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When two atomically thin van der Waals (vdW) layers 
are vertically stacked together, the atomic alignment 
between the layers exhibits periodic variations, leading 

to a new type of in-plane superlattice known as the moiré superlat-
tice (MSL). The period of MSLs is determined by the lattice constant 
mismatch and the twist angle between the two layers. Two types of 
MSL are most widely studied: those formed via twisted graphene 
layers and those formed via twisted transition metal dichalcogenide 
(TMD) layers.

The most striking properties of twisted bilayer graphene emerge 
from the flat bands at the so-called magic angles1. Correlated insula-
tor states and unconventional superconductivity have been observed 
near the first magic angle of 1.1° within a narrow range of 0.1°  
(refs. 2–6). Flat bands are found in other twisted two-dimensional 
(2D) materials, including TMDs, leading to strongly correlated elec-
tronic phases7–12. However, the nature of the flat bands in TMDs and 
graphene bilayers is very different. The variation of the interlayer 
spacing in TMD MSLs is larger than that found in graphene MSLs, 
leading to variation of the interlayer hybridization within a supercell 
and the formation of flat bands in TMD MSLs13. Compared with gra-
phene, TMD MSLs possess several advantages. First, the existence of a 
sizeable bandgap leads to thermal stability, light emission and robust 
switching behaviour. Second, large spin–orbit coupling provides rich 
opportunities for engineering of topological bands and optical con-
trol of spins/valleys. Last, the flat bands in TMD bilayers exist over a 
wide range of twist angles instead of at discrete magic angles, making 
them comparatively easy to realize experimentally7,13,14.

TMD MSLs are semiconductors with a sizeable bandgap, and 
their optical properties are dominated by bound electron–hole 
pairs known as moiré excitons. Similar to excitons in TMD mono-
layers15–17, the reduced Coulomb screening in atomically thin layers 
leads to a large binding energy, making these quasiparticles stable at 
room temperature and relevant for various optoelectronic devices. 
We focus on the fundamental properties of these important optical 
excitations and hope to provide updated references in this rapidly 
evolving field18–20.

The Review is organized into several sections. We first discuss the 
various species of excitons found in TMD bilayers. We then explain 
how the moiré potential imposes new optical selection rules and 
review scanning tunnelling microscopy (STM) experiments that 

have quantified the moiré potential and localized electronic states. 
After that, we review early experiments that identified the optical 
spectroscopy signatures of moiré excitons. It has been realized more 
recently how moiré exciton dynamics and diffusion can be con-
trolled via the twist angle. Finally, we introduce the recent progress 
reported on twisted TMD bilayers acting as a robust platform to 
realize correlated electron states at a higher temperature than those 
in magic-angle twisted bilayer graphene. These correlated states can 
be probed via the optical spectroscopy of moiré excitons.

New exciton resonances and selection rules
New exciton resonances emerge in TMD bilayers even in the 
absence of a clearly defined moiré potential19,21,22. In a simple pic-
ture, if the electron and hole primarily reside in different (the same) 
monolayers, they are referred to as interlayer (intralayer) excitons, 
as illustrated in Fig. 1a. Furthermore, there are situations where the 
electron (e) (or hole (h)) wavefunction is distributed over both lay-
ers, and these excitons are referred to as hybrid excitons (Fig. 1b). 
In most cases, the TMD heterostructures have a type II band align-
ment23–26, leading to a rapid charge/energy transfer27–30 and the for-
mation of long-lived interlayer excitons at lower energies than for 
the intralayer excitons21,22,31–33.

Because the interlayer excitons are spatially indirect, their dipole 
moment is greatly reduced compared with that of intralayer exci-
tons, that is, by approximately one or two orders of magnitude34–37. 
As a result, intralayer excitons dominate the optical absorption 
spectra. Both interlayer and intralayer excitons may appear in pho-
toluminescence (PL) spectra. Some have argued that the stronger 
interlayer exciton PL than that of intralayer excitons indicates clean 
and high-quality interfaces22,27,38. Hybrid excitons appear in TMD 
heterostructures when the conduction bands or the valence bands 
between the two layers are close in energy24–26,39. For example, 
hybrid excitons have been observed in MoSe2/WS2 (WSe2/WS2) 
heterostructures where the electrons (holes) are distributed in both 
layers, and such wavefunction distribution can be controlled using 
an electric field applied perpendicular to the 2D plane40–42. Such 
hybridization is also very strong in twisted homobilayers43. Few 
optical experiments have been performed on twisted TMD homo-
bilayers44,45. Their properties can be more complex due to both 
hybridization and possible lattice reconstruction over a rather large 
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range of twist angles45–49. In view of these challenges we omit the 
discussion of twisted homobilayers in most sections of this Review.

