited a type II alignment in one study [101], while
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Figure 7. (a) Type I band alignment of a MAPbI3/MoS2 HS, MAPbI3 nanocrystals had an average diameter of 7. (b)
Room-temperature PL spectra of the pristine layers and the HS of MAPbI3/MoS2. Despite a type I system, the PL quenching from
the constituent emission bands suggests charge transfer occurs in this system. (a), (b) Reprinted with permission from [174].
Copyright (2018) American Chemical Society. (c) Band alignments of the compared structures in Wu’s study, where the CsPbX3
had an average diameter of 15 nm. (d) The compared samples’ pristine and HS room-temperature PL spectra. (c), (d) [175] John
Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

in another study, WS2 with CsPbBr3 QDs (average
size of 11 nm)—rather than sheets—resulted in a type
I alignment [184]. In both examples, the calculated or
measured bandgaps of the PMs did not change signi-
ficantly; rather, the morphology and dimensionality
of the perovskites seem to have caused the shift in
band alignments. In terms of material dimensions,
it was shown that the diffusion length of charges in
a CsPbBr3 film is sufficiently long that perovskite
films from 8 nm up to 200 nm thick can still effi-
ciently transfer charges to TMDC monolayers [166,
167]. These examples indicate that the relative ease
of solution processing of the perovskites combined
with the spin–orbit split bands in the TMDCs allows
a wide variety of band alignments to be engineered.
As pointed out before, these spin–orbit split bands
cause alignments that are neither precisely type I nor
type II but create competing transfer processes [184].

Naturally, adjusting the perovskite bandgap by
composition is a powerful way of tuning band-
alignments. In 2018, a comparative study on the
differences in the band alignments for inorganic
and organic perovskite QDs, namely MAPbBr3 and
CsPbBr3−xIx, with average diameters of 7 nm and
15 nm respectively, in MoS2 HSs was published
[175]. Using ultra-violet photoelectron spectro-
scopy measurements, the work showed that organic
MAPbBr3/MoS2 heterobilayers formed a type I band

structure, while the inorganic CsPbBr3−xIx/MoS2 HS
formed a type II structure (figure 7(c)). In line with
the general PL quenching trend in type II structures,
the CsPbBr3−xIx/MoS2 showed PL quenching in both
layers, while for the type I HS, the PL intensity was
quenched only for the MAPbBr3 QDs, but enhanced
for the MoS2, highlighting the role of band align-
ment in the excitonic charge and energy transfer.
The PL spectra obtained from this study are shown
in figure 7(d). In addition to the PL and TRPL ana-
lyses, the authors also studied the optoelectronic per-
formance of these HSs by separately incorporating
them into photofield-effect transistors (PFETs). In
both devices, the HSs were fabricated on top of back-
gate SiO2/p-type Si substrates, and Au/Cr contacts
were evaporated onto the substrates as the source
and drain contacts. The performance of each sys-
tem was analysed by current–voltage sweeps in the
dark and under illumination. The measured pho-
tocurrent of the all-inorganic type II HS was more
than four times that of the organic–inorganic type I
HS. The superior optoelectronic properties of the all-
inorganic HS was attributed to trapped long-lifetime
carriers in the surface states or interface trap states,
particularly arising from the MoS2 interface. The
Cs-based system’s ability to transfer photoexcited
electrons while accumulating photogenerated holes
resulted in a strong photogating effect, contributing
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to the overall enhanced optoelectronic performance.
Conversely, both of the photogenerated electrons and
holes were transferred to the MoS2 layer in the MA-
based system, where they subsequently recombined;
this ultimately led to a relatively poor performance
in the organic–inorganic device. More generally, the
authors argue in this work that the advantageous
optoelectronic properties coupled with the higher
overall stability of CsPbBr3 perovskite QDs may lead
to more favourable TMDC/perovskite HS systems
and devices in the future.

