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Localisation-to-delocalisation transition
of moiré excitons in WSe2/MoSe2
heterostructures

Elena Blundo 1 , Federico Tuzi1, Salvatore Cianci 1, Marzia Cuccu1,
Katarzyna Olkowska-Pucko2, Łucja Kipczak 2, Giorgio Contestabile1,
Antonio Miriametro1, Marco Felici 1, Giorgio Pettinari 3, Takashi Taniguchi 4,
Kenji Watanabe 5, Adam Babiński2, Maciej R. Molas 2 & Antonio Polimeni1

Moiré excitons (MXs) are electron-hole pairs localised by the periodic (moiré)
potential forming in two-dimensional heterostructures (HSs). MXs can be
exploited, e.g., for creating nanoscale-ordered quantum emitters and achiev-
ing or probing strongly correlated electronic phases at relatively high tem-
peratures. Here, we studied the exciton properties of WSe2/MoSe2 HSs from
T = 6 K to room temperature using time-resolved and continuous-wave micro-
photoluminescence also under a magnetic field. The exciton dynamics and
emission lineshape evolutionwith temperature show clear signatures thatMXs
de-trap from themoiré potential and turn into free interlayer excitons (IXs) for
temperatures above 100 K. The MX-to-IX transition is also apparent from the
exciton magnetic moment reversing its sign when the moiré potential is not
capable of localising excitons at elevated temperatures. Concomitantly, the
exciton formation and decay times reduce drastically. Thus, our findings
establish the conditions for a truly confined nature of the exciton states in a
moiré superlattice with increasing temperature and photo-generated carrier
density.

Two-dimensional (2D) heterostructures (HSs) can be formed by
stacking two (or more) monolayers (MLs) of different van der Waals
crystals. 2D HSs offer a countless number of combinations thanks to
the nearly arbitrary choice of the chemical composition of the indivi-
dual constituents and the control of their relative angular alignment
given by the twist angle θ1. Inherent to the stacking process is the
formation of a moiré superlattice that superimposes on the topo-
graphic and electronic structure of the single MLs. This phenomenon
has been particularly investigated in HSs made of transition metal
dichalcogenide (TMD) semiconductors, which feature a sizeable band
gap2–8. The moiré potential can be as deep as 100 meV3,4,7 and can
localise both intralayer excitons (Xs) residing in theMLs of theHS9 and

interlayer excitons (IXs)3–6 and trions10, in which different charge car-
riers reside in the different layers of the HS. Moiré-confined IXs
(hereafter, moiré excitons, MXs) are especially interesting as they can
be exploited as nanoscale-ordered arrays of quantum emitters3,11.
Furthermore, their space-indirect character endows IXs, and specifi-
cally MXs, with long lifetimes4,5 that, in conjunction with the depth of
the moiré potential, make them suitable for the observation of high-
temperature (>100 K) Bose-Einstein condensates, as shown in a WSe2/
MoSe2 HS

12. The topology of the moiré potential also induces strongly
correlated electron and exciton states13,14 that led to the observation of
an exciton insulator surviving up to 90 K in aWS2/bilayer-WSe2 HS

15. In
addition, the MXs themselves were employed as a probe of the
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existence of Mott insulators and Wigner crystals in WSe2/WS2 HSs at
relatively large temperatures16,17.

For boson condensates and highly correlated charge systems, as
well as quantum photonics applications, the thermal stability of the
moiré-induced confinement of the excitons plays a crucial role and a
fundamental question arises: Up to what extent can MXs be regarded
as truly moiré-confined?

In this work, we addressed this important aspect by investigating
the effects of the lattice temperature and of the photo-generated
exciton density on the localisation of MXs, as resulting from their: (i)
luminescence intensity and lineshape, (ii) temporal dynamics, (iii)
magneticmoments. Specifically, we studied the emission properties of
two exemplary WSe2/MoSe2 HSs by continuous-wave (cw) micro-
photoluminescence (μ-PL) measurements, also under magnetic field,
andby time-resolved (tr)μ-PL. Low-temperature (T =6K) tr-μ-PL shows
that the MX signal is characterised by different spectral components,
with formation and recombination dynamics indicative of the pre-
sence of a multi-level electronic potential4,6,18,19, as well as of MXs
localised at minima with different atomic registry as apparent from
their gyromagnetic factor20. The temperature evolution of the HS
emission properties presents clear signatures of IX de-trapping from
the moiré potential at Ts above 100 K and the ensuing spectral pre-
dominance of free IXs at higher temperatures. Concomitantly,
Zeeman-splitting measurements reveal an unexpected sign reversal of
the exciton magnetic moment taking place with the temperature-
induced MX transition to a free IX regime. This transition is paralleled
by a strong reduction of both the emission rise and decay times, which
mirrors the faster formation and recombination dynamics, respec-
tively, of the free IXs.

Results
Moiré exciton dynamics at low temperature
The two investigated WSe2/MoSe2 HSs were fabricated by depositing
the first ML on the substrate (directly on a SiO2/Si substrate in one HS,
and on a h-BN flake deposited on a SiO2/Si substrate in the other HS)
and by then depositing the second ML on top. The HSs were then
capped with a thin h-BN layer; see Methods for other details. A com-
parison of the PL properties before and after the h-BN capping (see
Supplementary Note 1) did not show sizeable variations of the HS
optical properties. Both HSs are characterised by a rather homo-
geneous PL signal, both in terms of lineshape and intensity, see Sup-
plementary Note 1. The twist angle between the MoSe2 and WSe2 MLs
was estimated to be θ =0.46° in the first HS (hereafter HS1) and 0.74° in
the second (hereafterHS2), as detailed next. Such angles are close to0°

and correspond to the configuration referred to as R-type (while HSs
with θ close to 60° are named H-type). We will discuss mainly the
results obtained on HS1 with θ =0.46° and refer to HS2 (θ =0.74°) as a
comparative case. Figure 1a shows an optical microscope image of HS1
alongwith its sketch. Cw and tr-μ-PLmeasurementswere carried out at
variable laser excitation power Pexc and temperature using a confocal
microscope setup. For μ-PL excitation (μ-PLE) measurements, we
employed the same setup using a wavelength-tunable laser as excita-
tion source. Magneto-μ-PL measurements were performed at variable
temperature in a superconducting magnet up to 16 T, with the field
perpendicular to the HS plane. Further details are reported in the
Methods section.

Figure 1 b shows the T = 6 K μ-PL spectrum (wine line) of HS1. Two
bands are observed. The one peaked at 1.6 eV, labelled X, is due to a
group of localised (intralayer) exciton states originating from the
MoSe2 ML with a small contribution from similar transitions in the
WSe2 ML on the higher energy side of the band. The band centred
at ≈ 1.36 eV, labelled MX, is due to MX recombination (with the elec-
tron and hole being confined in the MoSe2 and WSe2 layer, respec-
tively), as also reported in other works4,6,7,13. The blue line in Fig. 1b is
the μ-PLE spectrum obtained by monitoring the MX signal while

scanning the excitation laser wavelength. The MX signal shows a
resonant contribution from the MoSe2 and WSe2 ML exciton states of
theHS, thus confirming the interlayer nature of theMXband.We point
out that, at variance with ref. 21, no MX-related absorption feature is
instead observed in the μ-PLE data due to the much smaller oscillator
strength of the MX absorption. Figure 1c displays the MX spectrum
recorded at T = 6 K with Pexc = 5 nW (corresponding to 0.64 W/cm2).
The spectrum can be deconvolved into several Gaussian components.
The latter are equally spaced by (12.8 ± 1.3) meV, reflecting the quan-
tised states of the moiré potential4,6,18,19. The Gaussian lineshape maps
onto the ensemble of MXs confined in randomly distributed moiré
minima, due to the inevitable imperfections present in the HS plane.
The very narrow lines superimposed on the multi-Gaussian lineshape
of the MX band likely correspond to single MXs confined in just one
moiré minimum7,22. The centroid energy of the MX band (1.357 eV)
indicates that the investigated HS is R-type (θ ≈0°)4–6,13,23 with RX

h local
atomic registry3,7. In fact, for H-type HSs (θ ≈ 60°) the MX
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Fig. 1 | Optical properties of the WSe2/MoSe2 R-type HS1. a Optical micro-graph
(left) and sketch (right) of HS1. b Low-T μ-PL and μ-PLE spectra of the HS, left and
right axis, respectively. In the μ-PL spectrum (Pexc = 2 μW), X indicates the intralayer
exciton recombination from localised states of the MoSe2 and WSe2 monolayers
(lower- and higher-energy side, respectively). MX is the moiré exciton band. In the
μ-PLE spectrum, four exciton resonances are observed. These resonances can be
attributed to the A and B excitons (where the hole sits in the upper, A, and lower, B,
spin-split valence band maximum at K, and the electron sits in the spin-split con-
duction band minimum at K with same spin) of the MoSe2 and WSe2 layers. c μ-PL
spectrumof theMXband acquiredwith very low laser power excitation (5 nW). The
spectrum can be reproduced byfiveGaussian functions (azure: single components;
red line: total fit) that are spaced by (12.8 ± 1.3) meV. The very narrow lines that
make up the broader Gaussian peaks correspond to single MXs recombining in
moiré minima. d μ-PL spectra recorded at different temperatures (and Pexc = 20
μW). Themoiré/interlayer (MX/IX) exciton band is visible up to room temperature.
X indicates the exciton band related to the single layer MoSe2 and WSe2 con-
stituents of the HS.
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recombination is centred at a higher energy —by about 40
meV3,5,7,10,11,22,24–31— due to the shallower moiré potential for H-type
HSs with respect to R-type HSs7, see also Supplementary Note 1. From
the spacing between the MX states, as detailed in Supplementary
Note 2, we estimate a moiré superlattice period am of about 40 nm,
which corresponds to θ= 0:46+0:05