TMD heterostructures close to commensurate stacking can 
be categorized by two stacking orders: near-rhombohedral stack-
ing (R-stacking) or near-hexagonal stacking (H-stacking). In both 
stacking orders, one can identify several high-symmetry points as 
depicted in Fig. 1c,d. In this Review, we use the notation R (H)h/X/Mh  
to represent these local electronic states, where R/H indicates the 
stacking order, and the superscript indicates the hexagonal lattice 
centre (h), chalcogen atom (X) or metal atom (M) in the electron 
layer, which is aligned to the hexagonal centre (h) in the hole layer 
as represented by the subscript19,50. In the literature reviewed, a vari-
ety of notations have been used. We summarize some examples 
in Table 1 to help clarify these notation types. Different interlayer 
atomic registries lead to a modulation of the energy landscape, 
interlayer spacing and atomic reconstruction in MSLs50–54.

It is also helpful to distinguish between the two types of het-
erostructure: near-commensurate and incommensurate hetero-
structures, depending on whether the two layers share the same 
chalcogen atoms. In near-commensurate heterostructures con-
sisting of two TMD monolayers that share the same chalcogen 
atoms, the lattice constants are very similar, leading to a large 
range of possible moiré supercell sizes (~1–100 nm) or supercell 
densities (nmoiré), as shown in Fig. 1e24,55,56. In near-commensurate 
heterostructures (for example, MoSe2/WSe2) grown using chemi-
cal vapour deposition (CVD), the crystalline axes tend to align to 
minimize the energy. The lattice in each layer deforms slightly and 

a completely commensurate structure can form, that is, no moiré 
patterns exist49,57. By contrast, in incommensurate heterostructures 
consisting of two TMD monolayers with different chalcogen atoms 
(for example, MoS2/WSe2), the lattice constants differ substantially 
(by ~4%). The largest possible moiré supercell is ~8 nm laterally 
(Fig. 1f)58–60. Therefore, the tunable range of the supercell size and 
density is reduced in incommensurate heterostructures compared 
with those in near-commensurate heterostructures. This difference 
can lead to different twist-angle-dependent optical properties.
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Fig. 1 | Excitons and MSLs in TMD heterobilayers. a,b, Illustration of the spatial distribution and energy diagrams of intralayer and interlayer excitons (a) 
and hybrid excitons (b). c,d, Near-R-stacked (c) and near-H-stacked (d) MSLs. In both c and d, the heterostructure consists of the electron-layer MX2 and 
hole-layer M′X′

2, with the M, X, M′ and X′ atoms in green, magenta, blue and gold colours, respectively. The purple and orange dashed diamond shapes 
indicate one supercell of the R- and H-stacking MSL. e,f, The moiré period and density of the moiré supercells (the number of moiré supercells per square 
centimetre) as a function of the twist angle in near-commensurate MSL (e; for example, MoSe2/WSe2) and in incommensurate MSL (f; for example,  
WS2/MoSe2) with near-R-stacking. Solid (dashed) lines indicate the moiré period (moiré supercell density). θ is the twist angle between the top and 
bottom layers in the heterostructure.

Table 1 | Notation examples for high-symmetry locations in 
different literature reports

No. R-stacking H-stacking Ref.

1 Rh
h RX

h RM
h Hh

h HX
h HM

h
19,50

2 RM′/M RX′/M RM′/X HX′/M HM′/M HX′/X 71

3 AA ABM′ ABX′ N/A N/A N/A 54,78

4 AA BM/X′ BX/M′ AB BM/M′ BX/X′ 51,69,80

5 AA AB BA AA′ A′B AB′ 13

6 RX
X′ or RM

M′ RM
X′ RX

M′ HX
M′ or HM

X′ HM
M′ HX

X′
53

The heterostructure in this table is assumed to be made up of electron-layer material MX2 and 
hole-layer material M′X′2. Notation numbers 1 and 3 use the atom on the hexagon centre in another 
layer to denote the bilayers, whereas numbers 2, 4 and 6 denote the bilayers by means of the 
well-aligned atoms in both layers.
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Early optical experiments on TMD heterostructures have identi-
fied different types of exciton19,27,31,41,61–64 and investigated ultrafast 
charge transfer27,28,65, polarization-dependent dynamics32,64,66,67 and 
valley-polarized diffusion68. These early experiments were often 
performed on heterostructures without hexagonal boron nitride 
(hBN) encapsulation and, thus, the moiré pattern is probably highly 

disordered. In addition, early experiments do not report accurate 
information on the twist angle, which is critical in controlling the 
electronic bands and exciton properties. Thus, it is difficult to iden-
tify the influence of the moiré potential in these early experiments.

In the presence of MSLs, the original Brillouin zones of individual 
layers are reduced to the moiré Brillouin zone (MBZ), introducing 

Box 1

In one moiré supercell of an R-stacked MSL, there are three 
high-symmetry points (Rh

h, RX
h  and RM

h ) where the local atomic 
registry preserves the three-fold rotational symmetry Ĉ3. The opti-
cal selection rule is not only determined by the atomic magnetic 
quantum numbers but also by the Bloch phase factor under Ĉ3 
operations. The Bloch phase shift is different at each of the three 
high-symmetry points50,70. Here, we discuss the optical transitions 
at the K valley. The interlayer exciton wave packet and photons 
must share the same rotational symmetry. As a result, the exciton 
wave packet at Rh

h (RX
h ) couples to σ+ (σ−) light only, whereas the 

dipole at RM
h  is perpendicular to the 2D plane, thus it does not 

couple to incident plane waves effectively as illustrated in a50,52,74. 
These high-symmetry points are also the energy extrema of the 
moiré potential. Photoexcited carriers could form excitons at these 
different sites if the barriers between neighbouring local energy 
minima are reasonably high. In this picture, the MSL potential im-
poses a spatial modulation of the optical selection rules (shown  
in b). Selection rules in H-stacked MSLs are also analysed in  
detail in ref. 74.