As shown by the Kovalenko group, the bandgaps
of the all-inorganic perovskite nanocrystals change
with the halide element, from around 3 eV inCsPbCl3
via 2.4 eV forCsPbBr3 to 1.8 eV forCsPbI3 [165]. This
change in bandgaps is accompanied by a change in
band energies [88], and it will be interesting to see if
the facile change in halides can induce a change froma
type II to a type I HS. However, no systematic experi-
mental study exists yet on this halide-dependent band
alignment in an HS with TMDCs. Clearly, the facile
exchange of cations and anions in semiconducting
PMs promises a wealth of tunability for HSs in the
near future.

Finally, further opportunities for interfacial
engineering in TMDCs/perovskite HSs arise through
the surface chemistry of the perovskites, or by insert-
ing spacer layers between the two materials. Using
room-temperature, TRPL spectroscopy, Liu et al
showed that the introduction of hBN spacer lay-
ers between all-inorganic perovskite nanocrystals,
with average sizes of 8.5 nm and monolayer MoS2
altered the PL lifetime of the perovskite nanocrystals,
with shorter lifetimes for thinner spacers [80]. They
showed that the charge transfer rates can be effect-
ively modulated by introducing hBN flakes of up to
7 nm thick. Using ligand engineering in the same
HS, albeit with slightly larger nanocrystals of around
15 nm, interfacial charge transfer was enhanced by
removing as much of the nanocrystal ligands as pos-
sible without compromising the stability of the per-
ovskite nanocrystals [185]. With this treatment they
improved the photo-responsitivity of their photode-
tector devices by a factor of 15. Another approach
to ligand engineering exists for quantum-confined
nanocrystals, where the choice of surface ligands
can affect the band alignments, without changing
the bandgap. This has been shown before for QD
HSs [186], but to our knowledge, not yet for mixed
TMDC–perovskite HSs.

The above examples demonstrate that ele-
mental composition, dimensionality, morphology,
defects, layer distances and surface chemistries of a
TMDC/perovskite HS can all alter the band align-
ment of the HS, which in turn, determines the extent
of charge or energy transfer between the layers. As
a consequence, the simple band alignment picture
is not always indicative of charge or energy transfer

Figure 8. Low-temperature PL spectra of the WS2 pristine
sample and the WS2/CsPbBr3 HS. The CsPbBr3 consists of
180 nm thick microplates. Note the emission differences
from the neutral exciton (X), the charged exciton (X−) and
the biexciton between the spectra. Reproduced from [101],
with permission from Springer Nature.

processes, as can be seen by comparing the panels
of figure 7. Rather, a combination of experimental
methods such as (time-resolved) PL and TA spectro-
scopy is required to determine the charge kinetics in
TMDC/perovskite HSs.

Therefore, the same combination of techniques
that already provided insight into the charge dynam-
ics of TMDC/TMDC HSs is useful in elucidating the
carrier dynamics in the TMDC/perovskiteHSs, as will
be discussed in the following sections.

4.3. Signatures of charge transfer
Steady-state PL spectroscopy, particularly PL spec-
troscopy at low temperatures, is a convenient tech-
nique to optically characterise the TMDC/perovskite
HSs. In Wu’s comparative analysis, the PL quench-
ing in the CsPbX3/MoS2 HS indicated full energy
transfer, while the PL quenching of the organic per-
ovskite along with the PL enhancement of MoS2
indicated charge transfer [175]. This argument is
generally applied in most TMDC/perovskite reports
[101, 184, 187].

Besides that, low-temperature PL measurements
can provide insights into the kinetics of the biexcitons
and charged excitons within a TMDC/perovskite HS,
which otherwise would not be observed. For example,
one study reported the PL of a WS2/microplate
CsPbBr3 structure and its pristine components at
3.3 K to resolve the excitonic emission bands [101].
As the density of the biexcitons varies quadratically
with the number of excitons in the pristine TMDC
monolayer, small fluctuations in the exciton density,
which may be undetectable in many PL systems, can
be detected from changes in the biexciton emission
(figure 8). Additionally, since the binding energies of
trions and biexcitons are lower than those of neutral
excitons, the driving force for charge separation at the
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interface will be more effective for these exciton com-
plexes. At low temperatures, the authors observed full
quenching of the biexciton emission in the HS com-
pared to the monolayer, indicating that charge trans-
fer occurred within the sample.