�0:04

� ��
10. Second harmonic generation

(SHG) measurements confirm that estimation and provide
θ =0. 1° ± 1. 5°, as reported in Supplementary Note 2. Given the large
uncertainty of the SHG data, we will assign to this HS the twist angle
θ =0.46°, determined by the energy spacing of the moiré potential
resonances. From the HS period, we deduce that about 600 moiré
minima are probed within the laser spot (radius equal to ≈ 500 nm).
The excellent alignment leads to a sizeable signal of the HS IXs up to
room temperature, as shown in Fig. 1d. Note that the recombination
from the HS is indicated as MX at T = 6 K and as IX at T = 296 K,
qualitatively hinting at a temperature-induced transition in the char-
acter of the exciton. We investigated such transition by studying the
temporal evolution of the HS exciton signal, its dependence on the
number of photo-generated carriers and by determining the exciton
gyromagnetic factor at different temperatures and photo-generated
carrier densities.

We first describe the tr-μ-PL results at T = 10 K, where most of the
HS emission is due to the MX recombination in the RX

h minima of the
moiré potential3,7,32. Figure 2a shows the μ-PL spectrum of HS1 recor-
ded at a power 200 times larger (Pexc=1 μW, i.e., 128 W/cm2) than in
Fig. 1c. This results in a non negligible contribution from a component
centred at about 1.4 eV, which can be assigned (totally or partly) to
moiré excitons confined in the Rh

h minima (as confirmed later). Indeed,
the energy distance between this contribution and the lowest energy
component (1.335 eV) of the HS emission at very low power density
(see Fig. 1c) is about 65 meV. This value falls within the range of the
band gap energy difference between the RX

h and Rh
h moiré evaluated in

refs. 3 (40 meV) and ref. 4 (70 meV). Three different spectral windows
are highlighted in Fig. 2a. For each of them, panel b and panel c display
the correspondingμ-PL signal timeevolution fromthe laser pulseup to
800 ns and in the time interval (0-1) ns, respectively (see also Sup-
plementary Note 3, where the same data are compared to the laser
pulse setting the resolution limit of our optical system). In the former
range, the decay part of the data can be fitted by

IdecayðtÞ=
X3

n= 1

Ad,n � exp � t � t0
τd,n

� �
, ð1Þ

where t0 is a reference time (from which the decay starts), and τd,n is
the decay time relative to the n-th component, whose weight is given
bywd,n =Ad,n/(Ad,1 +Ad,2 +Ad,3). The fitting curves are superimposed to
the data as solid lines in Fig. 2b and the τd,n values are displayed in the
same figure (the complete set of the fitting parameters, includingwd,n,
can be found in Supplementary Note 3). The presence of different
components (1, 2 and 3) indicates that different intermediate and
intercommunicating levels are involved in the MX decay, possibly
including dark exciton states6,19. In any case, τd,n gets shorter for the
higher energy ranges considered; this is particularly true for the 1.4 eV
component, similar to recent results4,6,13,19. This finding supports the
hypothesis that the structuredMXemission corresponds to a ladder of
discrete states arising from the moiré potential4,6,19. Indeed, higher-
energy states may decay faster (due to the tendency of photo-
generated carriers to occupy lower-lying states), with the ground state
having the longest lifetime of several tens of ns, consistent with the
spatially and k-space indirect characteristics of the MX transition. We
recall that in TMDMLs the intralayer exciton X is known to have much
shorter radiative decay times, on the order of a few ps to a few of tens
of ps33,34, in contrast with MX. A similar behaviour is found in the
second WSe2/MoSe2 HS investigated, or HS2, with energy spacing
between the moiré resonances equal to (20.3 ± 3.4) meV and twist
angle θ= ð0:74+0:16

�0:11 Þ
�10. The data for HS2 can be found in Supplemen-

tary Note 2. As shown there, it is worth remarking that for HS2,
featuring greater θ than HS1, longer decay times τd,n are found. This is
in accordance with the larger momentum mismatch between the
charge pair of the moiré exciton in HS2 and agrees with the results
presented in ref. 6.

The different states of the moiré potential also exhibit a different
formation dynamics. Figure 2c shows the time evolution of the MX
signal in HS1 up to 1 ns after the laser pulse excitation. In this case, the
data are reproduced by

IriseðtÞ= � Ar � exp � t � t0
τr

� �
+ IdecayðtÞ ð2Þ

where τr is the luminescence rise time and Idecay represents the decay
part of the data. By fitting the decay part first, the data in the (0-1) ns
time interval can be reproduced by Eq. 2, with only Ar and τr as fitting
parameters. The τr values are displayed in panel c of Fig. 2 (the data
corresponding to the high-energy range, shown in the right-most
panel, are close to the resolution limit and could not be fitted reliably).
The data indicate that the highest-energy excited state of the moiré
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Fig. 2 | Decay and rise of themoiré exciton band. a T = 10 K and Pexc = 1 μW μ-PL
spectrum of HS1. MX indicates the moiré-trapped interlayer exciton, and X indi-
cates the intralayer exciton recombination. Three different spectral regions are
highlighted on theMX band. On each of these regions, the μ-PL time evolution was
recorded.bTime-evolution of the μ-PL signal recorded in theΔt = 0-800 ns interval

from the laser pulse on the three spectral regions highlighted in panel a (note also
the colour code). The decay time τd,n values obtained by fitting the data via Eq. (1)
(see solid lines) are displayed. c The same as b for Δt = 0–1.0 ns. The rise time τr
values displayed in the panels are those used to reproduce the datawith Eq. (2) (see
solid lines). The data in the right-most panel could not be fitted reliably.
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potential (together with the likely population of moiré excitons in the
relative minimum at the Rh

h registry) is populated faster (<100 ps),
similar to what reported in ref. 19. Instead, the population of the
lowest-energy state requires more time to reach its quasi-equilibrium
occupancy because of the extra contribution from higher-energy
levels in addition to the direct excitation. Power-dependent tr-μ-PL
measurements on both HSs, reported in Supplementary Note 4 and 5,
showaprogressive shortening of the timedecay of theMXband as Pexc
increases. This is a likely consequence of exciton-exciton interactions,
that tend to diminish the exciton lifetime35,36.

Exciton recombination vs carrier density and temperature
The X andMX recombination bands also exhibit quite distinct spectral
behaviours when the density of photo-generated excitons and the
lattice temperature are increased. Figure 3a shows the cw μ-PL spectra
of HS1 at T = 6 K for Pexc ranging from44 nW (i.e. 5.6W/cm2) to 100 μW
(i.e. 1.3 ⋅ 104 W/cm2). TheMX band broadens and its centroid blueshifts
with increasing Pexc, likely as a consequence of the dipole-dipole
interaction between MXs5,13,22,26,37,38. Following Ref. 13, we determine
that in the Pexc = (0.044-100) μWrange the density of photo-generated
electron-hole pairs within the HS varies from ne-h = 1.1 ⋅ 1011 cm−2 to
2.3 ⋅ 1013 cm−2 (see Supplementary Note 4). We note that the highest
ne-h achieved by us is smaller than the value necessary to observe an
optically induced Mott transition from IXs to spatially separated
electron and hole gases13. Nevertheless, from the previously estimated
periodof themoiré potentialam=40nm, the correspondingdensity of
moiré minima is equal to 7.2 ⋅ 1010 cm−2 and a sizeable exciton-exciton
interaction is possible thus explaining the decrease in the emission
decay time reported in Supplementary Note 4 and 5 as well as the MX
band blueshift with Pexc13,22,38. Recent simulations based on the Green’s
function formalism38 showed that exciton densities around 1011 − 1012

cm–2 trigger intercell hopping and excitondelocalisation effects,which
reflect in a blue-shift and broadening of the moiré emission band. In

the present case, we observe such effects starting from Pexc = 4.4 μW
(see Fig. 3b), corresponding to ne-h ≈ 4 ⋅ 1012 cm–2, in good agreement
with ref. 38. On the other hand, the X band, which, as we recall, com-
prises the MoSe2 and WSe2 intralayer excitons, does not change
appreciably its centroid. It instead gains significant spectral weight
compared to MX, which originates from recombination centres with
finite spatial density. Figure 3b shows the dependence of the inte-
grated intensity Iof theHS exciton andXbands as a functionof Pexc for
T = 6 K and T = 90 K. At 90 K, the HS exciton band is labelled MX-IX to
indicate the contribution from IXs (or de-trapped MXs) occurring at
high Pexc and increasing temperature, as we are going to demonstrate.
The integrated intensity was obtained by performing integrals over
suitable energy ranges (it cannot be reliably obtained by fitting the
data since the shape of the PL bands changes with power, comprising
the appearance of narrow lines at low power). The data were fitted by:

I =A � P α
exc, ð3Þ

where A is a scaling constant. At T = 6 K, α is equal to 0.55 ±0.02 for MX
and 0.89±0.02 for X. The smaller α found at low T for the MX signal
from theHS (as opposed to that from intralayer excitons X in theMLs) is
compatible with the finite number of energy states available for excitons
trapped in the quantised levels of the moiré potential minima. Fur-
thermore, the localised nature of MXs can lead to enhanced exciton-
exciton interactions that act as a probable source of signal loss. Instead,
the nearly linear behaviour of the X emission intensity is consistent with
the virtually unlimited number of intralayer excitons that can be photo-
generated. Interestingly, Fig. 3b shows that the nearly linear dependence
of the X band on Pexc is maintained also at T = 90 K, while a major
variation is found for the MX-IX band that can be explained by
considering an increasingly higher spectral contribution of free IXs at
higher T. As a matter of fact, the α value of MX-IX becomes
approximately equal to 1 at 90 K.
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AtT =90K, theα coefficient values are0.99 ± 0.02 and0.97 ± 0.03 forMX-IX andX,
respectively. c Temperature variation of the α coefficient for the MX-IX and X
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interlayer exciton one (hence the mixed label MX-IX). d T = 90 K μ-PL spectra for
different laser excitation powers in the energy region where the MX and IX
recombinations canbe simultaneously observed. IX takesoverMXupon increase of
the photo-generated carrier density. e Same as d for T = 296 K, where only the IX
transition is observable.
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Puzzled by this finding, we investigated the dependencies on Pexc
of the integrated area of the MX-IX and X bands at different tem-
peratures. The full set of power-dependent data can be found in
Supplementary Note 6. Figure 3c summarises the variation of the
coefficient α with T, as obtained from Eq. (3). For the X band, a nearly
linear behaviour is observed at all temperatures. Instead, for theMX-IX
band, α increases progressively from 0.55 to about 1 as T is increased
from 5 K to 120 K, with a linear behaviour observed at higher tem-
peratures, up to room temperature. These results suggest a qualitative
change in the nature of the exciton-related bands in the HS at about
120 K. A similarly comprehensive study was performed also for HS2,
which has a larger twist angle of 0.74°. The results are shown in Sup-
plementary Note 7. As for HS1, the X band shows a linear behavior (α =
1) all over the temperature range. Although also inHS2 the coefficientα
for the MX-IX band exhibits a progressive increase from 0.5 to 1 (see
Supplementary Note 7), the plateau-value of 1 is reached at a tem-
perature of about 100 K (lower than the 120 K value observed in HS1;
see Fig. 3c) consistently with the shallower moiré potential at greater
twist angles39. On the one hand, these results strengthen the picture
described so far. On theother hand, they point to the crucial roleof the
twist angle in determining the thermal stability of moiré excitons and
associated phenomena in moiré superlattices.

Figures 3d and e display a series of spectra recorded on HS1 at
different Pexc for T = 90 K and T = 296 K, respectively. In the first case,
the lineshape of the MX band changes significantly as the density of
photoexcited carriers increases. Indeed, we notice a considerable
spectral weight transfer by about 100 meV from the structured band
around 1.27 eV (at the lowest Pexc) to the single component peaked at
about 1.37 eV (at the highest Pexc). We ascribe this change to the
saturation of moiré-localised excitons in favour of moiré-de-trapped
IXs (the related 100 meV band shift is indeed close to the moiré
potential depth for R-type WSe2/MoSe2 HS

3,4,7). This behaviour is not
evident at the lowestT values (see, e.g., Fig. 3a), whenMXs are frozen in
their potential minima. Eventually, for T > 200 K, almost all MXs are
ionised and only IXs are observed, as shown in Fig. 3e, clearly
demonstrating the absence of a sizeable lineshape variation with Pexc.
See Supplementary Note 7 for similar data recorded on HS2 (having
greater θ).

Moiré exciton de-trapping, magnetic moment and dynamics
vs T
The moiré exciton de-trapping is even more evident in Fig. 4a, which
shows the μ-PL spectra of HS1 for different T values and Pexc = 10 μW;
similar studies for higher and lower Pexc are shown in Supplementary
Note 8. From T = 6 K to T = 120 K, the HS signal is dominated by the MX
band, which undergoes a redistribution of the carrier population
between the different states of the moiré potential. Starting from T =
120 K, a high-energy component due to IXs appears and becomes
increasingly important relative to the MX band, until the latter vanishes
at about 220 K. Finally, at room temperature only IXs are visible. At
T≈ 160 K, the two contributions coexist so that their energy difference
can be estimated. The obtained value, equal to about 90 meV, fits well
with the exciton barrier height of the moiré potential in R-type
WSe2/MoSe2 HSs3,4,7, where only the exciton singlet state is optically
permitted (the MX-IX energy distance becomes 75 meV in the HS2 with
greater θ). Although qualitatively, also this observation agrees with the
expected shallower moiré potential depth for greater twist angles39; see
Supplementary Notes 6 and 7). In contrast, the exciton ground state in
H-type HSs is in a triplet configuration, with the singlet state having an
energy 25 meV higher5,22,27. Also, we exclude that the two transitions
coexisting at intermediate T are ascribable to KCB-KVB (CB and VB stand
for conduction and valence band, respectively) and ΛCB-KVB IX
transitions21, which differ by 55 meV21.

It is worth mentioning that different results were reported in the
literature. In ref. 28, the MX de-trapping was observed by monitoring

the PL intensity and lifetime of WSe2/MoSe2 HSs with a transition
temperature < 50 K that is in contrast with our results. On the other
hand, exciton diffusivity measurements7 showed the absence of MX
de-trapping in a WSe2/MoSe2 HS with nearly perfect lattice alignment
(θ = 0.15°), while a clear de-trapping was visible for θ > 2°7.

In any case, the here observed temperature-induced change in the
nature of the exciton in the HS should be reflected in the electronic
properties of the levels involved in the excitonic transition. In this
respect, the exciton magnetic moment and the associated gyromag-
netic factor gexc—embedding the spin, orbital and valley properties of
the bands— turned out to be an extremely sensitive parameter of the
electronic structure of nanostructures40 and of 2D crystals41–44 and
their HSs5,10,20,22–24,26,45–48. In WSe2/MoSe2 HSs, the lowest-energy exci-
ton state is in a spin-singlet configuration for R-type HSs and in a spin-
triplet configuration for H-type HSs49. The spin-singlet and spin-triplet
excitons feature a gexc value with a positive (≈+ 7) and a negative (≈−15)
sign, respectively, the exact value depending on the specific
sample5,20,22,24,25,46–48. Our HS is R-type, as discussed before, and there-
fore we expect a positive gexc value. Figure 4b shows the magnetic
field, B, dependent μ-PL spectra of HS1 in the HS exciton region at
T = 10 K and Pexc = 10 nW (corresponding to ne-h = 2.0 ⋅ 1010 cm-2, see
Supplementary Note 4). For each field, the opposite circular polarisa-
tions σ± were recorded simultaneously on two different regions of the
CCD detector, see Methods. Figure 4b shows the σ+ and σ−-polarised
μ-PL spectra that exhibit several narrow lines due to different MXs.
They all undergo a Zeeman splitting (ZS) given by