Even at a single location within the moiré supercell, one 
may expect multiple exciton resonances50,52,139. Because of the 

large energy modulation (~100–300 meV depending on the 
material combinations and stacking orders) introduced by the 
moiré potential, one may expect to observe both ground-state 
and excited-state excitons (shown in c). These states also obey 
alternating optical selection rules, as suggested by the theoretical 
calculations shown in d. Ground and excited exciton states are 
routinely observed in InAs self-assembled quantum dots50,52,104.

Thus, two possible microscopic pictures lead to multiple 
interlayer exciton resonances with alternating selection rules. 
Current experiments cannot be used to validate or rule out one 
of these two pictures definitively. We also caution that PL is not 
the optimal experimental technique for determining the optical 
selection rules because PL involves a multi-step relaxation process. 
Instead, absorption-type techniques (either linear absorption or 
pump/probe methods) are preferred140. Because of the small 
dipole moments associated with the interlayer excitons, however, 
absorption measurements on interlayer excitons can be quite 
challenging. These microscopic pictures are also simplified 
descriptions of the exciton distributions. In real materials, the 
electron and hole wavefunction may be distributed in different 
sites within a moiré supercell.
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folded bands13,50,52,69–71. Furthermore, the moiré potential modula-
tion mixes momentum states separated by the moiré reciprocal lat-
tices and lifts the degeneracy between the exciton states at the MBZ 
corners. The moiré exciton dispersion can be measured from the 
evolution of multiple exciton resonances as a function of the twist 
angle52,72. For a given MSL, multiple intralayer and interlayer exci-
ton resonances are predicted. We explain the optical selection rules 
expected for interlayer excitons at the K valley in TMD heterobilay-
ers with an R-stacked MSL in Box 1. The selection rules are differ-
ent for H-stacked bilayers where triplet states are also bright70,73,74, 
as theoretically predicted and experimentally observed75. In TMD 
monolayers, circularly polarized light can be used to access a par-
ticular valley because of the spin-valley-locked selection rules for 
excitons at the K and K′ valleys. In TMD MSLs, however, different 
exciton resonances at a given valley can absorb light with differ-
ent circular polarizations. Although an exciton resonance can still 
be associated with a particular valley, photon helicity is no longer 
locked to a particular valley70. Thus, accessing and manipulating the 
valley index via moiré excitons are more challenging.

Measurement of moiré potential
Experimental measurements of the moiré potential together with 
first-principles calculations of band structures are the foundations 
for interpreting optical experiments. Most calculations only com-
pute the local electronic bands at a few selected high-symmetry 
points and extrapolate for other locations within the supercells. The 
conventional method of computing excitons in semiconductors, 
GW–Bethe–Salpeter equation, is too expensive to apply in the case 
of moiré excitons because of the large number of atoms included 
in a moiré supercell76. Alternative approaches, such as those based 

on time-dependent density functional theory, have been recently 
developed to address this challenge71.

Given its high spatial and energy resolution for electronic states, 
scanning tunnelling microscopy and spectroscopy (STM/S) is an 
ideal technique to probe the local electronic states in MSLs. Zhang 
et al. mapped the MSL and its potential in a CVD-grown rotation-
ally aligned R-stacked MoS2/WSe2 bilayer, as illustrated in Fig. 2a54. 
The local band gaps at different high-symmetry points within the 
moiré supercell were found to vary by ~200 meV at ~77 K with min-
imal gaps found at the Rh

h or RX
h  points, as shown in Fig. 2b. Another 

experiment on the H-stacked MoSe2/WSe2 bilayer reported an even 
deeper energy landscape for the valence (~300 meV) and conduc-
tion bands (~150 meV) at the Hh

h site53. The spatial distribution of 
these local electronic states was further visualized using STS map-
ping. However, this STM/S measurement53 did not offer any reso-
lution in momentum space. Therefore, the moiré potential depth 
cannot be directly related to excitons at the K or Q valleys.

On an R-stacked MoS2/WSe2 bilayer, Feenstra and collaborators 
revealed that the flat bands at both the K point in the conduction 
band and the Γ point in the valence band are localized by the moiré 
potentials at 4 K (refs. 77,78). They further confirmed that such local-
ized states are absent in a bilayer with a twist angle of approximately 
15°. Two flat valence bands at the K point were identified at the RX

h  
site in WSe2/WS2 bilayer by Li et al., as illustrated in Fig. 2c,d51. The 
formation of these localized states with an energy spacing of tens 
of millielectronvolts is consistent with the predicted flat bands in 
TMD MSLs13,50,52,71,79.