Adhikari et al further studied the excitonic room-
temperature PL spectra of a CVD-grown monolayer
MoS2 and 11 nm sized CsPbBr3 nanocrystals HS and
noted that each of the neutral A and B excitons and
the negatively charged A− exciton red-shifted in the
HS [188]. Their argument was further strengthened
by showing more dominant trion emission, inde-
pendent of laser power, and related shifts and power
dependence in TA measurements. Furthermore, by
constructing gated devices with andwithout theQDs,
the work also found a downshift in the threshold
voltage in the HS compared to the pristine device.
Both indicate that the MoS2 layer’s electron concen-
tration was higher in the hybrid than in the pristine
sample. In turn, this implied charge transfer had
occurred in the HS, with electrons transferred from
theQDs to theMoS2. Overall, this study highlights the
difficulty of characterising charge transfer by exciton
lines, as both the exciton binding energy as well as
the electronic bandgap can shift with the influx of
charges.

Before we continue towards alternative signatures
of energy transfer, we briefly exemplify a lead-free
system, namely the evaporated CsSnBr3/WS2 (grown
by CVD) HS as recently fabricated and character-
ised in the work of Mu et al [189] The key novel
concepts summarised from this work are two-fold:
first, as it has been argued that toxicity of lead will
limit the extent of future applications for any per-
ovskite optoelectronic device, a substitution of lead
by another element such as tin is necessary. Second,
contrary to the majority of published works using
mostly solution-processed methods such as mechan-
ical exfoliation or vacuum deposition to prepare the
perovskite, in this study, precise tuning of the per-
ovskite thickness (varying between 10 nm and 70 nm)
was achieved using thermal evaporation. The optical
properties were characterised using UV–VIS absorp-
tion spectroscopy, steady-state PL and TRPL. Using
UV–VIS measurements supplemented with XPS, the
HS was found to exhibit type-II band alignment. The
observed PL quenching in this system together with
the differences in TRPL lifetime was attributed to
charge carrier transfer across the system. This work
by Guo et al is a pioneer study on the use of lead-
free perovskites in TMDC-based HSs. Their findings
are naturally not as encompassing as those from the
multitude of studies done on lead-based perovskite
HSs. However, their study presents an important step
towards sustainable implementation of TMDC/PM
HSs and it will be interesting to see future work going
deeper into the comparison of lead-based and lead-
free perovskite/TMDC HSs.

4.4. Exciton- and energy transfer
PL lifetimes can also yield insight into the possible
formation of IEs and whether charge or energy trans-
fer occurs in a TMDC/perovskite HS. For example,
room-temperature TRPL and fluorescence lifetime
imaging microscopy measurements of organic–
inorganic heterostructures found that the average PL
lifetime of the CsPbBr3−xIx QDs was 16.7 ns, which
reduced to 6.2 ns in theMoS2/ CsPbBr3−xIx HS, while
the average PL lifetime of MAPbBr3 reduced from
11.2 ns in the pristine sample to 2.9 ns in the HS
[175]. This reduction was attributed to the charge
extraction kinetics of the HS.

Further insights into interfacial dynamics can be
obtained by varying the interfacial width, and eval-
uating its effect on the charge transfer dynamics. By
either decreasing the thickness of MoS2 or removing
insulating hBN layers between the materials [80], the
PL lifetime of the perovskite QDs decreases (figure 9),
indicating the presence of an additional relaxation
channel. Panel (c) of figure 9 shows the TRPL data
for varying MoS2 layer thickness, and panel (d) the
extracted thickness-dependent relaxation rate, which
saturates for thicknesses of around 10 MoS2 layers,
approaching the value of the isolated QDs. Panels
(e) and (f) reveal a similar behaviour for the thick-
ness of an hBN spacer layer between the QDs and an
MoS2monolayer. This decrease of the QD PL lifetime
suggests the emergence of additional non-radiative
relaxation channels that become activated for lower
energy barriers or when the band-alignment of the
two compounds becomesmore favourable due to thin
MoS2 as opposed to thicker MoS2. This thickness-
dependent PL lifetime thus points to the presence of
charge transfer across the HS.