ZSðBÞ= Eσ + � Eσ�
= gexc � μBB: ð4Þ

Eσ ±
are the peak energies of components with opposite helicity σ+ and

σ−, and μB is the Bohr magneton. The positive (negative) energy shift
with B of the σ+ (σ−) component of the lines displayed in Fig. 4b indi-
cates that gexc > 0 for the individual MXs. Then, magneto-μ-PL mea-
surementswere performed also atT = 160K and Pexc=75 μW,where the
HS exciton band is instead dominated by free IXs. Figure 4c shows the
σ+ and σ− components of the IX spectra at different magnetic fields.
Remarkably, the twocomponents shift withB accordingly to a negative
ZS, i.e. opposite to that found atT = 10K for theMX lines (for IXs, the σ+

red component is at lower energy than the σ− blue one). Figure 4d
shows the ZS field dependence for the MX lines at 10 K and for the IX
band at 160K, bothfitted by Eq. (4). The resulting gexc for the (trapped)
MXs and (free) IXs are gexc,MX = + 6.73 ± 0.10 (this is an average value
over the 5 measured MXs) and gexc,IX = − 4.64 ± 0.10, respectively. The
former is in close agreement with previous experimental5,23,46,47 and
theoretical20 results found for MXs in R-type WSe2/MoSe2 HSs. As
reported in Supplementary Note 9, we performed similar measure-
ments and found similar results for HS2. For HS1, we also derived the
ZS of the five gaussians into which the moiré exciton band can be
deconvolved at low T and Pexc, as shown in Fig. 1c. As discussed in
Supplementary Note 10, in comparison to the single MX lines of
Fig. 4d, a smaller ZS is found for the Gaussian components, resulting in
an average gexc = + 4.43 ± 0.89. The smaller gexc for the Gaussian
components might be caused by exciton-exciton interactions. In fact,
the Gaussian lineshape could be the consequence not only of a
distribution of an ensemble of singlemoiré lines, but also of an exciton
interaction-induced broadening of the themoiré emission itself. As for
the results at 160 K, to our knowledge there are no previous ZS
measurements on HSs at high temperatures. We found a similar
negative gexc,IX value of about −5 also at T = 210 K and 100 K, as
described in Supplementary Note 11. The origin of the sign reversal of
gexc,IX must be then ascribed to the avoided effect of the moiré
potential caused by the temperature-induced de-trapping of the MXs.
As a matter of fact, we can estimate gexc,IX considering the separate
contribution of electrons and holes to the IX gyromagnetic factor, as
usually done for excitons in semiconductors. Following an analogous
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procedure to that employed in ref. 43 for strainedWS2MLs, for this HS
we use

gexc,IX = 2 LCBðMoSe2Þ � LVBðWSe2Þ
� �

, ð5Þ

where the first and second terms are the expectation values of the
orbital angularmomentumof theMoSe2 CB andWSe2 VB, respectively
(the spin contribution cancels out because the band extrema involved
in the free IX transition have the same spin for R-typeHSs). As reported
in ref. 20, LCB(MoSe2) = 1.78 and LVB(WSe2) = 4.00 and from Eq. (5) we
obtain gexc,IX = − 4.44 in very good agreement with the value we found
experimentally for the free IX transition shown in Fig. 4d. To this
regard, it is relevant to add that a positive gexc is found for theMXband
also at T = 80 K, as shown by μ-PL measurements on HS1 performed at
B = 16 T and sufficiently low laser power (as low as 10nW) to emphasize
the contribution of theMX band at high T; see Supplementary Note 11.

Interestingly, the suppression of the moiré potential in an R-type
WSe2/MoSe2 HS caused by inserting a h-BN layer between the con-
stituent MLs leads to magneto-PL results similar to ours50. Indeed, in
Ref. 50 the spatial decoupling between the HS singleMLs determines a
sign reversal and a decrease of the gexc modulus analogous to that
found here by increasing the lattice temperature.

TheexcitonZS inWSe2/MoSe2HSsmaydependon the local atomic
registry, too20. Figure 5a shows a series of μ-PL spectra recorded on HS1
with opposite circular polarisation (σ+ and σ−) at different magnetic
fields for T = 6 K and low laser excitation power Pexc = 0.2 μW. Several
narrow lines due to moiré confined excitons can be observed, super-
imposed on a continuum background. Like in Fig. 4b, the MX lines
exhibit a positive Zeeman splitting with average gexc,MX = + 6.78 ±0.11
(panel c of the figure). Figure 5b shows the same study of panel a
recorded on the same point of the HS but with a Pexc value increased by
about a factor of 400. The narrow lines associated to moiré confined
excitons merge forming a single band, whose maximum shows a blue-
shift ofmore than 30meVwith respect to the low-energy side of theMX
band at lower Pexc. Quite interestingly and unexpectedly, under these
circumstances, theZS value reverses its sign resulting in a gyromagnetic
factor gexc = −6.93, as shown in Fig. 5c. We also performed a PL study at
fixedB = 16 T by varying Pexc overmore than three orders ofmagnitude.
The data are described in Supplementary Note 12 for both HS1 and HS2
and show how when increasing the density of excitons the initially
positive ZS due to the singlemoiré excitons eventually goes negative as
the MX component broadens and blue-shifts. To interpret these results
we note that: (i) the Pexc-induced blue-shift is significantly smaller than
100meV (i.e., themoiré potential depth3,4,7) and (ii) themodulus of gexc
(∣−6.93∣) found at high Pexc and T = 10 K is larger than that (∣ −4.64∣)
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measured at high T (see Fig. 4c, d), where moiré de-trapped (and thus
free) excitons (IXs) dominate the emission spectrum.Thus,weconclude
that the main contribution to the MX band in Fig. 5b (high Pexc) comes
from moiré excitons with Rh

h local registry. Indeed, at low power, the
lowest energy RX

h states are first populated. When Pexc is increased, the
Rh
h states, that lie just a few tens of meV at higher energy (see Fig. 5d),

start to be populated and, for sufficiently high power, dominate the
emission spectrum. TheRM

h states, that lie at evenhigher energy, are not
visible due to their small oscillator strength20. This picture is corrobo-
rated by theoretical calculations, showing that gexc = + 6.19 for the RX

h

registry, while gexc = −6.15 for the Rh
h registry20. Figure 5d summarises

these findings and provide a comparison between experimental and
theoretical gexc values formoiré-localised aswell as free IX excitons. The
quantitative potential landscape for the moiré potential is also shown,
as derived from ref. 3.

These results demonstrate how magnetic fields represent a valu-
able tool to determine the localised or delocalised status of charge
carriers in 2D HSs, which can be important for the understanding of
fundamental effects, such as the formation of highly correlated elec-
tronic phases12,13,16,51.

The sign reversal of the g-factor upon temperature increase is
accompanied by a change in the MX formation and recombination
dynamics when the de-trapping process starts to occur with increasing
T. Figure 6a displays the time evolution of the μ-PL exciton signal in
HS1 within 1 ns after the laser excitation, which corresponds pre-
dominantly to the exciton formation process. Different temperatures
were considered with Pexc = 44 nW (ne-h=1.1 ⋅ 1011 cm–2).

It is clear that the MX formation dynamics becomes faster with
increasing T (for T ≤ 100 K and Pexc = 44 nW, MXs dominate). The
experimental data were fitted by Eq. (2) and the T dependence of τr is
displayed in panel b for two different photo-generated carrier

densities. At T = 100 K, τr approaches the temporal resolution limit
(notice that once the data get close to the resolution limit, the esti-
mated rise time is affected by the system response and thus only
qualitatively indicative). The higher temperatures and the ensuing MX
ionisation process result indeed in a decreased contribution of the
moiré localisation step, and thus in a reduction of the time required to
build up the exciton population contributing to the MX/IX band. This
process ismore evident with increasing Pexc, as can be noted in Fig. 6b.
As a matter of fact, a larger photo-generated carrier density tends to
saturate theMX states shifting the spectral centroid of theMX-IX band
towards the faster-forming IX levels.

The luminescence decay is also highly influenced by tempera-
ture variations. Figure 6c shows the MX-IX band decay curves at Pexc
= 1 μW (ne-h = 1.2 ⋅ 1012 cm– 2) and different temperatures. The curves
can be reproduced using Eq. (1) and the values of the fitting para-
meters (τd,n andwd,n) are displayed in Fig. 6d. The three values of the
decay time τd,n decrease monotonically, with the shorter one (τd,1)
reaching the resolution limit (0.23 ns) at T = 140 K, and the weights
of the slower components (wd,2 and wd,3) becoming less important.
The latter are particularly relevant at low T, where decay time values
of about 200 ns are observed, consistent with the space-indirect
nature of MXs. The, yet small, k-space mismatch associated with the
twist angle may also contribute to the lengthening of the lumines-
cence decay time6. The marked decrease of τd,n with T can be
explained by two simultaneous mechanisms. First, non-radiative
recombination channels are activated at higher temperatures,
greatly shortening the luminescence decay time. Second, deloca-
lised states are expected to have a larger recombination probability,
because they are more likely to interact with other oppositely
charged free carriers, or with lattice defects acting as non-radiative
channels52.
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In summary, we investigated the process of temperature-induced
exciton de-trapping from moiré minima in WSe2/MoSe2 HSs. We
observed that at temperatures above 100 K moiré excitons turn into
free interlayer excitons with relevant consequences for quantum
technology applications11 and for the observation of many-body phe-
nomena, such as exciton condensation12 or Mott transition13,16,51. The
temperature-induced transition from a moiré-confined to a free IX
regime manifests itself in a sizeable variation of the power law gov-
erning the exciton signal growth with photo-generated carrier density.
The exciton magnetic moment too undergoes major variations with
increasing T. Indeed, the interlayer exciton g-factor exhibits a
remarkable reversal of its sign anddecrease of itsmodulus (going from
about + 7 to about − 5) concomitantly with the de-trapping of the
moiré-confined excitons for T ≳ 100 K. This is likely to have relevant
consequences for valleytronic applications of TMD HSs. Within the
same T interval, we also consistently found that the formation time of
MXs is strongly reduced, as a consequence of the cross-over from a
localised to a free-like regime. This indicates that the excitoncapture in
the moiré potential requires an intermediate step that lengthens the
luminescence rise time. Also, the decay time of the MX/IX states is
greatly reduced by increasing T due to the increased recombination
probability of freely moving excitons as well as to exciton-exciton
interactions and to thermally activated non-radiative recombination

channels. Our findings shed new light on the truly confined nature of
the exciton states in a moiré superlattice with increasing temperature
and exciton density, thus setting the conditions for the observation
and stability of highly correlated phases at elevated temperatures in
moiré superlattices.