The localized flat bands in R-stacked and H-stacked WSe2 
twisted bilayers differ notably, as explicitly measured in Fig. 2e,f80. 
These different spatial distributions of conduction band minimum 
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and valence band maximum states in near-R- and -H-stacked bilay-
ers are theoretically predicted. Although the calculation shown in 
Fig. 2g is performed on a different material combination (MoS2/
WS2)71, it qualitatively agrees with the experiments on WSe2 twisted 
bilayers. The regions with high hole densities in Fig. 2g correspond 
to blue shades and should be compared to the yellow/bright regions 
in Fig. 2e,f. Because of the very different energy bands and spatial 
distribution of the states, one should expect the exciton properties, 
including the dipole moment and localization, to vary between 
the R-stacked and H-stacked MSLs71,80,81. Bilayers with different 
chalcogenide atoms, such as WS2/WSe2, are expected to exhibit a 
deeper moiré potential because a larger lattice mismatching leads 
to a stronger local strain and layer-spacing variations. More accu-
rate STM/S experiments on high-quality samples without extrinsic 
strain are still needed to confirm such predictions.

Early evidence of moiré excitons
Several groups reported the first experimental evidence of moiré 
excitons in TMD heterostructures in 201941,75,82–84. These experi-
ments were performed on different combinations of TMD bilayers 
encapsulated by hBN layers. Because of the improved sample quality  

and reduced inhomogeneous linewidth, fine structures of exciton 
resonances were observed and attributed to moiré mini-bands.

Near-commensurate structures, MoSe2/WSe2 heterobilayers, 
have been investigated in two early studies that focused on rather 
different spectroscopy features. Tran and co-workers reported 
multiple, relatively broad (~10 meV linewidth) interlayer exci-
tons82. Two samples with twist angles of ~1° and ~2° were inves-
tigated (Fig. 3a). While there were some fluctuations in the peak 
energies, the spacing between the resonances was larger in the ~2° 
sample (~27 meV) than that in the ~1° sample (~22 meV). These 
resonances were attributed to the ground and excited exciton states 
confined at a global minimum within the moiré supercell. In the 
simplest model, excitons in the smaller moiré supercell of the 2° 
sample experience tighter lateral quantum confinement, leading to 
a larger energy separation between the ground and excited states. 
This interpretation is based on the alternating circular polariza-
tion of the PL signal in the 1° sample (Fig. 3a, right column). The 
temperature dependence and the shorter lifetimes of the higher 
energy states provided further evidence that supports this interpre-
tation of multiple interlayer exciton resonances. Similar spectro-
scopic features have been observed for ground- and excited-state  
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excitons frequently observed in an ensemble of InAs self-assembled  
quantum dots85.

Seyler and co-workers also investigated MoSe2/WSe2 heterobilay-
ers but focused on narrow resonances with a linewidth of ~80 μeV 
(Fig. 3b), observable at a lower temperature (~2 K) and lower exci-
tation power (~10–100 nW) compared with those presented in  
Fig. 3a75. Such narrow resonances were observed in the heterobilay-
ers with twist angles of around 2° (R-stacking), 57° (H-stacking) and 
20° (incidental commensurate stacking). Upon circularly polarized 
laser excitation, all observed resonances exhibit circularly polarized 
PL with the same helicity as the excitation laser in the ~57° and ~20° 
samples but the opposite helicity in the 2° sample, as illustrated in 
Fig. 3b. The authors concluded that all resonances in one sample 
originate from sites with a common interlayer atomic registry and 
C3 symmetry. When applying a magnetic field, Zeeman splitting 
of the exciton resonances yields a large Landé g factor of around 
−15.8 in both the 57° and 20° twisted bilayers but a reduced Landé 
g factor of 6.72 with an opposite sign in the 2° sample. It is inferred 
that the interlayer exciton transitions in the 57° and 20° twisted 
heterobilayers occur between different valleys, namely from the K 
(K′) valley in the conduction band of MoSe2 to the K′ (K) valley in 
the valence band of WSe2. By contrast, interlayer exciton transitions 
occur between the same valley in the 2° heterobilayer. This differ-
ence originates from the distinct valley alignment in adjacent layers 
for R- and H-stacked bilayers.

Both sharp resonances35,60,86–88 and the broader interlayer exciton 
resonances60,88–92 have been observed in more recent experiments 
in the same MoSe2/WSe2 bilayers. Bai and collaborators observed 
both a few sharp resonances (labelled as type I in Fig. 3c) and a 
broad peak (type II in Fig. 3c) that evolved into multiple, broader 
interlayer exciton resonances with increasing excitation power60,88. 
Piezoresponse force microscopy images revealed that the moiré 
supercells in some regions were elongated by uniaxial strain lead-
ing to linearly polarized, type II emission, analogous to early GaAs 
quantum dots with an elongated confinement potential93. Because 
the multiple broad resonances emerge at higher excitation densities, 
the authors attributed these resonances to delocalized states, whereas 
type I sharp resonances were attributed to zero-dimensional moiré 
potential traps. However, because hundreds of moiré supercells are 
simultaneously excited in far-field optical experiments, the type I 
sharp resonances probably originate from a few selected localiza-
tion sites within the moiré potential rather than from all excited  
moiré supercells.