4.5. Signs of interlayer excitons?
Ultrafast spectroscopic characterisation thus presents
a powerful tool to study the kinetics and determ-
ine rates of charge- and energy transfer in
TMDC/perovskite HSs. It is therefore interesting to
askwhether similar to TMDC/TMDCHSs, there have
been signs of spatially separated IEs in mixed HSs as
well. The studies towards this topic are few in the
mixed TMDC/PM HS. Nevertheless, an interesting
study was presented by Li et al, who performed a full
analysis of the charge dynamics across aWS2/CsPbBr3
QD HS using a combination of femtosecond TA
spectroscopy and room-temperature steady-state PL
[184]. The TA signal showed photobleaching (PB)
proportional to the exciton fluence and photoabsorp-
tion (PA) due to biexcitons and other pump-induced
absorbing states, see figure 10(a). The quenching of
the PB signal suggests that few excitons remain in the
QDs after excitation. Additionally, the PB signal of the
A-exciton resonance was enhanced, suggesting that
the excitons generated in the perovskite were imme-
diately transferred to the TMDC. To pin down the
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Figure 9. (a) Schematic and (b) band alignment of the monolayer MoS2 and 8.5 nm sized CsPbBr2I nanocrystals HS studied by
Luo and co-workers. (c) Room-temperature TRPL spectra of the HS with additional MoS2 layers. (d) The corresponding
non-radiative relaxation rate as a function of the increasing number of MoS2 layers. (e) TRPL spectra of the HS with increasing
hBN spacer thickness. (f) The corresponding non-radiative relaxation rate as a function of the hBN spacer thickness. [80] John
Wiley & Sons. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 10. (a) Transient absorption spectroscopy with photobleaching (PB) and photo-induced absorption (PA) signals labelled
for the monolayer WS2, 11 nm sized-CsPbBr3 nanocrystals pristine samples and the WS2/CsPbBr3 HS. PB1 (PB2) refers to the PB
signals of the A (B) excitons. (b) TA signal of the A exciton resonance of theWS2 structure. (c) TA signal of the A exciton resonance
of the HS. Note the evolution of the ZP and the enhanced PA effect in the HS compared to the pristine sample. (d) Kinetic model
of the ultra-fast charge processes of the HS. Reproduced from [184] with permission from the Royal Society of Chemistry.

competitive processes behind the PB and PA features,
‘zero-points’ (ZP) were defined at probe wavelength
positions where the photo-induced absorption van-
ished (vanishing ∆A in figures 10(b) and (c). In the
HS, these ZPs shift over time towards an increased PA
feature, indicating the formation of a built-in electric
field due to IEs across the HS, which in turn altered

the resonances of the excitons in the WS2 layer. This
concept had previously been described by He and
co-workers for a WS2/graphene HS [190], and here
could be developed into a full model of the recom-
bination dynamics and fitted to the TA signal for
fast and slow recombination processes as depicted in
figure 10(d).
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4.6. Further considerations
In addition to the above examples of thin films or
QDs of lead halide perovskites with ABX3 structure,
2D Ruddleston–Popper perovskites, with a struc-
ture of An+1BnX3n+1 are also widely employed as
one of the layers in TMDC/perovskite HS [187,
191–193]. As an example, excitonic energy trans-
fer has been observed in the quasi-hybrid perovskite
C6H5C2H4NH3 (PEPI)/WS2 HS, with the PEPI being
around 100 nm thick and monolayer WS2 [187].
Experimental evidence for the energy transfer was
presented using PL, PLE and reflectance spectroscopy
techniques. In the PLE measurements performed at
110K, the authors observed that the A exciton PL
from WS2 is enhanced at the excitation energy cor-
responding to the exciton of PEPI, indicating energy
transfer between the two compounds had occurred.
Overall, while many initial works have been per-
formed on these mixed HSs, important details of
the fundamental processes are yet to be uncovered.
For example, many tuning parameters have been dis-
cussed above, but it is not always clear how these tun-
ing parameters affect the time dynamics of charge
transfer. To gain further insight, the optical exper-
imental methods described above should be sup-
plemented by further optical measurements such as
reflectance spectroscopy, and other physical charac-
terisation methods such as x-ray diffraction, TEM,
and atomic force microscopy, and by theoretical ana-
lyses. In this regard, a theoretical study using time-
dependent DFT points to yet another factor in band
alignments [194]. The authors found that the exact
crystal facet of CsPbBr3 nanocrystals exposed to the
TMDC can alter the band alignment and sugges-
ted that this can be an alternative explanation for
mixed band-alignment, besides the spin–orbit split-
ting mechanism proposed by Bauer et al [174]. This
interpretation is still discussed in the follow-up the-
oretical work by Liao et al, who found a type II
alignment for both crystal facets in the same system
[195]. Subsequently, Xu et al stressed that the dif-
ferent crystal facets of CsPbBr3 do result in differ-
ent band alignment types with MoS2, as long as the
SOC is included to describe the properties of the
perovskite [196]. Similar work has been undertaken
on the CsPbBr3/MoSe2 system, where both perovskite
facets show a type II alignment with the TMDC
[197]. Finally, also in the case of the CsPbI3/MoS2 and
CsPbI3/WS2 systems, the alignment turns out to be of
type II, independent of the perovskite facet exposed to
theTMDC.This shows that for some specific combin-
ations, such as CsPbBr3/MoS2, the band alignment is
so close between type I and type II that the specifics
of crystal facets, and SOC start to become important
[198]. It will be interesting to see how these effects,
and the aforementioned tuning parameters, overlap
in less-than-ideal macroscopic samples and practical
situations.