Methods
Sample fabrication
The HSs were fabricated by the standard dry transfer technique. TMD
flakes were mechanically exfoliated by the scotch tape method and
deposited onPDMS.MoSe2 andWSe2MLson the PDMSwere identified
and deposited. For HS1, the MoSe2 ML was deposited first on a SiO2/Si
substrate, and theWSe2was deposited atop of it. h-BNflakeswere then
exfoliated with the same approach and a thin h-BN flake was identified
on the PDMS. The flake was then deposited in such a way to cap the HS
completely. The twist angle between the MLs was then estimated by
SHGmeasurements. ForHS2, a h-BNflakewasfirst depositedona SiO2/
Si substrate. TheWSe2MLwas then deposited atop. The orientation of
the ML was checked by SHG. The orientation of the MoSe2 ML on
PDMSwas also checked, and theMLwasdeposited aligned to theWSe2
ML (virtually null twist angle). This HS was also subsequently capped
with a thin h-BN flake. The twist angle of the two HSs was then deter-
mined more precisely by optical studies (see Supplementary Note 2).
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After everydeposition step, the sampleswereannealed in high vacuum
at 150 °C for some hours.

Continuous-wave μ-PL measurements
For μ-PLmeasurements, the excitation laser was provided by a single
frequency Nd:YVO4 lasers (DPSS series by Lasos) emitting at 532 nm.
The luminescence signal was spectrally dispersed by a 20.3 cm focal
length Isoplane 160 monochromator (Princeton Instruments)
equipped with a 150 grooves/mm and a 300 grooves/mm grating
and detected by a back-illuminated N2-cooled Si CCD camera
(100BRX by Princeton Instruments). The laser light was filtered out
by a very sharp long-pass Razor edge filter (Semrock). A 100 × long-
working-distance Zeiss objective with NA = 0.75 was employed to
excite and collect the light, in a backscattering configuration using a
confocal setup.

For high resolutionmeasurements aimed at higlighting the moiré
energy levels (Fig. 1c and Supplementary Fig. 2.1), a 75 cm focal length
Acton monochromator was used.

Time-resolved μ-PL measurements
For tr μ-PL measurements, the sample was excited with a ps super-
continuum laser (NKT Photonics) tuned at 530 nm, with a full width at
half maximum of about 10 nm and 50 ps pulses at 1.2 MHz repetition
rate. The sample was excited in the same experimental configuration
used for continuous wave measurements. The signal was then col-
lected in a backscattering configuration using a confocal setup. The
desired spectral region was selected by using longpass and shortpass
filters. The signal was thus focused bymeans of a lens on an avalanche
photodetector from MPD with temporal resolution of 30 ps.

μ-PL excitation measurements
For μ-PL excitation (μ-PLE), we employed the sameps supercontinuum
laser used for tr μ-PL. The laser wavelength was automatically changed
by an acousto-optic tunable filter and employing a series of shortpass
and longpass filters to remove spurious signals from the laser. The
detection wavelength was selected using the same monochromator
and detector employed for cw μ-PL measurements.

Magneto-μ-PL measurements
Magneto-μ-PL measurements were performed at variable temperature
in a superconducting magnet reaching up to 16 T. x-y-z piezoelectric
stages were used to excite the sample and collect the signal from the
desired point of the sample. A 515-nm-laser and a 100 ×microscope
objective with NA = 0.82 were used. The same objective was used to
collect the luminescence. The circular polarisation of the PL was ana-
lysed using a quarter-wave plate (that maps circular polarisations of
opposite helicity into opposite linear polarisations) and a Wollaston
prism steering the components of opposite linear polarisation (and
thus of opposite helicity) to different lines of the liquid-nitrogen-
cooled Si-CCD we employed (100BRX by Princeton Instruments). In
this manner, the σ+ and σ− components could be measured simulta-
neously. A monochromator with 0.75 m focal length (Princeton
Instruments) and a 600 grooves/mm grating was used to disperse the
PL signal.

Second harmonic generation measurements
The measurements were performed by using the 900 nm line of a
tunable pulsed Ti:Sapphire laser with a pulse width of <100 fs and a
repetition rate of 80 MHz. The sample was excited and measured
under a 50 × confocal objective lens (NA = 0.85), and the frequency-
duplicated light was collected in a backscattering configuration.
Linear polarisers were used to select laser light and SHG signal
with given polarisation states. The sample was placed on a rotation
stage to collect the SH response in terms of relative polarisation
angles.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request.
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Supplementary Note 1. Micro-photoluminescence spectra of HS1
and HS2 before and after hBN-capping

Fig. 1.1 shows a comparison between the µ-PL spectra of both HS1 and HS2 acquired at 6 K
and with the same power both before and after capping with h-BN. Indeed, a shift of the MX
band can be noticed for HS1 after capping, while no significant difference can be noticed for
HS2. It should also be noticed that the MX band is very close in energy for HS1 (after capping)
and HS2.

Figure 1.1: µ-PL spectra acquired at 6 K and with analogous power on HS1 (deposited on a SiO2

substrate) and on HS2 (deposited on a hBN flake) before and after hBN-capping.

The energy of our MX band (EPL) agrees with those reported in the literature. Figure 1.2(a)
shows the PL peak energies of WSe2/MoSe2 HSs with the corresponding reference. All data refer
to low temperature (T<20 K) PL measurements and all HSs were encapsulated by h-BN (but
papers indicated as g, k and q in the figure legend). We grouped the data into two sets depending

Figure 1.2: (a) Survey of the photoluminescence (PL) peak energies, EPL, of WSe2/MoSe2 HSs as
reported in the literature. R and H indicate HSs with twist angle θ≈ 0° and θ≈ 60°, respectively.
(b) Same data as in (a) for R-type HSs as a function of θ. The plot shows only data for which the
twist angle is provided by the authors. References. a:[1]; b:[2]; c:[3]; d:[4]; e:[5]; f:[6]; g:[7]; h:[8];
i:[9]; j:[10]; k:[11]; l:[12]; m:[13]; n:[14]; o:[15]; p:[16]; q:[17]; r:[18].

on the relative alignment angle: i) R-type HSs corresponding to a twist angle, θ, around 0° and
ii) H-type HSs corresponding to θ around 60°. We note that the EPL values relative to each type
of HS remain rather distinct, although a large spread of values is observed within each type of
HS. Fig. 1.2(b) shows the dependence on θ of EPL for R-type HSs (namely, the type investigated
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in our work). The plot includes EPL values for those works, where θ was given. Clearly, no
well-defined trend can be overall observed. This is likely due to the large uncertainties in the
determination of θ, local deviations from a regular structure caused by imperfections and local
strains accompanied by important atomic level reconstruction that result in a non-ideal/regular
moiré potential [19]. The R-type HSs considered in our work feature EPL values, which are
higher than the average reported values, yet well within the literature distribution of EPL for
R-type HSs (see Fig. 1.2).

As for our HSs, we tested their homogeneity by scanning the laser across their surface.
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Figure 1.3: a-b Colour plot (a) and normalised stacked spectra (b) of the µ-PL measurements
performed while scanning the laser (Pexc = 0.22 µW) over HS2 with an S-like scan. The scanning step
was of about 0.3 µm. c-d Same for HS1. The drops in the intensity of the MX (and corresponding
enhancement of the intralayer excitons signal), which can be noticed especially for HS2, are due to
the fact that the HS edge was reached. Apart from such drops, the intensity and lineshape of the
MX is pretty uniform.