New experiments revealed that the sharp resonances exhibit 
many characteristic features of single-photon emitters, including 
antibunching86, spectral wandering35 and intensity brightening at 
sites strained by nanopillars87. Strain engineering has been widely 
applied to brighten single-photon emitters in WSe2 monolayers  

and in hBN flakes94,95, where quantum emitters are attributed 
to point defects modified by a strain field. Whether or not the 
moiré potential is the dominant trapping mechanism for excitons 
in these early spectroscopy experiments on TMD bilayers is still 
being actively debated. The debates may not be fully resolved until 
experiments that are capable of probing individual moiré excitons 
are performed using an optical near-field technique or tip-induced 
luminescence in STM.

Moiré excitons have also been observed in incommensurate 
heterobilayers, such as WS2/WSe2 and WS2/MoSe2. Because the 
supercell size is smaller for the same twist angle in these incom-
mensurate MSLs, one may expect stronger lateral confinement. Jin 
et al. reported the splitting of an intralayer WSe2 A exciton into mul-
tiple peaks in a WS2/WSe2 heterobilayer with a twist angle smaller 
than 3° (ref. 83). By contrast, such multiple resonances are absent 
in a bilayer with a large twist angle (Fig. 3d). The split resonances 
were observed both in R- and H-stacked heterobilayers in both 
reflectance and PL excitation spectra, indicating similarly large 
dipole moments as intralayer excitons in a monolayer. Zhang et al.  
(Fig. 3e)84 reported additional neutral exciton and trion resonances 
in a MoSe2/MoS2 heterobilayer with an approximately 1° twist angle. 
On the basis of the observation that these new peaks disappeared at 
~90 K, they estimated that the depth of the moiré potential for the 
intralayer excitons was ~26 meV. This value should not be confused 
with the deep moiré potential depth extracted from STM experi-
ments that measure the single-particle bands at the high-symmetry 
points. The effective moiré potential experienced by the intralayer 
excitons is shallower than that by the interlayer excitons, which is 
influenced by the type II band alignment50,71.

Hybrid excitons in MoSe2/WS2 heterobilayers were reported 
by Alexeev et al.41 and Zhang et al.42 In a series of samples with 
near-R-, -H- or other incidentally commensurate bilayers, multiple 
resonances that exhibit a systematic change in the energy splitting 
and relative intensity between the hybridized excitons enabled the 
effective mass and electron interlayer tunnelling to be extracted, as 
shown in Fig. 3f. Tang et al. further revealed the strong interaction 
between intralayer and interlayer excitons in WSe2/WS2 and MoSe2/
WS2 heterobilayers40, by observing the anti-crossing phenomenon 
between hybridized exciton states when an electric field and carrier 
density were used to tune the resonant energies.

Twist-angle-dependent exciton dynamics and diffusion
A large range of interlayer exciton lifetimes (from around one 
nanosecond to microseconds) has been reported in early experi-
ments22,32,64,66,96. It has been recognized recently that not only the 
resonant energies but also the quantum dynamics of excitons  
are controllable via the twist angle. Measurements on several 
MoSe2/WSe2 bilayers have found that the interlayer exciton lifetime  
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changes by one order of magnitude when the twist angle is changed 
from 1° to 3.5° (ref. 97). Two mechanisms contribute to such pro-
nounced twist-angle-dependent dynamics. First, a larger twist 
angle in real space translates into a rotation in momentum space 
and a larger MBZ (Fig. 4a). Consequently, valleys in each layer 
are shifted relative to each other, changing the direct K–K exciton 
transition to an indirect transition. This momentum mismatch of 
QIX = Kc − Kv (where IX denotes the interlayer exciton, and Kc 
and Kv are the momentum of electrons in the conduction band 
and holes in the valence-band which form the interlayer excitons) 
gives rise to a finite exciton centre-of-mass momentum, and lead-
ing to a longer radiative lifetime for the interlayer excitons. Second, 
the periodic energy modulation of the moiré potential softens the 
twist-angle dependence. Qualitatively, the moiré potential relaxes 
the momentum conservation between the interlayer excitons and 
photons, thus opening more radiative decay channels. In addition 
to the twist-angle dependence, temperature-dependent radiative 
lifetimes were predicted. The calculated interlayer exciton radiative 
lifetimes at two different temperatures are shown in Fig. 4b. In a 
MSL with a larger twist angle, a thermally broadened exciton dis-
tribution increases the overlap with the light cone and facilitates 
radiative decay.