Before we address the alternative processes that
may be occurring in TMDC/TMDC and TMDC/PM
HSs, we summarise the key experimental reports that
we have previously discussed regarding TMDC/PM
HSs in table 1.

5. Alternative processes

While the aforementioned features such as the addi-
tional low-energy, long-lived PL and quenching of the
excitonic peaks of both HS components have been
attributed to charge transfer between the materials
and the formation of the IE, alternative processes
are also imaginable. In principle, the additional PL
emission peaks, PL quenching, prolonged lifetimes
and even unusual TA signals can all be attributed to
entirely different processes. For example, the forma-
tion of radiative defect states in the HS can result in a
change in the average lifetime and can be recorded as
a low-energy PL signal. It is therefore crucial to differ-
entiate such spectroscopic peculiarities from IE form-
ation and recombination processes in TMDC HSs.

In fact, TMDC monolayers can have an array
of intrinsic point defects, grain boundaries, surface
defects, vacancies and adatoms; these defects and
their densities can vary across different materials and
different fabrication procedures [64, 119, 120]. These
intrinsic defects can alter the PL, band gaps and
recombination lifetimes, where the defect-assisted
recombination typically triggers Auger recombina-
tion in such monolayers [63, 199, 200]. Furthermore,
the substrate can contribute to the variation of
the monolayers’ and HSs’ optical properties. For
example, PL quenching has been shown to occur
when TMDC monolayers were grown on graphene
compared to their PL emission when fabricated on
rigid substrates [201–203]. Furthermore, PL quench-
ing may simply be a result of less overall irradi-
ation of the sample when in an HS configuration
compared to a pristine sample. Optical spectroscopic
tools, as described above, along with scanning elec-
tron microscopy (SEM), TEM, XPS, secondary-ion
mass spectrometry (SIMS) and other physical char-
acterisation techniques, combined with density func-
tional theory (DTF) and electron energy-loss spec-
troscopy (EELs) calculations provide a means to ana-
lyse such defects and differentiate between different
mechanisms [82, 83].

Some, albeit not all, works that analyse
TMDC/TMDC and TMDC/perovskite HS also con-
sider alternative mechanisms that could explain their
spectroscopic results. For example, Bauer and co-
workers considered that the PL quenching of WS2 in
their TMDC/perovskite HS could simply be due to
the excitation from the laser not reaching the WS2,
due to their MAPbI3 layer being 100 nm thick [174].
They addressed this consideration by fabricating
the HS on a transparent (sapphire) substrate and
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Table 1. Summary of the experimental works discussed in this literature review which characterise various TMDC/PM heterostructure
materials using various key optical methods. These tabulated works also explicitly identify the heterostructure type and describe
evidence for either charge transfer, energy transfer, or both. Abbreviations: BA= butylamine, N.D.= not described, Abs.= UV–VIS
absorption spectroscopy, TRPL= time-resolved photoluminescence spectroscopy, TAS= transient absorption spectroscopy, DRS=
differential reflection spectroscopy.