Fig. 1.3 shows such a study performed on both HS2 and HS1. The measurements were
taken by performing an S-scan on the central part of each HS, with steps of about 0.3 µm. The
intensity drops revealed by the colour plots are due to the fact that the scan reached the edge
of the HS. Overall, both HSs show a very good degree of homogeneity as far as the resonance
energy distances and relative spectral weight are concerned. A bit larger degree of fluctuation
is instead observed regarding the emission intensity.
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Overall, the central part of the HSs is pretty uniform, and some variations can be noticed only
towards the edges. Our study reveals that the sample homogeneity is indeed such that the
results discussed in our work hold a general validity and are not related to some specific spots
in the sample.
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Supplementary Note 2. Moiré period and stacking angle

The Hamiltonian for excitons confined in a moiré potential can be described as [20, 10]:

H = ℏΩ0 +
ℏ2k2

2M
+∆(r), (2.1)

where the first term is an energy constant, the second term is the center of mass kinetic energy, M
is the exciton mass and ∆(r) is the moiré potential energy. For a MoSe2/WSe2 HS, M ≈ 0.84me,
where me is the electron bare mass [10]. Near its minima, the moiré potential ∆(r) can be
approximated as parabolic: ∆(r) = β(r/aM )2/2, where aM is the moiré potential period and β
is a constant independent of aM . Excitons confined in this parabolic potential have quantised
energy levels:

Em =

√
βℏ2
Ma2M

· (nx + ny + 1), (2.2)

where nx,y are non-negative integers [20]. The spacing between subsequent levels is thus:

S =

√
βℏ2
Ma2M

. (2.3)

Following ref. [10], β = 2.84 eV.
The moiré period aM can thus be estimated by measuring the spacing, as:

aM =
1

S
·
√

βℏ2
M

. (2.4)

For our HSs, we thus acquired low power (5 nW) spectra at 6 K with higher spectral res-
olution (we used a monochromator with a focal length of 75 cm), as shown in Fig. 2.1, and
fitted the spectra with 5 gaussians. The number of gaussians was established empirically, in
order to reproduce the spectra reliably but to avoid exceeding with their number (and thus
with the fitting parameters). We performed the fitting without imposing strict conditions on
the spacing, and determined the average spacing for both HS1 and HS2 as: SHS1 = (12.8± 1.3)
meV and SHS2 = (20.3 ± 3.4) meV. Through Eq. 2.4, we estimate: aM,HS1 = (39.8 ± 3.9) nm
and aM,HS2 = (25.1 ± 4.2) nm. According to the calculations by Liu et al. [2], such periods
correspond to stacking angles of θHS1 = (0.46+0.05

−0.04)
◦ and θHS2 = (0.74+0.16

−0.11)
◦.

Indeed, these angles are both very close to zero. For HS2, the fabrication process was made
based on the crystal orientation derived by second harmonic generation (SHG) measurements.
The HS was fabricated with a virtually null twist angle, but the uncertainty in the SHG data
and those in the fabrication process itself entail an uncertainty of about a couple degrees in
the fabrication process. The estimated angle θHS2 ≈ 0.74◦ is thus in good agreement with
the expected null angle. For HS1, instead, the fabrication process was not based on SHG
measurements. We thus performed SHG a posteriori to verify the crystal orientation. The
results are displayed in Fig. 2.2.

The SHG measurements were performed while keeping the polarisation of the detected signal
and that of the excitation laser fixed and parallel. The sample was then rotated by an angle
θ with respect to an arbitrary set of laboratory coordinates (X,Y). Fig. 2.2 displays the SHG
measurements taken on pieces of the WSe2 and MoSe2 MLs that stick out of the HS. The two
sets of data were then fitted by the equation:

ISHG =
[
A · cos (3θ′)

]2
, θ′ = θ− θ0 (2.5)

where θ′ is the angle between the excitation laser polarisation and the armchair direction, and θ0
defines the direction of the armchair lattice direction with respect to the X axis of the laboratory
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Figure 2.1: µ-PL spectra of the MX band acquired with very low laser power excitation (5 nW).
The spectrum can be reproduced by five Gaussian functions that are spaced on average by (12.8±1.3)
meV (the individual spacings are 11.4, 13.2, 12.2, 14.3 meV) for HS1, and by (20.3± 3.4) meV (the
individual spacings are 22.5, 17.1, 23.8, 17.6 meV) for HS2. The very narrow lines that make up the
broader Gaussian peaks correspond to single MXs recombining in moiré minima.

Figure 2.2: SHG normalised intensity measured in the WSe2 and MoSe2 MLs that constitute HS1
as a function of the rotation angle of the sample.

system. Indeed, the θ0 angles found for WSe2 and MoSe2 are very close to each other, with a
relative twist ∆θ0 = 0.1◦ ± 1.53◦. This confirms that our HS is characterised by a very small
twist angle close to zero, in agreement with the results obtained by the analysis of the spacing
between the enregy levels of the moiré band.

Finally, we also performed a comparative study between the decay times of the PL signal
of the two HSs. Indeed, Choi et al. [14] showed how the decay time of MX/IX is sensitive to
the twist angle, and in particular increases dramatically while going from a twist of 1◦ to 3◦,
a feature related to the larger k-space mismatch for larger twist angles. Indeed, as shown in
Fig.2.3 , HS2 exhibits exciton PL decay times longer than those observed in HS1 as expected
based on the slightly larger twist angle of HS2 with respect to HS1.

Our results agree very well with those reported in Ref. [14] for a MoSe2/WSe2 HS with a 1◦

twist angle, for which a 21 meV spacing was found between the energy levels (thus very close to
what we found for HS2). In that work, the time-resolved measurements concerning the HS with
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Figure 2.3: Time-evolution of the µ-PL signal of HS2 recorded in the ∆t=0-800 ns interval from
the laser pulse and comparison with the analogous data acquired for HS1. The excitation power was
1 µW. The data were fitted by Eq. 1 of the main text, and the estimated decay times are displayed,
showing how larger decay times are found for HS2 compared to HS1.

a 1◦ twist angle were collected only in the (0-25) ns range from the laser pulse and were fitted
by a double exponential function providing decay times of 1-2 ns and 6-10 ns. If we restrict our
data to the same time range of (0-25) ns and fit them with a double exponential, we get decay
times of about 2 and 11 ns for HS2, which indeed agree well with those by Choi et al. [14]. This
discussion highlights however the importance of acquiring and analysing the time-resolved data
on an appropriate range, since when restricting the data to a relatively short range the result
is possibly much more affected by the presence of non-radiative decay channels and the slow
dynamics that characterises MXs cannot be fully appreciated.
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Supplementary Note 3. Time-resolved micro-photoluminescence data

Fig. 3.1 shows the time resolved µ-PL data of Fig. 2 of the main text, displayed on a suitable
time scale in order to compare them with the laser pulse data. Indeed, the data concerning the

Figure 3.1: Time-evolution of the µ-PL signal and laser pulse (light grey) on the three spectral
regions highlighted in Fig. 2a of the main text. The data are the same of Figs. 2b-c of the main
text, but plotted in the first few ns of acquisition in order to enable a comparison with the laser
curve.

low (pink) and middle (cyan) energy ranges, show a much slower rise and decay dynamics if
compared to the laser pulse. For the high energy range, instead, the decay part gets faster (but
still longer than the resolution limit), while the rise part of the data is clearly resolution limited
(in fact, as discussed in the main text, the rise time cannot be derived).

By fitting the decay part of the data in Fig. 2b of the main text, we obtained the fitting
weights and decay times displayed in the following table.

Table 3.1: Fitting parameter values obtained by fitting the data in Fig. 2b by Eq. (1) of the main
text. τd,n is the decay time relative to the n-th component, whose weight is given by wd,n.

Energy Range τd,1 (ns) wd,1 (%) τd,2 (ns) wd,2 (%) τd,3 (ns) wd,3 (%)
Low (pink) 2.27± 0.09 60.9± 1.4 14.0± 0.6 34.6± 0.8 51± 4 4.4± 0.7

Medium (cyan) 1.59± 0.01 78.1± 0.4 15.2± 0.2 15.8± 0.1 77.0± 0.3 6.0± 0.1

High (yellow) < 0.23 86.0± 0.4 1.03± 0.01 13.0± 0.3 13.5± 0.1 1.0± 0.1
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Supplementary Note 4. Estimation of photogenerated carrier density

Figure 3 in the main text shows the cw µ-photoluminescence (PL) spectra at T=6 K varying
the laser power Pexc between 44 nW and 100 µW. To each Pexc value we associate a specific
density of electron-hole pairs ne−h photogenerated within the HS. This was done following Ref.
[9]. Below we summarise the procedure followed.

Under continuous wave (cw) excitation, the generation rate of photogenerated carriers is
given by

G(ne−h) =
Pexc · σ(ne−h)

S · hν
, (4.1)

where σ(ne−h) is the dependence of the absorbance of the MoSe2/WSe2 HS on the photogen-
erated carrier density, S = πr2 is the laser spot area with r=500 nm, and hν=2.33 eV is the
exciting photon energy. In addition, in a stationary (i.e. continuous wave) regime we have

dne−h

dt
= G(ne−h)−

ne−h

τ(ne−h)
= 0, (4.2)

where τ(ne−h) is the dependence of the exciton decay time of the MoSe2/WSe2 HS on the
photogenerated carrier density. To solve this equation we need to derive σ(ne−h) and τ(ne−h).

σ(ne−h) was previously reported in Ref. [9] and it is reproduced in Fig. 4.1.

Figure 4.1: Optical absorbance of a MoSe2/WSe2 HS as a function of the density of photogenerated
carriers for photon energy equal to 2.33 eV. The data were taken from Fig. 4 of Ref. [9].