Choi et al. reported lifetimes of multiple interlayer excitons 
attributed to the ground and excited states confined by the moiré 
potential in several MoSe2/WSe2 MSLs with controlled twist 
angles97. Taking into account the expected energy shift from moiré 
supercell confinement, the lifetimes of the first excited state were 

found to increase by approximately one order of magnitude in 
the 3.5° MSL compared with the 1° MSL (Fig. 4c). The predicted 
temperature-dependent lifetimes of moiré excitons were also vali-
dated in these experiments. In practice, this twist-angle-dependent 
lifetime measurement can be used to estimate and compare the 
twist angle of a series of MSLs with higher sensitivity than the 
polarization-resolved second harmonic generation technique that 
is commonly used.

Furthermore, understanding the multiple decay times often 
observed in PL (Fig. 4c) or the pump/probe dynamics of interlayer 
excitons91,97 requires a model that takes into account other states 
beyond the bright excitons. While only emissions from bright exci-
tons are detected in PL experiments, any processes that repopu-
late the bright exciton states can lead to multiple decay times, for 
example, dark-to-bright exciton conversions or valley-indirect to 
valley-direct exciton conversions98. To fully resolve these processes 
experimentally, more advanced spectroscopy tools are needed, 
such as time- and angle-resolved photoemission spectroscopy 
experiments99–101.

Whether or not excitons are localized within moiré supercells 
is an important fundamental question with great implications for 
applications. For example, a regular array of localized excitons may 
find exciting applications in quantum information science as quan-
tum emitters with tunable chirality13,50,94,95. While most early experi-
ments have suggested a long diffusion length for interlayer excitons 
in TMD bilayers96,102,103, they are probably localized within moiré 
supercells if the potential is sufficiently deep and the supercell size 
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is 2–20 times that of the exciton Bohr radius. If the supercells are too 
large, excitons essentially experience a 2D potential. If the supercell 
is too small, on the other hand, the picture of a bound electron–hole 
pair moving in a smooth potential breaks down104.

Recently, Choi et al. compared interlayer exciton diffusion in 
several WSe2/MoSe2 heterostructures using steady-state PL map-
ping105. A CVD-grown WSe2/MoSe2 heterostructure forms a com-
mensurate structure, that is, no moiré lattice is present. In such a 
sample, a long exciton diffusion length of ~10 µm was observed 
(Fig. 5a). In this sample, the interlayer exciton diffusion was trun-
cated by the boundary of the heterostructure as evidenced by an 

abrupt drop in signal. In a stacked 1.1° bilayer (Fig. 5b), no evidence 
of exciton diffusion beyond the optical diffraction limit was found 
at either low or high excitation density under the continuous-wave 
laser excitation.

In the ~3.5° twisted bilayer, interlayer exciton diffusion became 
observable, especially at high excitation densities (Fig. 5c). A direct 
comparison between the diffusion lengths in these samples is dis-
played in Fig. 5d. The observed twist-angle-dependent exciton dif-
fusion is consistent with a recent theoretical study that calculated 
exciton dispersion in WSe2/MoSe2 bilayers104. The flat exciton 
dispersion for a 1.1° twisted bilayer indicates spatial localization.  
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By contrast, the calculated exciton dispersion changed notably for 
a 3.5° twisted bilayer, which is consistent with delocalized exci-
tons. In addition, because the diffusion length L is related to the 
lifetime τ via L =

√

Dτ, one should expect the diffusion length to 
depend on the twist angle as well. It is difficult to accurately deter-
mine the diffusion coefficient, D. The wide range of values for D 
in the literature arises partially because different models and meth-
ods have been used to analyse diffusion data. Exciton resonances at 
higher energies are predicted to be more mobile than those at lower 
energies104, although this energy-dependent diffusion has yet to  
be demonstrated.

Beyond steady-state PL experiments, ultrafast non-linear experi-
ments have been used to investigate exciton diffusion in CVD- 
grown, rotationally aligned WS2/WSe2 heterobilayer with both 
R- and H-stacking106. The pump laser was tuned to the intralayer 
exciton energy of WSe2 (1.58 eV) while the probe wavelength was 
tuned near the intralayer exciton energy of WS2 (1.95 eV). The rapid 
charge transfer in the type II heterostructures allows one to probe 
non-linear signals from either the electron in WS2 or interlayer exci-
tons, as illustrated in Fig. 5e. With improved temporal and spatial 
resolutions, these experiments demonstrated convincingly that the 
carrier or exciton diffusion coefficients are modified by the stacking 
order, temperature and exciton density (Fig. 5f).

In another time-resolved PL experiment, Wang et al. investi-
gated mechanically stacked, non-commensurate R-stacked MoSe2/
WS2 heterobilayers and focused on density-dependent transitions of 
the moiré exciton phases60. The localized interlayer excitons trapped 
by the moiré potential evolve into a free exciton gas and electron/
hole plasma as the excitation density increases (Fig. 5g,h). At high 
exciton density (>1 × 1013 cm−2), a dynamic change of the diffusion 
coefficient reveals that the exciton distribution expands rapidly in 
the first 10 ns due to the strong initial Coulomb repulsion. The dif-
fusion coefficient then stabilizes between 10 and 100 ns, indicating 
diffusive exciton transport. Subsequently, the diffusion coefficient 
drops further, suggesting that excitons are trapped by the moiré 
potential again at low density. The evolution of the localized, mobile 
and ionized phases of moiré excitons are concurrent with the nota-
ble changes in linewidth and centre wavelength of PL in both the 
temporal and spatial domains.