TMDC/perovskite Perovskite type HS type Transfer type Key optical techniques Year Reference

WS2/CsPbBr3 Microplates Type II Charge Abs., PL, Raman 2018 [101]
MoSe2/CsPbBr3 Nanocrystals Type I Energy Abs., PL, TRPL 2022 [153]
WSe2/CsPbBr3 Thin film Type I Energy Abs., PL, TAS 2021 [166]
MoS2/CsPbBr3 Thin film Type II Charge Abs., PL, TAS, TRPL 2022 [167]
WS2/CsPbBr3 Thin film Type II Charge Abs., PL, TAS, TRPL 2022 [167]
MoS2/MAPbI3 Thin film Type II Charge PL, TAS, Abs., Raman 2016 [171]
WS2/MAPbI3 Thin Film Type I Charge Abs., PL, TAS, DRS 2018 [174]
MoS2/CsPbBr3−xIx Quantum dots Type II Charge Raman, PL, TRPL 2018 [175]
MoS2/MAPbBr3 Quantum dots Type I Energy Raman, PL, TRPL 2018 [175]
MoS2/CsPbBr3 Nanosheets Type II Charge Abs., PL, TRPL 2018 [176]
WS2/CsPbI3 Nanocrystals Type II Charge Abs., PL, TRPL, Raman 2023 [180]
MoS2/CsPbI3−xBrx Quantum dots Type II Charge Raman, Abs., PL, TRPL 2018 [181]
MoS2/Cs0.85FA0.15PbBr3 Quantum dots N.D. Charge Raman, Abs., PL 2022 [182]
MoS2/CsPbBr3 Nanowire Type I Energy Raman, PL, TRPL, TAS 2018 [183]
WSe2/CsPbBr3 Nanowire Type II Charge Raman, PL, TRPL, TAS 2018 [183]
WS2/CsPbBr3 Quantum dots Hybrid I/II Charge TAS, PL, Raman 2018 [184]
MoS2/CsPbI3−xBrx Quantum dots Type II Charge Abs., PL, TRPL, Raman 2019 [185]
WS2/(C6H5C2H4NH3)2PbI4 Quasi-2D flakes Type II Energy DRS, PL, PLE, Raman 2020 [187]
MoS2/CsPbBr3 Quantum dots Type II Charge Abs., PL, TAS, Raman, TRPL 2020 [188]
WS2/CsSnBr3 Thin Film Type II Charge Raman, Abs., PL, TRPL 2023 [189]
WSe2/(C4H9NH3)2PbI4 2D Microplates Type II Charge PL, Raman 2020 [191]
WS2/(C6H5C2H4NH3)2PbI4 2D single crystals Type II Charge DRS, PL 2020 [192]
WS2/(BA)2(MA)3Pb4I13 2D bulk crystals Type I Charge Raman, PL, PLE, TRPL 2019 [193]

illuminating the structure from the backside. In both
cases, WS2 PL was quenched, showing that reduced
absorption in theWS2 layer was not the reason for PL
quenching.

Rivera and co-workers partially omitted the pos-
sibility of defect states formed in MoSe2/WSe2 HS
by fabricating homostructures using the TMDC
monolayers and finding that the signature IE sig-
nals in the HS could not be reproduced in the
homostructures [14].

Similarly, Chen and co-workers considered that
the low-energy PL peak in the 2D perovskite/TMDC
HS could arise from laser-induced defect states. To
exclude this possibility, temperature-, power- and
excitation-energy-dependent steady-state PL meas-
urements were conducted on the isolated perovskite,
whichwould have been expected to thermally degrade
and reproduce the broadened peak observed in
the HS; yet, this peak was not observed in isola-
tion, indicating that thermal degradation does not
occur. Furthermore, to verify that the excitonic
emission quenching originated from charge trans-
fer, they inserted an insulating 6 nm thick hBN
layer between the TMDC and perovskite layers and
showed that the excitonic emission of the mono-
layers was not quenched, as no charge was trans-
ferred. They stacked the layers in an inverse order
to show that the exciton emission had been present
regardless of stacking sequence and varied the TMDC

employed to show that IEs were formed in similar
type II band alignment configurations, verifying that
the IE signals were reproducible under different
configurations [191].