τ(ne−h) was deduced in two steps. We first measured the time decay of the exciton µ-PL
signal, whose temporal traces are shown in Fig. 4.2 for different Pexcs. We then fitted the data
using Eq. (1) in the main text with n = 3 components characterised by their decay time τd,n
with relative weight wd,n. Table 4.1 reports the τd,n and wd,n values for different Pexcs along
with the weighted value of the decay time τ . Finally, we obtained τ(ne−h) using the following
relationship under pulsed excitation between the injected carrier density n and Pexc:

n =
Pexc · σ

S · frep · hν
, (4.3)

where σ=0.08 is the absorbance of the MoSe2/WSe2 HS evaluated for hν=2.33 eV as reported
in Ref. [9] of this Supplementary Material, and frep=1.2 MHz is the pulsed laser repetition rate.
Therefore, we can relate n to Pexc and hence to τ via Table 4.1. Fig. 4.3 shows the dependence
of τ on n.
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Figure 4.2: a Some exemplifying plots of the time-evolution of the µ-PL signal of the investigated
WSe2/MoSe2 HS recorded at 6 K for different excitation powers Pexc, in the ∆t=0-800 ns interval
from the laser pulse. The detection energy was set at the MX-IX band. The solid lines are fit to the
data by Eqs. (2) (left column) and (1) (right column) of the main text. b Summary of the estimated
rise times τr as a function of Pexc. Above 1 µm (as highlighted by the vertical dashed line) the rise
time goes below the resolution limit of our setup. c Summary of the estimated decay times τd,n as
a function of Pexc and corresponding weights wd,n.

Table 4.1: Fitting parameter values shown in Fig. 4.2b. τd,n is the decay time relative to the n-th
component, whose weight is given by wd,n. The last column reports the weighted decay time τ .

Pexc (nW) τd,1 (ns) wd,1 τd,2 (ns) wd,2 τd,3 (ns) wd,3 τ (ns)

10 9.3 0.32 60.2 0.34 254.9 0.34 110.4
20 10 0.36 56.2 0.34 242.0 0.31 97.1
44 7.2 0.46 46.3 0.36 216.4 0.19 60.0
100 5.3 0.50 38.4 0.32 201.2 0.17 49.9
200 3.7 0.64 32.7 0.26 180.9 0.10 29.8
440 3.0 0.68 27.5 0.23 171.4 0.08 22.9
1000 2.3 0.73 24.1 0.20 170.8 0.06 17.6
2000 2.1 0.77 22.6 0.18 159.2 0.05 13.7
3000 1.5 0.81 19.1 0.15 150.7 0.04 9.9

Given the results shown in Figs. 4.1 and 4.3, we can solve Eq. 4.3 –namely ne−h=G(ne−h) ·
τ(ne−h)– numerically as displayed in Fig. 4.4. The solutions are given by the crossing of the first
and second member of the above equation plotted on the y and x axis, respectively. That plot
finally allows us to give the density of photogenerated electron-hole pairs for a specific excitation
power Pexc.
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Figure 4.3: Dependence of the weighted decay time τ (symbols; see Table 4.1) on the density of
photogenerated carriers ne−h. The solid line is a bi-exponential fit used to interpolate the data.

Figure 4.4: Plot of G(ne−h) · τ(ne−h) vs ne−h. The intersections between the bisecting black line
and the other curves gives the solutions of Eq. 4.2 for each of the cw Pexc values considered in Fig.
3a of the main text.
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Supplementary Note 5. Time-resolved micro-photoluminescence vs power at
low temperature

Analogous measurements to those discussed in Supplementary Note 4 for HS1 were performed
also for HS2. In particular, we performed time-resolved µ-PL measurements at 6 K by varying the
excitation power over more than two orders of magnitude. The decay times and corresponding
weights estimated for HS1 and HS2 and displayed and compared in Fig. 5.1. Indeed, very similar
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Figure 5.1: Decay times and weights derived from time-resolved µ-PL measurements performed at
6 K for different excitation powers Pexc. The data were acquired in the ∆t=0-800 ns interval from
the laser pulse. The detection energy was set at the MX-IX band. a Summary of the estimated
decay times τd,n as a function of Pexc (top) and corresponding weights wd,n (bottom), for HS1. b
Same for HS2.

trends are observed for both HS1 and HS2, with HS2 generally showing slightly slower decay
times due to the slightly larger twist angle (see Supplementary Note 2).
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Supplementary Note 6. Integrated photoluminescence intensity of HS1 vs
power density for different temperatures

The data shown in Fig. 3c of the main text were derived by fitting the PL integrated intensity
I of HS1 at different temperatures using the following equation

I = A · P α
exc, (6.1)

where Pexc is the laser excitation power, A is a scaling constant and α a coefficient, whose value
suggests the type of transition involved (e.g α=1 exciton transition, α=2 uncorrelated electron-
hole pairs, α<1 finite density two-level system). Figure 6.1 shows the dependence of I on Pexc

for the two main bands observed MX-IX (interlayer exciton, either moiré, MX, or free, IX) and
X (free exciton of the heterostructure constituents); see, e.g. Figs 2 (a) and 3 (a) in the main
text. The measurements were performed at different temperatures between 6 K and 296 K. The
results of the fits are displayed in the different panels of Figure 6.1.
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Figure 6.1: PL integrated intensity dependence on the laser power for MX-IX (azure symbols) and
X (dark yellow symbols) bands at different temperatures for HS1. Solid lines are fits to the data via
Eq. 6.1. The α coefficient values obtained from the fits are displayed within each plot.
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Supplementary Note 7. Integrated photoluminescence intensity of HS2 vs
power density for different temperatures

Fig. 3 of the main text and Supplementary Note 6 clearly show the transition from a localised to
a delocalised regime for the interlayer exciton when increasing temperature, which is evidenced
by power-dependent µ-PL studies on HS1. To ensure the general validity of our statements, we
repeated analogous measurements on HS2. As noted in Fig. 3d of the main text, at intermediate
temperatures of about 90 K a dramatic lineshape change can be observed when increasing power,
showing a clear transition from the MX prevailing at low Pexc to the IX prevailing at high Pexc.
The same trend was indeed observed also for HS2, as demonstrated by the power-dependent
spectra acquired at 80 K and shown in Fig. 7.1.
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Figure 7.1: Left: T=90 K µ-PL spectra of HS1 for different laser excitation powers in the energy
region where the MX and IX recombinations can be simultaneously observed. IX takes over MX
upon increase of the photo-generated carrier density. Right: Same at T=80 K for HS2.

Power-dependent measurements were performed at different temperatures between 6 K and
296 K, analogously to HS1. The integrated PL intensity of the MX/IX and of the X band were
then analysed and fitted by Eq. 3 of the main text, leading to the α coefficients shown in Fig.
7.2.

Similarly to HS1, also for HS2 one can notice a saturation behaviour (evidenced by the
sublinear power trend, i.e., α < 1) of the MX/IX band at low temperatures, with the α coefficient
that increases with temperature. From about 100 K, the power trend becomes linear (α = 1).
Interestingly, for HS2 the linear trend is reached at a T value about 20 K lower than for HS1 (as
highlighted by the black dashed lines is Fig. 7.2), consistently with the shallower moiré potential
expected for larger twist angles.

The whole set of data concerning the dependence of the PL integrated intensity I of HS2 on
Pexc for the MX-IX and X bands and the corresponding fits, from which the α coefficients were
derived, is shown in Fig. 7.3.
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Figure 7.2: Temperature variation of the α coefficient for the MX-IX and X bands, comparison
between HS1 and HS2. For HS1, some points measured before hBN-capping were also included in
the plot, showing that the data agree well with those acquired after hBN-capping. Both for HS1
and HS2, a clear transition from a sublinear to a linear behaviour is found for the MX-IX band,
which is ascribed to the transition from a moiré localisation regime to a free interlayer exciton one.
Such a transition occurs at ≈ 120 K for HS1, and for ≈ 100 K for HS2, as highlighted by the black
dashed lines.
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Figure 7.3: PL integrated intensity dependence on the laser power for MX-IX (azure symbols) and
X (dark yellow symbols) bands at different temperatures for HS2. Solid lines are fits to the data via
Eq. 6.1. The α coefficient values obtained from the fits are displayed within each plot.
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Supplementary Note 8. Temperature-dependent micro-photoluminescence

Figure 4a in the main text shows the temperature dependence of the µ-photoluminescence (PL)
spectra recorded on the investigated WSe2/MoSe2 heterostructure for a given laser excitation
power Pexc (=10 µW). The set of data shows a clear T -induced variation in the emission lineshape
caused by the de-trapping of moiré-localised excitons (MXs) in favour of free interlayer excitons
(IXs). Figure 8.1 shows a similar study performed at a higher (=100 µW) and lower (=1 µW)
Pexc. Figure 8.1 indicates that, for a given T, the de-trapping process becomes more apparent
for a larger density of photogenerated carriers (i.e. larger Pexc).
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Figure 8.1: µ-PL spectra vs T at three different laser excitation powers Pexc (focused via a 20×
objective with NA = 0.4). MX and IX indicate the recombination band due to moiré-localised
excitons (MXs) and free interlayer excitons (IXs), respectively.