Correlated electronic phases probed by optical 
spectroscopy
The low-energy electrons in both graphene and TMD-based MSLs 
can be described using continuum models79,107,108. The single-particle 
eigenstates are calculated using a Hamiltonian with its dimension 
determined by the number of low-energy bands. In twisted graphene 
bilayers, sixteen bands are needed to account for the four triangular 
sublattice pseudospins, spin and valley degrees of freedom. In the 
case of twisted TMD heterobilayers, only two low-energy valence 
bands need to be taken into account when the chemical potential is 
within the topmost valence band. Its Hamiltonian can be mapped 
to a single-band Hubbard model. Thus, TMD MSLs have been pro-
posed as a new solid-state platform to simulate the Hubbard model 
with the unprecedented advantage that both the bandwidth and 
interaction strength are widely tunable79,109,110.

Most relevant to this Review, optical spectroscopy measure-
ments featuring excitonic resonances have been used to probe 
correlated electron states, complementary to the transport mea-
surements8–10,111–113. The pioneering studies on WSe2/WS2 MSLs 
with near-zero twist angles by Regan et al.111 and Tang et al.8 inves-
tigated similar vertically stacked devices (Fig. 6a) in which the hole 
density in the WSe2 layer is tuned. An insulating state attributed to 
the Mott insulating state at half-filling of the moiré supercell (that 
is, one hole per supercell) was found in transport measurements 
and was observed to be concurrent with an increased reflectance 
at the exciton resonance. Regan et al. reported additional insulating  

states at 1/3 and 2/3 of the ‘half-filling’ states, as shown in Fig. 6b. 
These states were attributed to generalized Wigner crystal states 
accompanied by the formation of charge density waves as illustrated 
in Fig. 6c. Tang et al. also investigated the magnetic interaction 
between holes localized by the moiré potential8. The magnetic sus-
ceptibility was extracted from the Zeeman splitting between intra-
layer excitons at various temperatures and doping levels under an 
out-of-plane magnetic field (Fig. 6d). A negative Curie temperature 
was extrapolated from the magnetic susceptibility as a function of 
the temperature, and it was interpreted as evidence for an antiferro-
magnetic interaction between the localized holes. The extrapolated 
magnetic ordering temperature lies well below the accessible tem-
perature range in the experiments.

By placing a WSe2 monolayer separated by ~1 nm hBN from the 
WSe2/WS2 MSL (Fig. 6e), Xu et al. reported nearly two dozen cor-
related insulating states at various fractional filling values9 (Fig. 6f). 
This experiment relied on the energy shift of the excited-state exci-
tons (for example, the 2s state) with a larger Bohr radius than that 
of the 1s exciton, acting as a sensitive probe of correlated electrons 
in the spatially separated MSL114–116. In some cases, these insulat-
ing states were attributed to generalized Wigner crystal states and 
charge density waves. The signatures of such abundant correlated 
insulating states in TMD MSLs were also reported from scanning 
probe spectroscopy, capacitance measurements and PL experiments 
on WSe2/WS2 MSLs11,12,117,118.

A very different type of MSL was explored by Shimazaki et al.10. 
A thin hBN layer was inserted between two twisted MoSe2 mono-
layers to control the carrier tunnelling as shown in Fig. 6g. The 
moiré potential was very shallow, estimated to be only several mil-
lielectronvolts according to the first-principles calculations10. The 
presence of itinerant carriers dresses the excitons to form attrac-
tive and repulsive polarons, which are identified by two branches 
in the reflectance spectrum as a function of the doping. Negative 
compressibility was found at specific back-gate voltages, that is, a 
counterintuitive depletion of itinerant charges in the bottom layer 
when the top-gate voltage was increased (Fig. 6h). Incompressible 
correlated electron states were observed when the doping level was 
an integer multiple of nmoiré, as shown in Fig. 6i, where nmoiré is the 
density of the moiré supercells. At these doping levels, a collective 
charge transfer between the top and bottom layers occurred in a 
stepwise fashion, that is, nmoiré, 2nmoiré and so on. These two phe-
nomena related to compressibility occurred to minimize the global 
electron energy in both the top and bottom layers.

Zhou et al. investigated a similar MoSe2/hBN/MoSe2 hetero-
structure with a 1 nm hBN spacer layer112. When both the top and 
bottom layer were tuned to the n-doped regime over a limited gate 
voltage range, an enhancement of the exciton resonance in both the 
PL and reflectance spectra was observed when the doping density 
ratio between the top- and bottom-layer MoSe2 was 1:1, 4:1, 7:1 and 
1:4. This result was attributed to the formation of a Wigner crystal 
in a triangular electron lattice hosted in each layer, which was stabi-
lized by the interlayer interaction.