While the above-mentioned works refute the
formation of defect states and possible changes in
the HS, other works do find clear signatures of
them. Concerning the latter, the work of Mohite
and Atwater on a 7.5 nm thick 2D perovskite and a
bilayer WS2 HS is noteworthy [193]. They observed
broadened PL peaks at low temperatures for different
2D perovskite/WS2 HSs which were directly attrib-
uted to emissive defect states, as these peaks were not
present at higher temperatures. The defect states in
both the TMDC bilayer and the HS were further con-
firmed using differential reflection spectroscopy. Wu
and co-workers fabricated PFETs from the perovskite
QD/TMDC HS and attributed the measured photo-
gating effect to trapped long-lifetime carriers in the
surface states or interface trap states [175]. This effect
was also observed in TMDC monolayers [204, 205].
Additional reports also have shown that PL emis-
sion observed can be directly from defect states of
the bilayers of samples [193, 206–208]. These exper-
iments verify that indeed such HSs can exhibit sur-
face defect states that can interfere with the optoelec-
tronic characteristics, making a thorough character-
isation using complementary optical and structural
analysis indispensable.
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6. Conclusions

TMDC monolayers are intriguing materials due to
their enhanced optical properties and strong excitonic
effects. Despite intense studies, this class of semi-
conducting materials still holds promise for exciting
developments, especially towards the optoelectronic
properties of less well-known compounds such as the
Re, Zr, Hf dichalcogenides, alloys and Janusmonolay-
ers. Even for the more well-knownMo andW dichal-
cogenides, a whole zoo of materials is left to explore
once they are combined in HSs. Specifically, the
stacking-angle dependence on their optoelectronic
properties is an active field of research. The forma-
tion of IEs is especially exciting because these long-
lived states have amore diverse set of tuning paramet-
ers than the excitons formed within the layers. In this
regard, it will be of interest to investigate the inter-
play between electron- and hole wavefunction over-
laps and the momentum-indirect nature of IE trans-
itions. The latter aspect is especially intriguing as it
could point to an as-of-yet under-investigated tuning
parameter. In this regard, the commonmolybdenum-
and tungsten-based TMDC HSs all show similar
behaviour where the individual electron and holes
seem to reside in different valleys of momentum
space. However, combinations with the aforemen-
tioned Re and other transition-metal materials offer
fresh alternatives and it will be intriguing to study the
effects of different k-space transitions in HSs of these
new compounds.

Further degrees of freedom exist in the emerging
field of mixed HSs, which we have reviewed here
with a focus on TMDC/perovskite HSs. Since the per-
ovskites are easily tunable by composition, dimen-
sionality and surface chemistry, the possible combin-
ations, and tuning parameters, for HSs with TMDC
monolayers are vast. We believe that, while all works
discussed here are interesting on their own, system-
atic investigations of the interplay of all these factors
are still missing. Because of the complexity of these
structures, future works must adapt and expand on
the current spectroscopic techniques as single meas-
urements alone are insufficient for reaching conclu-
sions. Furthermore, optical spectroscopic character-
isation methods should be combined with physical
and chemical analyses, along with theoretical calcu-
lations and interpretations, to attain a full dynamical
model of each potential HS. It is tempting to neglect
alternative defect state processes and other mechan-
isms when interpreting themeasured optical features.
These alternative considerations need to be included
in future works on TMDC heterobilayer analysis, to
achieve a full picture of the processes within the HS.

The 2D TMDC HS research field is still relat-
ively young, and the progress in the understanding of
IEs and the overall charge dynamics in TMDC HSs
is impressive. Experimental optical characterisation
methods have been key in driving these developments

and continue to do so. One thing completely neg-
lected in this review is the possibility of stackingmore
than two layers, which widens the scope of combina-
tions even further. Overall, the TMDC HSs are full
of possibilities, and it will be interesting to see future
device applications come out of this highly interesting
field.
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