This can be better appreciated in Figure 8.2. Indeed, for fixed T=160 K, the relative weight
of the IX component increases for increasing number of photogenerated carriers and for the
ensuing saturation of the finite moiré potential sites. This saturation takes place more evidently
as T increases, which favours moiré de-trapping as shown in the previous figure.

Figure 8.2: µ-PL spectra at 160 K for different laser excitation powers Pexc (focused via a 20×
objective with NA = 0.4). MX and IX indicate the recombination band due to moiré-localised
excitons (MXs) and free interlayer excitons (IXs), respectively.
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Supplementary Note 9. g-factor of moiré and free interlayer excitons in HS2

Fig. 4 of the main text shows the result of magneto-µ-PL measurements performed on HS1 at
low power and low T —to measure the g-factor of MX lines— and at high power and high
T —to measure the g-factor of free interlayer excitons. To ensure the general validity of our
results, we performed similar measurements on HS2. Fig. 9.1a shows the polarisation-resolved
magneto-µ-PL spectra acquired on HS2 at 10 K with Pexc = 50 nW, while varying the magnetic
field from 0 to 16 T in steps of 0.5 T. While the field increases, the energy of the narrow lines
(see, e.g., lines denoted as M1 and M2) is higher for the σ+ polarisation with respect to the
σ− one, and the g-factor is thus positive. Fig. 9.1b shows instead the spectra acquired at 160
K with Pexc = 100 µW. The spectra were acquired while increasing the field from 0 to 12 T in
steps of 0.5 T (only some spectra are shown in the figure for ease of visualisation). In this case,
the IX can be observed, and the σ− component lies at higher energy than the σ+ component,
indicating a negative g-factor.
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Figure 9.1: Magneto-µ-PL measurements on HS2 at low and high T s. a Polarisation-resolved
magneto-µ-PL spectra acquired on HS2 with Pexc = 50 nW from 0 to 16 T in steps of 0.5 T. Two
moiré narrow lines (Ms) are indicated. b Polarisation-resolved magneto-µ-PL spectra at T = 160 K
and Pexc=100 µW of the free IX band for σ+ and σ− polarisations. A negative ZS can be observed,
with the σ+ and σ− spectra being at lower and higher energy, respectively.

A quantitative analysis of the g-factor of the moiré narrow lines M1 and M2 at 10 K and of
the IX band at 160 K is shown in Fig. 9.2. The g-factor values estimated for HS2 are indeed
very close to those found for HS1 and displayed in Fig. 4d of the main text.
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Supplementary Note 10. g-factor of the moiré energy levels

Fig. 10.1 shows the polarisation-resolved magneto-µ-PL spectra acquired on HS1 as a function
of the magnetic field, with excitation powers as low as 10 nW. The data shown here are the
complete set of data from which the plots in Fig. 4b of the main text were derived.
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Figure 10.1: g-factor analysis of the moiré energy levels. a Polarisation-resolved magneto-µ-PL
spectra acquired on HS1 with Pexc = 10 nW from 0 to 12 T in steps of 0.5 T. Five moiré narrow
lines (Ms) are indicated. b Exemplifying spectra at 12 T and 0 T fitted by 5 gaussian peaks, for
both the σ− and σ+ polarisations. c Top: ZS of the five gaussian peaks (ps) as a function of the
magnetic field. The solid lines are linear fits to the data that provide the g-factors displayed in
panel d. The intercept was subtracted from the data and they were stacked by 4 meV for ease of
comparison. Bottom: Same for the 5 different moiré narrow lines. d Summary of the g-factors of
both the narrow lines and the gaussian components. The error bars are smaller than (comparable
to) the point size for the Ms (ps).
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From this set of data, we first measured the g-factor of 5 different individual narrow lines
(indicated as Ms), finding values between +6.57 and +6.82, see Fig. 10.1. We then fitted the
whole set of data with multiple gaussians, as exemplified in panel b at 0 and 12 T.

Indeed, the 5 peaks feature a positive g-factor, similarly to the moiré single lines, but with
smaller absolute value. This might possibly be attributed to the role played by exciton-exciton
interactions.

These results are particularly significant since the similar values (sign and modulus) of the
g-factor of the exciton manifold and of the single lines indicate a common electronic struc-
ture/origin of those recombination lines. In particular, it indicates that the narrow lines are
indeed single moiré excitons giving rise to a gaussian distribution when a sufficiently high num-
ber of them is photogenerated. As a matter of fact, the exact nature of those narrow lines is a
topic recently debated in the literature [1, 5].
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Supplementary Note 11. Temperature-dependent g-factor of the MX/IX band

Figure 11.1 shows a series of magneto-µ-PL spectra recorded with an excitation power of 75
µW at different magnetic fields for T=210, 160 and 100 K, panels (a), (c) and (e), respectively.
The spectra were recorded with opposite circular polarisation filtering (σ+ and σ−) and the ZS
was then derived. The ZS dependence on B is shown in panels (b), (d) and (f) for T=210,
160 and 100 K, respectively. At the considered temperatures, g is negative and corresponds to
the gyromagnetic factor of the free interlayer exciton gexc,IX. The values found for different T s
are shown in the corresponding panels and do not change appreciably with temperature. As
discussed in the main text, the gexc,IX sign and absolute value can be ascribed to the avoided
action of the moiré potential determined by the T -induced MX de-trapping. Indeed, gexc,IX
can be estimated by considering the separate contribution of electrons and holes to the IX
gyromagnetic factor (see Eq. (5) in the main text).
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Figure 11.1: a Helicity-resolved normalised µ-PL spectra vs magnetic field at T = 210 K. b ZS of
the band, from which the displayed g-factor was obtained through a linear fit. c-d Same as panels
a-b for T = 160 K. e-f Same as panels a-b for T = 100 K. It should be noticed that the standard
deviation associated to each fit clearly underestimates the real error on the g-factor. The latter is
in fact a bit dependent on the exact sample position where the measurements are taken. By staying
at the maximum field (12 T) and changing position, we observed ZS variations within 20-25 %. The
results of panels b, d and f thus show that within the position-related uncertainty, a similar g-factor
of ≈ +5 is found at elevated temperatures. The same excitation power Pexc = 75 µW (focused via
a 100× objective with NA = 0.8) was used for all the sets of data.

To further prove the localised-to-delocalised transition of interlayer excitons with tempera-
ture, we recorded magneto-µ-PL spectra at various intermediate temperatures, where the MX
and IX coexist. However, disentangling the contribution of the overlapping MX and IX bands
in the spectrum is not feasible, especially considering the necessity of using high laser powers to
attain a sizable PL signal. This inevitably leads to a prevailing signal form the free IX band.
We thus performed high-field (16 T) magneto-µ-PL measurements at a relatively high T of 80
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K aimed at highlighting the MX component with respect to the free IX band. To do so, we
employed very low laser powers of 10 nW. The results are shown in Fig. 11.2. We acquired the

Figure 11.2: Polarisation-resolved magneto-µ-PL spectra acquired at 0 and 16 T on HS1 with a
power as low as 10 nW, in order to highlight the MX contribution. The low energy peak, attributed
to the MX, shows a clear positive Zeeman splitting. At each field, the MX peak of the σ− component
is normalised to 1.

spectra at 0 T and 16 T (a whole sweep was not feasible because of the very low PL signal due
to the low power and high T employed) and observed a clear splitting of the MX band at 16 T,
from which we derive an estimate of the g-factor of about +6. The data agree with previous
assignments demonstrating that the positive gyromagnetic factor for MX is indeed found also
at 80 K.
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Supplementary Note 12. Power studies of the MX/IX band at 16 T and low
T

Here we discuss additional magneto-µ-PL measurements on HS1 and HS2 employing a fixed
magnetic field B of 16 T, with Pexc values ranging over five orders of magnitude. The results are
shown in Fig. 12.1. With increasing Pexc (or equivalently ne−h), the positive Zeeman splitting
(i.e., Eσ+>Eσ−) of the narrow emission lines related to various moiré-confined excitons (see,
e.g., the narrow lines highlighted by the black circles at the lowest Pexc) becomes nearly zero
as the PL band broadens and eventually turns negative on the high energy side of the µ-PL
spectrum at the highest Pexc used. Thus, the high density of excitons achieved for large Pexc

leads to an increased intercell exciton hopping [21], and to an ensuing sizable contribution from
de-trapped moiré excitons to the emission spectrum that reflects in the change of lineshape (the
appearance of a high energy contribution can be noticed) and especially in the change of sign
of gexc. This can be noticed especially for HS1. For HS2, the g-factor at high power is negative
but small, presumably due to a coexistence of localised states and free excitons at the largest
power we used.
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Figure 12.1: Polarisation-resolved µ-PL power studies performed at 10 K under a 16 T magnetic
field for both HS1 and HS2. At low powers, several Zeeman-split narrow lines can be observed, such
as those highlighted by the black circle. At high powers, a change in the sign of the Zeeman splitting
can clearly be noticed.
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