Concluding remarks
Moiré excitons represent just one topic of interest in the new phys-
ics and opportunities presented by MSLs. It draws from the extensive 
earlier knowledge of conventional semiconductor heterostructures 
such as III–V quantum wells and quantum dots119–121. Even within the 
topic of moiré excitons, we have mostly focused on optical spectros-
copy experiments, which only probe dipole-allowed, bright excitons 
directly. This field is still far from mature and is confronted with many 
debates and challenges. We summarize some of these challenges here.

Mapping moiré potential and establishing the link to moiré exci-
tons. The moiré potential in different MSLs depends on several fac-
tors including material combinations, stacking orders, twist angles 

Nature NanOtechnOlOgy | VOL 17 | March 2022 | 227–238 | www.nature.com/naturenanotechnology 235

http://www.nature.com/naturenanotechnology


Review Article NaTuRe NanoTechnology

and strain (either intrinsic or extrinsic). Even for the same combi-
nation of bilayers, the sequence of stacking on the substrate may 
change the local interlayer spacing and stacking style54. Previous 
studies often assume that the moiré potential depth does not change 
as a function of twist angle and that a rigid lattice model applies in 
TMD bilayers. These assumptions have been challenged by recent 
experiments81. Lattice reconstructions are known to exist in twisted 
bilayers of graphene and TMDs44,46,69,122–124. Recent microscopy and 
Raman spectroscopy measurements have shown that such lattice 
reconstructions occur over a notably larger range of twist angles in 
TMD homobilayers than that found in graphene bilayers49. The lat-
tice reconstruction has an essential impact on electronic bands, and 
their influence on optical properties has just begun to be explored44. 
Theoretically, electrons, holes and excitons are predicted to localize 
at different locations in the real space within the moiré supercells. 
Experiments with sufficient spatial and momentum resolution to 
map such charge distributions have just begun to emerge125. Optical 
experiments that can explicitly probe the locations of moiré excitons 
are more challenging.

Optical spectroscopy of moiré excitons. We would like to remind 
readers that all optical experiments reporting on moiré excitons in 
TMD heterostructures have so far been performed in the far-field 
limit, in which ~1,000 moiré supercells are probed simultaneously. 
Without isolating an individual moiré supercell, pinpointing the 
role of the moiré potential is challenging due to the presence of spa-
tial inhomogeneity and defects. One should keep in mind that the 
interpretations of early experiments presented in this Review are 
still rapidly evolving. Techniques that are capable of simultaneously 
imaging the supercells, evaluating the moiré potential and correlated 
states via optical spectroscopy measurements will be very valuable 
to advance our understanding. Promising techniques include but 
are not limited to near-field scanning optical microscopy, cathodo-
luminescence and STM tip-induced luminescence. Future studies 
based on these techniques with high spatial resolution will eliminate 
some ambiguity, either validating or challenging the assumptions 
made when interpreting the early experiments. Progress along these 
directions has been reported recently126.

Correlated states in MSLs. There are still many open theoreti-
cal and experimental questions regarding correlated states in 
TMD MSLs. The finding that optical spectroscopy can be used 
to probe correlated ground states is somewhat surprising. It has 
been argued that the correlated states change the dielectric screen-
ing and consequently modify the exciton resonances observed in 
optical spectroscopy. The microscopic mechanisms of how cor-
related electrons interact with excitons have yet to be fully inves-
tigated. Some ambiguity on the filling factors remains in the 
absence of standard Hall bar measurements. The number and fill-
ing fractions of the insulating states observed in each sample and 
experiment exhibit unexplained variations127,128. The nature of the 
insulating states (Mott insulators or charge-transfer insulators) 
observed at half-filling is still under debate107,128–130. The emergence 
of correlated electronic states in twisted MoSe2 bilayers with an 
hBN spacer layer warrants further investigation given the shallow  
moiré potential131.

Considering TMD MSLs as either designed correlated materi-
als or quantum simulation platforms links the field of vdW materi-
als to broader communities that have been investigating correlated 
materials over several decades. Almost all early experiments on 
correlated states in TMD MSLs have been performed in the clas-
sical limit of zero tunnelling between adjacent moiré supercells. 
These experiments undoubtedly suggest an exciting direction of 
probing correlated electron states via optical spectroscopy experi-
ments, where many opportunities for discoveries have yet to  
be explored132.

Platform for new materials. By removing the requirement of 
matching lattice constants, the choice of materials in constructing a 
vdW heterostructure is drastically expanded. We have only reviewed 
recent studies on MSLs based on the most commonly studied 
TMDs. New materials including vdW ferroelectric and magnetic 
materials are emerging. These materials can be used to create ferro-
electric or magnetic MSLs with controlled domains133–136. They can 
also be combined with semiconductor MSLs. With more diverse 
and advanced MSLs quickly emerging137,138, we fully expect MSLs 
to remain an exciting platform for probing electronic and photonic 
quantum phenomena over the next decade.
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